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Abstract 

The rising prevalence of obesity and cardio-metabolic disorders is a public health concern 

worldwide. Early life nutritional exposures may adversely influence an infant’s growth trajectory and 

lifelong health, but the optimal nutrition for infants born preterm and to women with gestational 

diabetes mellitus (GDM) remains unclear. 

Aim: To assess the effects of early life nutrition on developmental, cardio-metabolic, growth, 

and feeding outcomes in infants born preterm and to women with GDM. 

Method: The Cochrane systematic reviews on the effects of protein, carbohydrate, and fat 

supplementation of human milk for preterm infants were updated. Evidence on post-weaning effects 

of macronutrient supplements fed between birth and weaning to animals born preterm or small for 

gestational age was synthesised using SYRCLE methodology. Associations between maternal diet at 

36 weeks’ gestation and infant growth, body composition, and appetitive feeding behaviour at birth 

and six months of age were assessed using data from a prospective cohort of women with GDM. 

Results: Protein supplementation for preterm infants increased short-term growth and led to 

longer hospital stays and higher blood urea nitrogen concentrations. One trial showed no clear effect 

of fat supplementation, while another showed an increase in mean weight after carbohydrate 

supplementation. All three reviews were limited by small sample sizes, low precision, low to very low-

quality evidence, and no available data to assess long-term effects.  

Six studies of different animal species with low to very-low quality evidence showed that 

macronutrient supplementation of animals born small improved spatial learning and memory in 

pubertal pups, increased weight in juveniles, and decreased serum leptin concentrations in young adults 

but increased leptin in older adults. There was insufficient data to reliably assess other outcomes, sex-

specific, and long-term health effects.   

Among women with GDM, five maternal dietary patterns at 36 weeks’ gestation were 

associated with sex-specific effects on offspring appetitive feeding behaviour, growth, and body 

composition at birth and six months of age. 

Conclusions: High-quality longitudinal studies reporting standardized outcome measures and 

sex-specific data are needed to develop optimal early nutritional interventions for infants born small. 

Dietary intake in women with GDM may be important for the optimum health of their offspring. 
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Chapter 1. Introduction 

1.1 Overview 

Both infants born preterm and those of women with gestational diabetes (GDM) are at 

increased risk of perinatal morbidity and mortality (Liu et al., 2012; Mitanchez et al., 2015). Both 

groups are also at increased risk of adverse long-term health outcomes (Lowe et al., 2019a, 2019b; 

Scholtens et al., 2019) and a lifetime of lost educational achievement and productivity (Camprubi 

Robles et al., 2015; Johnston et al., 2014; O’Connell & Manson, 2019; Odd et al., 2016; Petrou et al., 

2011). Although early nutrition during sensitive periods is postulated to alter later growth, 

neurodevelopment, metabolic and cardiovascular health in these infants, there is uncertainty about how 

best to nourish them.  

 

This chapter provides an overview of infants born preterm, and those of women with GDM, 

and discusses the impact of early nutrition. 

1.2 Preterm birth 

1.2.1 Definition and gestational age  

Historically, definitions of preterm birth were based on birth weight in the developed world. 

The World Health Assembly provided one of the earliest definitions of “premature” infants in 1948 

with an upper boundary birth weight of 2500g (WHO, 1950). Based on this definition, epidemiological 

studies, including those on survival (Battaglia & Lubchenco, 1967; Berkowitz, 1981) of “premature” 

infants, erroneously incorporated data of term infants who were small secondary to intrauterine growth 

restriction in their analysis, with a resultant effect of potentially flawed findings. Subsequently, by 

1961, epidemiological research had clarified the misconception and shown the terms “premature” and 

low birth weight (LBW) not to be synonymous. This led the World Health Organization (WHO) to 

substitute the use of their earlier definition for LBW infants instead (WHO Expert Committee on 

Maternal and Child, 1961). Further to this, other definitions were developed and refined (“Working 

Party to Discuss Nomenclature…”, 1970) eventually leading WHO to its current definition of birth 

prior to 37 completed weeks or 259 days of gestation (WHO, 1970). This has been widely accepted 

internationally and endorsed by several professional organisations. 
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The WHO’s preterm birth definition is based on gestational age (GA) alone, making accurate 

estimation of GA critical to the determination of viability, care, classification, and consequences of the 

preterm birth. Reliable estimates are also needed to quantify population burdens of preterm infants as 

this facilitates comparison of frequencies across boundaries and enhances allocation of health 

resources. Based on these factors, it is imperative to standardise the methods used to assign GA.  

Prenatally, GA has been assessed by different methods. Among them is dating solely by the last 

menstrual period (LMP). This method, though a cost-efficient alternative to ultrasound estimation, is 

unreliable due to potential errors in recalling LMP as a result of the imprecision of a mother’s memory, 

irregularity of her menstrual cycles, use of oral contraceptives, or bleeding during the pregnancy 

(Gjessing et al., 1999; Wier et al., 2007). Typically, this method is more likely overestimate GA with 

a 95% confidence interval (CI) of -27 to +9 days (Wilcox et al., 1993). Even in cases of accurate dating, 

ovulatory inconsistencies during normal menstrual cycles make it impossible to precisely determine 

the date of conception and thus accurately predict gestational age (Butt et al., 2014).  

 

 Recognising the inadequacies of the LMP method for estimating GA, other methods have been 

developed. Ultrasound estimation of GA using the crown-rump length of the fetus in the first trimester 

is widely considered superior to estimation by LMP. It is most accurate between the 7th and 10th 

weeks of pregnancy with a 95% CI of ± 5 to 7 days (Butt et al., 2014; Karl et al., 2015; Westerway et 

al., 2000). The fetal biparietal diameter is equally effective between 9- and 13-weeks’ gestation (Wu 

et al., 2012). These estimates become increasingly unreliable as pregnancy advances. However, 

ultrasound assessment of gestational age is still the method of choice up to 24 weeks’ gestation. It is 

preferable after the first half of pregnancy to use a combination of fetal variables including head 

circumference, biparietal diameter, abdominal circumference, and femur length to increase accuracy 

(Butt et al., 2014).  

 

Postnatally, newborn metabolic markers and foot length are some of the measures 

recommended as accurate alternatives for assessing gestational age. This is especially useful in low 

resource settings where prenatal ultrasound is unavailable (Jelliffe-Pawlowski et al., 2016; Ryckman 

et al., 2016; Srivastava et al., 2015; Wilson et al., 2016)  

1.2.2 Classification of preterm births 

Preterm birth heterogeneity stems from its myriad subtypes and aetiologies with implications 

for survival and targeted interventions. One subtype is based on GA, where preterm infants born at 

<28 weeks of gestation are referred to as extremely preterm, 28 to <32 weeks as very preterm, 32 to 

34 weeks as moderately preterm and 34 to <37 weeks as late preterm (Blencowe, Cousens, et al., 2013). 
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Currently, human viability in the developed world is from 22 gestational weeks, although rates of 

morbidity and mortality increase with decreasing gestational age (Lorthe et al., 2018; Shafey et al., 

2020; Stensvold et al., 2017).  

 The classification of preterm birth is plagued with ambiguity. For instance, “late preterm” was 

recently coined as a replacement for the previously used “near term” to signify the vulnerability and 

functional immaturity of infants born at that GA regardless of their proximity to term (Raju et al., 

2006b). Similarly, the arbitrary threshold of the WHO’s preterm birth definition which forms the 

underpinnings of the above classification has been challenged. Recent research has shown that the 

upper boundary of the preterm birth definition (37 weeks) is not reflective of functional immaturity 

and that the risks of mortality and morbidity are also significantly higher for infants born at 37 and 38 

weeks compared to those born at 39 and 41 completed weeks (Bailit et al., 2010; Goldenberg et al., 

2012; Kramer et al., 2012; Spong, 2013; Villar et al., 2012). Thus, a refinement of the definition has 

been proposed.    

Birth weight forms the basis of another set of subgroups. Infants are labelled as low birth weight 

(LBW) if they are <2500g regardless of GA. LBW infants are further subdivided into very low birth 

weight (VLBW) <1500g and extremely low birth weight (ELBW) <1000g. Preterm births constitute 

about two-thirds of LBW births (Rijken et al., 2014).  Infants born with a weight of < 10th percentile 

for a given GA or with a birth weight and/or birth length of at least two standard deviations below the 

sex and gestation-specific mean are commonly referred to as “small for gestational age” (SGA) 

(Battaglia & Lubchenco, 1967; Clayton et al., 2007; McCowan et al., 2005; Muhihi et al., 2016). SGA 

infants may be preterm, term or post-term infants. They could also be constitutionally small or small 

secondary to intrauterine growth restriction. Classification based on birth weight fails to distinguish 

LBW preterm infants from SGA infants who are constitutionally small. Preterm infants born with a 

weight above the threshold also tend to be excluded (Kramer, 2013; Lee et al., 2013)                                                            

A third form of categorisation is based on clinical presentation, i.e., spontaneous and medically 

indicated preterm births. Spontaneous preterm births comprise preterm labour (PTL) and preterm 

premature rupture of membranes (PPROM) (Institute of Medicine (US) Committee on Understanding 

Premature Birth and Assuring Healthy Outcomes, 2007). Although previous studies have shown that 

of all preterm births in developed countries, 40-45% result from PTL, 25-30% from PPROM and 30-

35% from medical decisions (Goldenberg et al., 2008), recent studies have shown contradictory results, 

likely due to the heterogeneity across research populations or differences in methodology (Gimenez et 

al., 2016). Again, these subgroupings are not completely distinct. As an example, PTL and PPROM 

can be differentiated based on maternal history which is subject to recall bias. Also, there is a lack of 
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uniformity among studies on the criteria to be used in distinguishing PTL from PPROM (Kramer et 

al., 2012). 

Finally, preterm births have been classified based on placental pathology into infectious or 

inflammatory, vasculopathic, cervical insufficiency, stress-induced pathways, etc. (Esplin, 2016; 

Manuck et al., 2015; Villar et al., 2012). Spontaneous preterm births, for example, can be associated 

with infectious or inflammatory placental pathology and maternal vasculopathies (Kelly et al., 2009; 

Roberto Romero et al., 2014).  

1.2.3 Prevalence and survival 

Preterm birth rates vary substantially across countries and regions of the world, with rates 

varying from as low as (7.4%) in central and eastern Asia to as high as 13.3% in southern Asia 

(Blencowe, Cousens, et al., 2013; Tielsch, 2015). Technological advances and aggressive interventions 

in neonatal intensive care have contributed to the significantly improved survival rates of preterm 

infants in the past two decades. Currently, more than 80% of preterm births occur between 32 and 37 

gestational weeks, 16% occur at less than 32 weeks, and approximately 6% occur at less than 28 weeks 

(Glass et al., 2015). Survival rates of preterm infants are predominantly predicted by GA and birth 

weight, and though rates for moderate to late preterm infants have increased over the years, the 

improvement has been substantial for extremely preterm infants (Ibrahimou et al., 2015; Shapiro-

Mendoza & Lackritz, 2012; Wilcox, 2001). For instance, in the 1960s, practically no infant survived 

before 30 gestational weeks and by the 1980s survival was unusual at or before 25 weeks of gestation 

(Lubchenco et al., 1972; Philip et al., 1981). Today, a meta-analysis of 65 cohort studies published 

between 2000 and 2017 reported that survival rates of up to 24% can be expected at 22 weeks’ gestation 

in high income countries (Myrhaug et al., 2019).  

 

However, vast inequities in survival of preterm infants exists across countries and regions of 

the world. While nine out of every 10 extremely preterm babies survive in high-income countries, only 

one out of every 10 babies of this gestational age survive in low-income countries (Althabe et al., 

2012). An African preterm infant is 12 times more likely to die from complications of preterm birth 

than a European one (Liu et al., 2012). Inadequate technological advancements, technical training, and 

financial resources are possible impeding barriers, but a recent study has shown that simple feasible 

care in the form of antenatal steroid injections given to mothers in preterm labour to mature infants’ 

lungs, improvements in sanitation, immediate exclusive breastfeeding, Kangaroo mother care, and 

education by community health workers in low-income settings could halve the mortality for babies 

weighing less than 2000g (Lawn et al., 2013). 
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Other predictors of survival rates in preterm infants include sociodemographic and medical 

factors such as the infant’s sex and race, antenatal steroid exposure, maternal medical conditions during 

pregnancy, and whether the birth was single or multiple (Morse et al., 2006; Tyson et al., 2008).   

1.2.4 Aetiology 

The specific cause of most preterm births remains elusive (Menon, 2008). However, 

associations with several risk factors are discussed in this section under two main sub-types: 

spontaneous and physician initiated. The most modifiable risk factors will be discussed initially with 

progression to less modifiable ones.  

 

Up to two-thirds of all preterm births are spontaneous (Goldenberg et al., 2008). Among 

lifestyle risk factors, smoking has so far shown the most consistent evidence for increased risk of 

preterm birth (Savitz & Murnane, 2010), and according to the Surgeon General’s report, a causal 

relationship could be inferred (Centers for Disease Control and Prevention., 2010). Smoking is known 

to increase risk for both spontaneous and physician-initiated preterm birth, but there is a stronger 

association with the former, with an odds ratio of 1.32 versus 1.20 (Baba et al., 2012). The magnitude 

of the risk appears to show a dose response relationship, with increased smoking leading to increased 

risk (Aliyu et al., 2010; Fantuzzi et al., 2007). Passive maternal smoking has also been associated with 

increased risk of preterm birth (Cui et al., 2016).  

 

The exact mechanism by which smoking stimulates preterm birth is not fully understood but 

several biochemical pathways have been proposed. Cigarette smoke extracts upregulate oxytocin 

receptors, leading to an increase in contractile sensitivity of the myometrium to oxytocin (Kanamori 

et al., 2014; Nakamoto et al., 2006). Also, pure nicotine inhalation through the use of E-cigarettes may 

cause preterm birth by impairing maternal systemic cardiovascular function and uterine hemodynamics 

with consequential fetal ischemia (Shao et al., 2017). Smoking is one of the few risk factors where 

interventions have been associated with evidence of a reduction in rates of preterm birth (Been et al., 

2014).  

 

Maternal nutrition is another modifiable risk factor that is known to influence the duration of 

gestation. In experimental animal studies, maternal periconceptional undernutrition and food 

deprivation during late gestation have been associated with preterm birth (Bloomfield et al., 2003; 

Fowden et al., 1994; Kumarasamy et al., 2005). Studies in sheep show that periconceptional 

undernutrition results in the activation of the fetal hypothalamic-pituitary-adrenal axis, causing a 

precocious rise in cortisol and prostaglandin (PG) concentrations (PGE2 and PGFM) to then initiate 
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preterm labour (Bloomfield et al., 2003; Kumarasamy et al., 2005). Similarly, food deprivation in ewes 

for 30 to 48 hours during late gestation resulted in a decrease in maternal glucose uptake and increase 

in uteroplacental PG concentrations leading to increases in uterine contractility and preterm birth 

(Fowden et al., 1994).  

 

Human studies have also suggested that periconceptional undernutrition increases the risk of 

preterm birth (Hendler et al., 2005; Rayco-Solon et al., 2005a, 2005b). However, studies conducted 

during Ramadan, a period of religious fasting, in women >20 weeks gestation carrying a singleton 

fetus, compared to matched women who did not undertake fasting, showed no significant difference 

in the incidence of preterm birth (Awwad et al., 2012; Petherick et al., 2014) The conflicting findings 

from these studies could be due to their small sample sizes or the different timing in pregnancy of the 

undernutrition. However,  Awwad et al. (2012) did find a significant inverse relationship between 

maternal body mass index (BMI) and preterm birth rate.  

 

There is general agreement that low pre-pregnancy BMI, especially in the latter part of 

pregnancy (Han et al., 2011; Kosa et al., 2011; Salihu et al., 2009; Sharashova et al., 2014), increases 

the risk of preterm birth, and pre-pregnancy obesity has similar effects (Tucker et al., 2015; Wang et 

al., 2016). Reduced consumption of specific micronutrients such as folic acid, iron, or zinc have also 

been linked to reduced gestation length (Bodnar et al., 2015; Bukowski et al., 2009; Chaffee & King, 

2012; Huang et al., 2015; Li et al., 2014; Ota et al., 2015). 

  

Intra-amniotic infection seems to cause preterm birth (Romero et al., 2001). This is thought to 

occur mainly through ascending infection from the lower genital tract but haematogenous spread 

through the transplacental route from periodontal disease has also been implicated (Madianos et al., 

2013; Romero et al., 2014). The infective process induces a pathophysiological pathway different from 

that of idiopathic preterm labour. It induces an inflammatory cascade which plays a central role 

(Romero et al., 2001), as supported by a study in which 62% of women in preterm labour with evidence 

of intra-amniotic infection experienced rapid preterm delivery despite being given standard tocolytic 

therapy (Romero et al., 1991).  

 

In 30% of cases of preterm birth, the same infectious organism from the mother has been 

identified in the fetal circulation and a fetal systemic inflammatory response with multi-organ 

involvement was observed. This potentially implies that later complications of preterm infants may be 

due not only to the functional immaturity of their organs but also to the inflammatory process that may 

have initiated the preterm labour (Carroll et al., 1995; Kannan et al., 2012). Entamoeba coli is the 
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commonest organism with an independent risk factor for preterm birth (Carey & Klebanoff, 2005; 

Singh et al., 2007). 

 

Maternal age at childbirth is associated with risk of preterm birth, with risks increased among 

both younger (<18 years) and older women (>35 years) (Raju, 2006a). While some studies (Auger et 

al., 2013; Beta et al., 2011; Broek et al., 2014) have found maternal age above 40 years is associated 

with excess risk for preterm birth, other studies (Mai et al., 2014) show otherwise. 

 

Another important risk factor for preterm birth involves any kind of stress which impairs 

maternal homeostasis. This could be physical or psychological such as from depression, violence, 

work, or lifestyle (Gravett et al., 2010). Stress activates the maternal or fetal hypothalamic-pituitary-

adrenal axis. In the absence of other mediators of preterm birth such as infection, it results in the 

activation of cortisol and epinephrine, which could activate placental corticotrophin-releasing hormone 

gene expression to activate the fetal hypothalamic-pituitary-adrenal axis. This in turn stimulates fetal 

secretion of cortisol and dehydroepiandrosterone sulphate, and placental synthesis of estrogens and 

prostaglandins, thereby precipitating preterm delivery (Hobel et al., 1999; Shapiro et al., 2013; 

Wadhwa et al., 2001, 2011).  

 

A genetic predisposition towards preterm birth is also likely. Intriguing clues have been 

identified suggesting maternal origins (National Human Genome Research Institute, 2013) and 

familial links (Boyd et al., 2009), although there is currently no recognised common genetic variant. 

For instance, a Swedish study reported that a maternal relative with a past preterm birth significantly 

increases a woman’s risk of having a preterm birth herself (pairwise odds ratio = 1.8, 95% CI: 1.5, 2.1) 

(Svensson et al., 2009). Similarly, a Norwegian birth registry spanning 1967 to 2004 has shown that 

mothers born preterm have a 55% increased risk of delivering their first child preterm, while fathers 

with a similar history have a 12% increased risk (Wilcox et al., 2008). A large Danish population study 

based on data spanning over 25 years has also shown that maternal genes carry a greater risk for 

preterm birth than paternal genes (Boyd et al., 2009).  

 

Although earlier studies suggest little or no paternal role in preterm birth, other studies have 

suggested otherwise. For example a 13% increased risk of preterm birth (adjusted odds ratio (AOR) = 

1.13, 95% CI = 1.05-1.22), and a 29% increased risk of very preterm birth (AOR = 1.29, 95% CI = 

1.15-1.44) were observed among fathers aged > 45 years as compared with the referent category of 

fathers aged 25-29 years (Alio et al., 2012).  
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Paternal race may also contribute to preterm birth. The African American race has a higher  

risk of preterm labour than any other subtype of preterm birth (Savitz et al., 2012), and black women 

have a higher prevalence of preterm birth than white women (Berkowitz, 1981; Berkowitz et al., 1998; 

Demissie et al., 2001; Kistka et al., 2007). Increased risk of preterm birth in white mothers with black 

partners suggests a paternal contribution to fetal genotype that ultimately influences the risk of preterm 

birth (Palomar et al., 2007). 

1.2.5 Neonatal morbidity and mortality 

Neonatal mortality 

Globally, 2015 neonatal mortality rates showed a decline of 37% compared to rates in 2000 

(WHO, 2017). However, neonatal deaths accounted for 46% of all deaths in children under five years 

of age, an increase from 41% in 2000 (United Nations. Interagency Group for Child Mortality 

Estimation, 2017). Complications of preterm birth are reported to be the leading cause of death in 

newborns (35% of deaths), and in children under five years (18% of deaths) of age (United Nations. 

Interagency Group for Child Mortality Estimation, 2017). 

 

Neonatal morbidity 

The range of morbidities among preterm infants is dominated by developmental immaturity 

and biological sequelae of intrauterine insults (Brown et al., 2014a). Conventionally, late preterm and 

early term infants were thought to be ‘low risk.’ However, recent research emphasises their 

vulnerability and shows them to have an increased risk of mild to moderate morbidity compared to 

their full term counterparts born at 39 to 41 gestational weeks (McIntire & Leveno, 2008; Ruth et al., 

2012; Wang et al., 2004).  

 

Infants born preterm contribute approximately 50% of disabilities in children (Glass et al., 

2015). They have six times higher risk of morbidity compared to term infants (Romero et al., 2006) 

with incidence rates and severity of morbidities increasing as gestational age decreases (Ancel et al., 

2015; Stoll et al., 2010). More severe morbidities can be associated with adverse long-term health 

outcomes which typically require long term medical and family care (Institute of Medicine (US) 

Committee on Understanding Premature Birth and Assuring Healthy Outcomes, 2007).  

1.3 Long term health outcomes of preterm birth 

Common chronic diseases of adulthood were initially linked to intrauterine adversity and the 

early postnatal environment by Barker & Osmond (1986). The ‘Barker hypothesis’ (subsequently the 
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“Developmental origins of health and disease” hypothesis) suggested that low birth weight secondary 

to adverse events in utero resulted in permanent structural and physiological alterations of the offspring 

which increased the risk of heart disease and diabetes in later life (Barker & Osmond, 1986). 

Subsequent studies have shown that adverse long-term health outcomes can occur irrespective of birth 

weight and that the timing and duration of the environmental insult are both important (Ravelli et al., 

1998; Roseboom et al., 2006). Early life risk factors assessed for associations with long-term health 

outcomes include prenatal and postnatal exposure to corticosteroids (Crowther et al., 2007; McKinlay 

et al., 2015); (Yeh et al., 2004), and maternal nutrition before and during pregnancy (Stein et al., 2006). 

The spectrum of adverse long-term health outcomes following preterm birth is discussed in this 

section.  

1.3.1 Neurodevelopmental outcomes 

Preterm infants have an increased risk of long-term neurodevelopmental disability compared 

to their full-term counterparts (Blencowe, Lee, et al., 2013; Mwaniki et al., 2012). These disabilities 

can occur as combined impairments with frequency increasing as GA decreases (Marret, Marchand-

Martin, et al., 2013). This risk of neurodevelopmental impairment among preterm infants exists even 

in the absence of major risk factors such as intraventricular hemorrhage or periventricular 

leukomalacia (Huddy et al., 2001; Kirkegaard et al., 2006). While repeat doses of antenatal 

corticosteroids are not associated with major neurosensory disabilities (Crowther et al., 2007), neonatal 

seizures, hyaline membrane disease, sepsis during pregnancy, severe neonatal jaundice, abnormal fetal 

head circumference, and perinatal asphyxia are some of the early life risk factors associated with later 

neurodevelopmental outcomes (Sajedi et al., 2009; Soleimani F et al., 2009). Additionally, boys are 

reported to have a higher risk of adverse neurodevelopmental outcomes than girls (Claas et al., 2011). 

 

Neuro-motor outcomes  

Cerebral palsy (CP), is a major neuro-motor disorder in children (Marret, Vanhulle, et al., 

2013). A permanent and non-progressive neurologic disorder, CP is associated with damage of nerve 

impulse transmission from the brain to the muscles with incoordination of movement (Keogh & 

Badawi, 2006). More than 50% of cases occur in preterm infants (Demesi-Drljan et al., 2016) and 

according to a systematic review and meta-analysis, an estimated 12% of preterm survivors develop 

CP (Mwaniki et al., 2012). The prevalence of CP decreases with increasing GA as follows: extremely 

preterm infants 14 -28% (McCormick et al., 2011), very preterm infants 8-9% (Beaino et al., 2010; 

Moore et al., 2012), moderately preterm infants 2.4 % and late preterm infants 0.6% (Hirvonen et al., 

2014).  
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Intraventricular haemorrhage  

Intraventricular haemorrhage (IVH) is an important risk factor for long-term neurological 

disability in preterm infants and occurs in 15 to 20% of infants born ≤32 weeks of gestation (Szpecht 

et al., 2016). It rarely occurs in full term infants and, like most neonatal morbidities in preterm infants, 

the incidence increases with decreasing GA (Marba et al., 2011). Vaginal birth, low Apgar scores, 

severe respiratory distress syndrome, pneumothorax, hypoxia, hypercapnia, seizures, patent ductus 

arteriosus, and infection may all cause fluctuations in cerebral blood flow which can damage the 

delicate vascular network and increase the risk of bleeding in the germinal matrix (Ballabh, 2014). In 

most cases mild bleeding, i.e., grade 1 and 2 IVH resolves spontaneously over time. However, 45-85% 

of infants with grade 3 and 4 IVH go on to develop neurological disabilities including CP and mental 

retardation. (Ballabh, 2010; Payne et al., 2013). Antenatal steroid use in women at risk of preterm 

delivery has been shown to decrease the probability of severe IVH (Roberts et al., 2017). 

 

Periventricular leukomalacia 

Periventricular leukomalacia (PVL) also results from impaired cerebral perfusion and is the 

most common cerebral white matter lesion in preterm infants (Huang et al., 2017). It is better detected 

by magnetic resonance imaging (32.8%) than ultrasound (14.7%) and occurs with a prevalence of 

39.6% in children born under 28 weeks, 27.4% in those born under 32 weeks and 7.3% in children 

born under 37 weeks (Romero-Guzman & Lopez-Munoz, 2017).  Like IVH, it can be associated with 

adverse long-term neurodevelopmental outcomes, with affected infants developing major motor 

deficits and/or cognitive, behavioural, attentional and socialization deficits (Szpecht et al., 2016; 

Volpe, 2009). Risk factors for PVL can be categorised into two groups, i.e., perinatal hypoxic-ischemic 

factors including disorders of placentation like maternal hypertensive disorders, and 

infection/inflammation as in acute chorioamnionitis (Huang et al., 2017). The pathogenesis of PVL is 

related to the concurrence of factors that increase the sensitivity of the periventricular white matter to 

hypoxic-ischemic injury which then leads to loss of oligodendroglia and cerebral hypomyelination 

(Falahati et al., 2013; Khwaja & Volpe, 2008; Volpe et al., 2011). PVL is characterised by focal 

ischemic necrosis of the deep cerebral white matter with subsequent cystic formation (Robertson, 

2009). It can be categorised as mild (cysts smaller than 0.2mm), moderate (cysts between 0.2-0.5mm), 

and severe (cysts > 0.5mm) or grade 1-4 based on periventricular echogenicity with/without cystic 

lesions (de Vries et al., 1992; Volpe, 2009). There is currently no available medical treatment. 

 

Neuro-cognitive and behavioural outcomes 

Neuro-cognitive and behavioural disabilities seldomly occur in isolation and remain the most 

prevalent and least severe neurodevelopmental sequelae in preterm infants (Kidokoro et al., 2014). 
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About a third of all preterm infants have some cognitive impairment, with about 7% being severely 

impaired (Platt, 2014; Lin & Stoll, 2006). A systematic review of 74 observational studies and 64, 061 

children that compared the prevalence of neuro-cognitive and behavioural outcomes between preterm 

and term-born infants has shown that preterm children had lower cognitive scores for full scale, 

performance and verbal intelligence quotient IQ (Allotey et al., 2018). They also had lower scores for 

motor skills, behaviour, reading, mathematics, and spelling at primary school age, which persisted to 

secondary school age, except for mathematics. Attention deficit hyperactivity disorder was also two 

times more likely to occur in preterm children than term-born children (Allotey et al., 2018).   

 

Preterm infants have also been reported to be more introverted (Talge et al., 2010) than those 

born at term, and have a higher rate of schizophrenia (Moster et al., 2008) and a 26% increased risk of 

autism (Limperopoulos et al., 2008).  

  

Neuro-sensory outcomes    

The risk of neurosensory impairment increases with decreasing GA (Myers & Ment, 2009). 

With improvements in neonatal care and technological advances such as with cryotherapy and laser 

therapies, the prevalence of blindness among extremely preterm infants reduced from up to 10% in the 

1970s to less than 3% in the 1990s (Doyle et al., 2005). Visual impairment occurs in 8% of extremely 

preterm infants and 5.2% of very preterm infants with the prevalence of blindness being 0.5% among 

very preterm infants (Myers & Ment, 2009; Soleimani et al., 2014). Retinopathy of prematurity (ROP) 

is the most prevalent cause of peripheral visual impairment of preterm infants but other less severe 

visual impairments such as myopia, hyperopia, and strabismus are also common (Saigal & Doyle, 

2008). Risk factors associated with ROP include hypoxemia (Di Fiore et al., 2010), excessive 

supplemental oxygen administration (Bolton & Cross, 1974), birth weight <1500g, gestational age at 

birth <32 weeks (Darlow et al., 2005; Trivli et al., 2017), and concurrent illnesses (Leviton et al., 

2010). Among extremely preterm infants, ROP is the leading cause of blindness, with variable 

incidence across populations (Patel, 2016). In Sweden, the incidence of any ROP was 73% among 

infants with GA < 27 weeks at birth (Austeng et al., 2009); in Norway, it was 33% for infants with GA 

of 23 weeks at birth (Markestad et al., 2005); while in the USA, the incidence was 47% for infants 

with GA < 30 weeks at birth (Chen et al., 2011). Variations across these developed countries with 

similar neonatal intensive care infrastructure suggest possible differences in treatment protocols, 

survival rates, and study design. ROP is characterised by abnormal angiogenesis of the retinal vessels, 

and although it is not associated with permanent loss of vision in most infants, retinal and vitreous 

haemorrhage, retinal detachment, and blindness may occur (Aiello et al., 1995; Fulton et al., 2009; 

Watanabe et al., 2005). Treatment of the neovascularisation of ROP is via cryotherapy or retinal laser 
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ablation. However, this may cause visual field deficits. Intravitreal bevacizumab, a novel therapy that 

inhibits the vascular endothelial growth factor as a monotherapy or as rescue therapy after laser 

photocoagulation is also increasingly widely used (Frosini et al., 2020; Mintz-Hittner et al., 2011). 

 

The risk of hearing loss in preterm infants is 20 times higher than in full-term controls 

(Daneshmandan et al., 2009; Zamani et al., 2010). It occurs in up to 3% of infants born extremely 

preterm (Arpino et al., 2010), with risk factors including hypoxia, hyperbilirubinemia, and exposure 

to ototoxic antibiotics (Schendel & Bhasin, 2008). Severe hearing impairment can adversely impact 

language development, communication abilities, social skills, cognition, and educational achievements 

(Arpino et al., 2010; Desjardin et al., 2009). Profound pre-lingual deafness is estimated to have a 

lifetime cost to society of about 1 million dollars per subject for special education needs and decreased 

work productivity (Arpino et al., 2010). 

1.3.2 Cardiovascular outcomes 

Preterm birth is also associated with adverse long-term cardiovascular outcomes. The in-utero 

milieu normally provides a panoply of growth factors and hormones that are critical to the optimal 

growth and development of vascular structures in the fetus (Chehade et al., 2018). Preterm birth may 

interfere with the proliferative phase of organ growth and increase susceptibility to cardiovascular 

diseases in later life. Although the mechanisms are not fully understood, alterations in arterial vascular 

structure and function, e.g. increased arterial stiffness are reported in very low birth weight infants 

from as early as five days after birth (Hussain et al., 2015; Tauzin et al., 2006). Other reported macro- 

and microvascular changes include reduced aortic size, decreased retinal and cutaneous capillary 

density, altered intima-media thickness, and impaired arterial endothelium-dependent vasodilation 

(Ligi et al., 2010; Skilton et al., 2011). These pave the way for later cardiovascular diseases such as 

systemic hypertension, the risk for which increases with decreasing GA at birth (Juonala et al., 2015; 

Keijzer-Veen, Schrevel, et al., 2005; Sipola-Leppänen et al., 2015). A population-based study 

conducted in Sweden of more than 300, 000 men aged 20 years has shown a two-fold increase in the 

risk of hypertension among those born extremely preterm compared to those born at term (Johansson 

et al., 2005). Additionally, the Young Finns Study has reported a higher risk of hypertension among 

SGA preterm infants compared to appropriate-for-gestational-age (AGA) preterm infants, with mean 

systolic blood pressure levels 7 mmHg higher (Juonala et al., 2015). Further, small increases in arterial 

blood pressure in young adulthood are associated with later cardiovascular complications. For instance, 

a 5 - 10 mmHg increase in diastolic blood pressure is associated with a 34% increased risk of stroke 

(Law et al., 2003; Lewington et al., 2002), and a two-fold increased risk of cerebrovascular disease in 

later life (Ueda et al., 2014).  
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Changes in heart structure and function are also reported after preterm birth. For instance, 

compared to term-born infants, preterm infants have a two-fold increase in left ventricular mass in the 

first months after birth (Kozák-Bárány et al., 2001; Ueda et al., 2014) which is associated with 

abnormal remodelling of the left ventricle and decreased systolic and diastolic ventricular function in 

young adults (Lewandowski et al., 2013). Population-based studies in Sweden have also shown that 

compared with term-born infants, at ages 1 to 27 years the risk of heart failure is 17-fold higher in 

extremely preterm infants and four-fold higher in very preterm infants (Carr et al., 2017). At ages 18 

through 43 years, the risk of heart failure is five-fold in extremely preterm infants and decreases with 

increasing GA (Crump et al., 2021). 

1.3.3 Respiratory outcomes 

Respiratory distress syndrome (RDS) or hyaline membrane disease is a common complication 

of preterm birth due to lung immaturity and surfactant deficiency (Goldenberg et al., 2008; Rudolph 

& Smith, 1960; Varvarigou et al., 2012). Risk factors for RDS in preterm infants include caesarean 

delivery, male infants, white race, previous sibling with RDS, hypothermia, maternal-fetal infection, 

patent ductus arteriosus, multiple gestation, and infants of mothers with diabetes, as the excessive fetal 

insulin can impair type II epithelial cell differentiation and delay the production of surfactant (Gerten 

et al., 2005; Hallman et al., 2017; Jobe, 2012). RDS affects 86 to 95% of extremely preterm infants 

(Stoll et al., 2010), 63% of very preterm infants, and 45% of moderately preterm infants (Saboute et 

al., 2015). In spite of advances in perinatal care and the use of antenatal steroids, the prevalence of 

RDS remains steady (Thygesen et al., 2017). This could possibly be explained by the rising preterm 

birth rates and improved survival. Without surfactant, lung compliance is low, surface tension in the 

alveoli is high, gas exchange is decreased, and the demand for ventilator pressure increases (Saboute 

et al., 2015).  

 

In the 1960s, the only treatment for RDS was oxygen therapy. Following the first successful 

treatment of RDS in 1980 with exogenous surfactant (Fujiwara et al., 1980), this has formed part of 

the mainstay treatment which includes supplemental oxygen and continuous positive airway pressure 

(CPAP) (Polin et al., 2014). Typically, infants with RDS improve within two to four days, but death 

from progressive hypoxia and respiratory failure can occur (Sweet et al., 2013a). Complications of 

RDS include pneumothorax and pulmonary interstitial emphysema, pulmonary hemorrhage which can 

occur after surfactant therapy, pulmonary hypertension, ROP, patent ductus arteriosus, and IVH 

(Morris & Adappa, 2012).  
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Bronchopulmonary dysplasia   

Bronchopulmonary dysplasia (BPD), also known as “chronic lung disease of the premature,” 

is uncommon in infants who are born at >30 gestational weeks and with a birth weight >1000g (Sahni 

et al., 2005). Among early preterm infants weighing < 1000 g, the incidence is about 50% in the United 

States, while in New Zealand and Australia, it is 61% among infants born ≤25 gestational weeks 

(Bhandari et al., 2016). The definition of BPD has evolved from a subjective based one (Northway et 

al., 1967) to more objective (Jobe & Bancalari, 2001) and physiologically related definitions (Walsh 

et al., 2004). The latter definition was intended to help overcome the inter-hospital variation in 

diagnosing and classifying the disease. However, this goal is yet to be achieved (Kair et al., 2012). 

BPD is characterised by decreased alveolarisation and septation with pulmonary vascular hypoplasia 

or dysplasia (Bland, 2005). Its etiopathogenesis remains complex, but life-saving measures, including 

protracted mechanical ventilation and inhalation of high oxygen concentrations may damage the 

immature lungs leading to inflammation, scarring, susceptibility to infection, and BPD (Baker & 

Abman, 2015). Preterm infants with BPD are at high risk of long-term pulmonary disease and adverse 

neurodevelopmental outcomes, although, for many, the acute symptoms improve (Baraldi & Filippone, 

2007).  

 

The optimal treatment for BPD is still unclear. However, some postnatal therapies have been 

shown to reduce incidence and severity including surfactant, vitamin A, caffeine, corticosteroids, and 

nutrition. The early use of  surfactant via less invasive methods in preterm infants requiring mechanical 

ventilation is reported to reduce BPD risk (Aldana-Aguirre et al., 2017; Bahadue & Soll, 2012; Seger 

& Soll, 2009). Adequate vitamin A is important for lung development (Timoneda et al., 2018), and a 

Cochrane systematic review has shown that supplementary vitamin A given intramuscularly decreases 

the risk of BPD (Darlow et al., 2016). Early caffeine use within three days of birth in VLBW infants 

is also associated with decreased BPD incidence (Doyle et al., 2017; Schmidt et al., 2006, 2017).   

Furthermore, a systematic review and network meta-analysis of 62 randomised controlled trials 

(RCTs) that assessed the safety of different formulations of postnatal steroids has shown from low-

quality evidence that a cumulative dose of 2-4 mg/kg of systemic dexamethasone given within 8-14 

days of birth is the best steroid option in preventing mortality or BPD (Ramaswamy et al., 2021). 

Adequate fluid and enteral nutrition are essential for promoting lung development and preventing BPD. 

Although no specific recommendations for parenteral nutrition of infants with BPD currently exists 

(Bauer et al., 2020), the benefits of the anti-inflammatory properties of lipids, such as arachidonic acid 

and docosahexaenoic acid in parenteral nutrition are being evaluated in ongoing studies (Wendel et 

al., 2021). For enteral nutrition, a systematic review and meta-analysis has shown that exclusive 

feeding with mothers' own milk may reduce BPD incidence in VLBW infants (Villamor-Martínez et 
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al., 2019). A retrospective study of preterm infants born <31 weeks’ gestation has reported that intake 

of enteral nutrition (cumulative amount of protein, carbohydrates, and calories) during the first two 

weeks after birth was lower in preterm infants who developed BPD compared to those who did not 

develop BPD (456 ml/kg (IQR 744, 235) vs. 685 ml/kg (IQR 987, 511). The authors also observed 

that a cumulative fluid intake > 1840 ml/kg at the end of the two week study duration was associated 

with a higher risk of BPD (Wemhöner et al., 2011). In contrast, probiotic supplementation has no 

significant effect on BPD in VLBW infants at 36 weeks postmenstrual age in a meta-analysis of 12 

studies (Villamor-Martínez et al., 2017).   

1.3.4 Metabolic outcomes 

Preterm infants are at increased risk of developing metabolic diseases in later life including 

decreased insulin sensitivity, impaired glucose tolerance, type-2 diabetes, central obesity, 

dyslipidaemia, and metabolic syndrome (Mericq et al., 2017). Initial evidence linking birth size and 

later adverse metabolic health came from Hale and Barker’s early studies where the highest 

prevalences of impaired glucose tolerance and overt type-2 diabetes were observed among 59 to 70-

year-old men with the lowest birth weights (Hales et al., 1991). They expounded the “thrifty 

phenotype” hypothesis to explain their findings, suggesting that intrauterine insults (fetal malnutrition 

in their case) occurring at a critical time of development may induce physiologic or metabolic 

adaptations to ensure the most vital organs such as the brain are nourished at the expense of other 

organs e.g., the endocrine pancreas. Furthermore, they proposed that the physiologic and metabolic 

adaptations may permanently reset or “program” fetal metabolism to ensure future survival in similar 

environments (Hales & Barker, 2001). 

 

Subsequently, epidemiological evidence supporting the link between reduced size at birth and 

later adverse effects on glucose and insulin metabolism has accumulated (Barker & Fall, 1993; Barker, 

1997; Gillman & Rich-Edwards, 2000; Leon, 1998; Leon et al., 1998; Newsome et al., 2003). 

However, adults assessed in the initial studies were assumed to be SGA rather than preterm because 

until the early 1990s, preterm infants had dismal prospects for survival into adulthood (Thomas et al., 

2012). 

  

Distinguishing between SGA and preterm infants is of paramount importance in maximising 

strategies for long-term health outcomes, because although preterm infants are commonly SGA, 

mechanisms contributing to their adverse long-term metabolic outcomes may differ from those for 

SGA term infants. While reduced insulin sensitivity and compensatory hyperinsulinemia during the 

neonatal, childhood, and adolescent periods have been demonstrated amongst SGA babies born 
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preterm, other studies show no effect of SGA in infancy (Payal et al., 2016), childhood (Chan et al., 

2010; Darendeliler et al., 2008; Hofman et al., 2004), and adolescence (Chan et al., 2010). A systematic 

review using the logic model attributes the discordance in conclusions among these studies to 

differences in methodology, populations, and definition of SGA (Tinnion et al., 2014).  

  

Following Barker’s studies, cohort studies of very preterm infants have shown that accelerated 

growth in the first two weeks after birth, rather than poor in utero growth, predisposed the preterm 

infant to higher insulin resistance and a tendency to develop type-2 diabetes in adolescence (Singhal 

et al., 2003, 2004b). The authors proposed that “relative undernutrition” in the first few weeks after 

birth might enhance long-term health in preterm infants. However, data on catch-up growth and later 

metabolic health outcomes in preterm infants is conflicting. While a Dutch study of 346, 19-year-olds 

born before 32 weeks showed no relationship between birth size and metabolic outcomes, the authors 

identified a weak association between rapid catch-up weight gain until three months and insulin 

resistance in late adolescence (Finken et al., 2006). Another study of 18 to 24-year-olds, all born before 

32 gestational weeks found no significant association between weight gain from birth to term or term 

to three months and later insulin sensitivity (Kerkhof et al., 2012). Similarly, a recent follow-up study 

of 153 adolescents aged 9-12-years born before 34 gestational weeks found no association between 

rapid weight gain between term and 12 weeks and metabolic outcomes in adolescence. Rather, the 

authors observed a positive association between rapid weight gain after one year of age and later 

metabolic outcomes including insulin sensitivity (Embleton et al., 2016).  

 

In developing countries, rapid catch-up growth within the first two years is associated with 

lower infant mortality and fewer hospital admissions for diarrheal and respiratory diseases (Ehrenkranz 

et al., 2006; Victora et al., 2001). Two recent systematic reviews and meta-analyses also found no 

adverse relationships between early macronutrient supplementation in preterm and SGA infants and 

animals on later metabolic outcomes (Amissah et al., 2019; Lin et al., 2019). Rather macronutrient 

supplementation was reported to improve fasting glucose (mmol/L: MD −0.20; 95% CI −0.34 to −0.06; 

P = 0.005) and high-density lipoprotein (HDL) concentrations (mmol/L: MD 0.11; 95% CI 0.02 to 

0.19; P =0.02) in children between the ages of 3 to 8 years (Lin et al., 2019).  

 

Hypoglycaemia  

Low blood glucose concentrations in newborn infants are among the most common morbidities 

seen within the first 48 hours (Rozance & Hay, 2016). The differing definitions of hypoglycaemia and 

lack of specific plasma glucose thresholds for intervention make it impossible to decipher an absolute 

indication for intervention to prevent permanent neurologic sequelae in asymptomatic and high risk 

infants (Cornblath et al., 2000; Hawdon, 2014; Rozance & Hay, 2006, 2012). Generally, however, a 
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range of ≤ 40 to 47 mg/dl is considered the cut off point for diagnosis (Cornblath et al., 2000; Kaiser 

et al., 2015; Lucas et al., 1988; Tam et al., 2012). Symptoms of hypoglycaemia are non-specific and 

include jitteriness, irritability, poor feeding, hypotonia, apnoeic episodes, bradycardia, seizures, and 

coma, although most infants with hypoglycaemia are asymptomatic (American Academy of Pediatrics, 

2011). Risk factors for hypoglycaemia include perinatal stress (Cornblath et al., 1959) or asphyxia 

(Collins & Leonard, 1984), hypothermia (Lunze et al., 2013), diabetes in the mother (Persson et al., 

1995), and preterm or SGA birth (Sweet et al., 2013b).  

 

Management typically involves early and increased feeding, supplemental infant formula, or 

intravenous dextrose with repeated monitoring of plasma glucose concentrations. However, recent 

research has advocated for the use of oral dextrose gel as first-line treatment. This is because it is 

effective at treating hypoglycaemia and also prevents the interruption of exclusive breastfeeding 

associated with use of supplemental formula and IV dextrose (Mosalli, 2014; Weston et al., 2016). It 

is reported that the risk of long-term neurodevelopmental outcomes in infants with neonatal 

hypoglycaemia is dependent on the severity and frequency of hypoglycaemia (McKinlay et al., 2017). 

A systematic review on long term neurological outcomes of neonatal hypoglycaemia found no adverse 

neurodevelopmental outcomes in early childhood except for visual-motor impairment and executive 

dysfunction, while in mid-childhood, associations with neurodevelopmental impairment and low 

literacy and numeracy were observed (Shah et al., 2019).  

1.4 Growth 

1.4.1 Regulation  

Growth is often used as a surrogate marker of an infant’s nutritional status, and is impacted by 

several factors, including genetics, epigenetics, nutrition, hormonal status, and GA at birth (Wells, 

2007; Yumani et al., 2015). Postnatal growth of the preterm infant is largely regulated by insulin-like 

growth factor 1 (IGF-1), mainly produced in the liver and other peripheral tissues including kidney, 

bone, and muscle (Yumani et al., 2015). IGF-1 exhibits anabolic and mitogenic effects via cell division, 

cell growth, cell motility, glucose uptake, and protein synthesis, while inhibiting cell death. Before 

birth, glucose and insulin regulate the secretion of IGF-1 into the blood, while growth hormone takes 

over after birth in term-born infants. Following birth in preterm infants, IGF-1 concentrations are 

positively related to insulin levels until 3 months’ corrected age. It is thought that insulin does not 

directly influence postnatal growth, but rather it enhances the generation of IGF-1 until growth 

hormone gradually takes over at around 6 months’ corrected age (van de Lagemaat et al., 2013). 

Compared to term-born infants, IGF-I concentrations decline in preterm infants after birth, and this 
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can persist for several weeks depending on their health and nutritional status (Hansen‐Pupp et al., 

2007; Lineham et al., 1986). Lower GA at birth, low enteral protein intake, male gender, and slow 

weight gain are all associated with lower postnatal IGF-I concentrations in preterm infants (Engström 

et al., 2005). In turn, low IGF-1 concentrations are associated with impaired early longitudinal weight 

gain and brain growth (Engström et al., 2005; Hellström et al., 2003, 2016). A 5-year follow-up study 

of 73 very preterm infants showed lower IGF-I and IGF binding protein-3 concentrations from week 

31 to week 36 postmenstrual age and lower growth velocity up to 37 weeks in SGA than in AGA 

infants. Increases in IGF-I between postmenstrual weeks 31 and 33.5 were determinants of height at 3 

and 5 years of age (Hellström et al., 2020).  IGF-I may also play a role in bone accretion in preterm 

infants. A positive association between IGF I concentrations at postmenstrual age < 32 weeks and bone 

strength at 4 years of age has been reported (Stigson et al., 2014). 

After term corrected age, relationships between IGF-1 concentrations and growth are less clear. 

However, after term corrected age, preterm infants with the lowest IGF-I concentrations and the most 

inadequate growth are thought to be at increased risk of rapid postnatal growth (Yumani et al., 2015; 

van de Lagemaat et al., 2013). Amongst children adopted at a mean age of 20.1 ± 9.8 months, those 

with the lowest IGF-I concentrations had 4.9 times higher odds of showing “catch-up” growth over a 

mean duration of 6.05 ± 0.86 months than those with the highest IGF-I concentrations (Miller et al., 

2010).  

IGF-1 plasma concentrations are related to nutrition. A decrease in IGF-1 concentrations is 

reported in full-term infants fed low-protein follow-up formula compared with their counterparts fed 

high-protein follow-up formula until 12 months of age (Socha et al., 2011). Also, among very preterm 

infants, protein and caloric intakes from supplemented breast milk from 32 to 34 postmenstrual weeks 

was positively correlated with IGF-1 concentrations in the postnatal catch-up phase of growth 

(Hansen-Pupp et al., 2011). It is unclear whether IGF-1 in milk is absorbed from the gastrointestinal 

tract into the systemic circulation to improve preterm infants' growth in the early postnatal period. 

However, there are indirect effects of the IGFs, including IGF-1, on the development of the intestinal 

tract, e.g., improved gut closure which may enhance infant feeding (Chatterton et al., 2013; Corpeleijn 

et al., 2008).  

1.4.2 Postnatal growth 

Growth is not important solely because it is used as a surrogate marker of short term physical 

well-being, but also because it has important implications for long-term health (Adair et al., 2013). 

Typically, full-term infants are born weighing between 2500 to 4000 g, are ~ 48-53 cm long, and have 

a head circumference of about 33-36 cm (Boom et al., 2011). Weight loss of 5% - 10% may occur 
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soon after birth due to extracellular fluid loss, which is part of the normal physiological process of 

transitioning to extrauterine life (Modi et al., 2000). This early weight loss is usually greater in 

breastfed infants due to low milk intake in the first few days of life (Crossland et al., 2008; Macdonald 

et al., 2003). However, by 2 weeks of age, it is expected that most term-born infants would have 

regained their birth weight. After this, weight gains of approximately 28 g/day in the first three months, 

19 g/day between three and six months, and 10 g/day between 6 and 12 months postpartum are 

expected (Boom et al., 2011). The initial rapid doubling of birth weight in term-born infants after birth 

is followed by a slowing of weight gain, which commences with introducing complementary foods 

from 4 – 6 months and persists into the second postnatal year. Term-born infants also grow in length 

by about 25 cm in the first year and slowly gain about 10 cm in length by the end of the second year. 

On the other hand, growth in head circumference occurs rapidly in the first six months after birth and 

is mostly completed by the fourth year of age  (Boom et al., 2011). Ultimately, each infants’ growth 

pattern is determined by an interplay of several factors, including their genetic potential, birth weight, 

sex, hormones, nutrition, maternal and paternal size, and the environment (Burklin et al., 2017; Küpers 

et al., 2015; Regnault et al., 2010).  

In preterm infants, the optimal postnatal growth pattern remains unknown. However, like their 

full-term counterparts, preterm infants experience early weight loss in the first few days after birth, 

although a wider range has been reported, e.g. 3.1% – 25%, depending on GA, race, gender, and use 

of antenatal steroids (Verma et al., 2009). There are two main schools of thought on how the preterm 

infant should grow after birth. The first school of thought suggests that postnatally, growth of the 

preterm infant should match that of a healthy fetus of the same gestation until 40 weeks’ postmenstrual 

age (American Academy of Pediatrics, 1977; Fanaroff et al., 1995). Thus, it is expected that preterm 

infants at < 33 weeks’ gestation would gain ~15 - 22 g kg−1 day−1 in weight, 1.26 cm/week in length, 

and 0.80 cm/week in head circumference till term-equivalent, after which a weight gain of 25 - 35 

g/day has been recommended (Chowning et al., 2016; Mustapha et al., 2021 ;Rönnholm et al., 1982). 

These recommendations do not specify the composition of the weight gain.  

However, growth of the fetus before birth and of the preterm infant after birth are influenced 

by different biological, environmental, and nutritional factors. With the exact composition of 

intrauterine nutrition unknown, and management of the preterm infant complicated by increased 

nutritional requirements due to comorbidities, coupled with feeding intolerance due to immaturity of 

the gastrointestinal tract, achieving these recommended growth rates has been elusive (Villar et al., 

2018). Thus, by hospital discharge, most infants born very preterm remained growth-restricted with 

their weight commonly <10th centile for their GA and sex (Fanaroff et al., 1995; Villar et al., 2019). 

Similarly, a prospective cohort study has shown that at 36 weeks’ postmenstrual age, 91% of all VLBW 
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preterm infants are growth restricted, while at term-equivalent age, ~30% are growth-restricted 

(Fanaroff et al., 2007; Leppänen et al., 2014). Factors thought to contribute to the severity of postnatal 

growth restriction in preterm infants include GA, birth weight, nutrition during hospitalization, and 

severity of disease (Scaglioni et al., 2018).  

The second school of thought holds that rather than replicating the growth of the fetus, the 

growth of preterm infants should be compared with their preterm counterparts who share similar 

degrees of immaturity but lived relatively healthier lives in utero and postnatally up to the age of 2 

years (Villar et al., 2010; Villar et al., 2018). The growth of this subpopulation of preterm infants will 

therefore serve as a growth standard. This concept led to the construction of the INTERGROWTH-

21st Preterm Postnatal Growth Standards, to monitor the growth of preterm infants from ≥32 weeks’ 

gestation until 64 weeks’ postmenstrual age (6 months’ corrected age), after which the World Health 

Organization Child Growth Standards for term newborns is used (Villar et al., 2015). However, these 

growth standards cannot be used to reliably monitor the preterm infants' growth at <32 weeks’ 

gestation as few of these infants were born to mothers with low-risk pregnancies and deemed healthy 

(Villar et al., 2018). 

Determining appropriate growth targets for the preterm infant is not the only challenge to 

providing optimal care during the early postnatal period. Optimizing the nutritional management of 

the preterm infant in-hospital and post-discharge to limit postnatal growth restriction and poor 

neurodevelopment can be challenging. Mothers’ own milk is the preferred enteral food for the preterm 

infant due to its many benefits, including reducing the risk of severe ROP, severe NEC and late-onset 

sepsis (Miller et al., 2018). However, marked variability of nutrients in unfortified mothers’ own milk 

may lead to insufficient intake of protein, calcium, and phosphorus, for instance, which may slow the 

preterm infants’ early postnatal growth, decrease fat-free mass gain, increase the risk of osteopenia, 

and predispose them to poor neurodevelopment (Arslanoglu et al., 2019). Therefore, to promote 

optimal growth, there is widespread consensus about the need to fortify human milk with extra energy, 

protein, vitamins, and minerals (Moro et al., 2015). However, there are no consensus guidelines on 

when to start or stop fortification, the appropriate dose, type, and quality of fortifier to use, and whether 

to fortify human milk or not post-discharge (Arslanoglu et al., 2019).   

Postnatal growth restriction in-hospital should be managed via an individualised approach 

which should include the following: a multidisciplinary team of neonatologists, neonatal dietitian, 

nurse, and pharmacist to audit the feeding protocol; thorough evaluation and monitoring of prescribed 

and actual intakes of protein and energy; and regular monitoring of the infants’ anthropometrics to 

ensure the attainment of appropriate growth targets (Crippa et al., 2020). Significant differences 

between prescribed and actual macronutrient and energy intakes in the first three weeks after birth 
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have been reported in preterm infants of ≤32 gestational weeks (Zin et al., 2019). This is important 

because a prospective longitudinal study has shown that protein and energy intakes as early as the first 

week after birth could shape the growth, body composition, and neurodevelopment of VLBW preterm 

infants. The study authors associated protein and energy intakes in the first 2-8 days after birth with 

gains in fat-free mass, but not fat mass, throughout hospitalisation. They also observed an association 

between in-hospital gains in fat-free mass and neurodevelopmental outcomes at 12 months’ corrected 

age after controlling for confounders (Ramel et al., 2016).  

At discharge, there are no consensus guidelines to support decision-making on the optimal 

nutritional approach for infants recovering from postnatal growth restriction  (McCormick et al., 2021; 

Peralta-Carcelen & Cloud, 2016). The need to establish and maintain breastfeeding has to be balanced 

against requirements to achieve adequate protein and energy intake (Rozé et al., 2012). However, 

fortification after discharge may be associated with challenges of availability, risk of contamination, 

and cost. Limited evidence from a Cochrane systematic review has shown no significant differences 

in growth and neurodevelopment at 12 and 18 months corrected age, respectively, between preterm 

infants born at < 33 weeks’ gestation and fed multi-nutrient fortified human milk for 3-4 months post-

discharge and the unfortified group (Young et al., 2013). In contrast, a recent study that fed preterm 

infants who weighed ≤1800 g at birth with small volumes of fortified breast milk, i.e., “shots” before 

breastfeeds from discharge until 48 weeks’ gestation, found improved weight and length measures at 

one year of age. Fortification post-discharge was also found to be acceptable by the parents/care giver, 

feasible, and safe (Marino et al., 2019). These contradictory findings suggest a need for further studies 

to assess the efficacy and safety of human milk fortification post-discharge and to provide data on its 

long‐term health effects. 

Catch-up growth is defined as the “acceleration in linear growth in response to recovery from 

illness or starvation,” and it usually occurs in the first 6–12 months after birth (Tanner, 1981). This 

term is primarily used in relation to linear growth, although other growth measures, including weight, 

head circumference, and body composition, have been included (de Wit et al., 2013). Among preterm 

and term-born SGA infants,  ~ 85%  are reported to  have caught up in height by 2 years of age(Cho 

& Suh, 2016; Hokken-Koelega et al., 1995). This phase of growth has been of particular concern 

because of the association between the rapidity of growth after a period of growth restriction and 

adverse later health including obesity and cardiovascular disease (Singhal & Lucas, 2004a). In humans, 

early nutritional interventions with  enriched preterm formula compared with banked breast milk, for 

instance, in infants born preterm or SGA at term, are associated with postnatal growth acceleration, 

later beneficial effects on brain structure and function up to 16 years of age (Isaacs et al., 2009), and 

later increased risk of adiposity (Ong et al., 2015; Singhal & Lucas, 2004a). Although there is a paucity 
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of data on the long-term health outcomes of early nutritional interventions in preterm infants, one 

systematic review has shown from limited data that early macronutrient supplementation (protein, 

carbohydrate, fat, energy, or protein to energy ratio) increased later fat mass in childhood (Lin et al., 

2020), while another associated accelerated weight gain in the first two years after birth  with increased  

odds of childhood obesity (Ou-Yang et al., 2020). Thus, it has been suggested that the provision of 

aggressive nutrition to the preterm infant to attain fetal growth rates of the same post-conceptional age 

may be optimal for the infants’ neurodevelopment, but may later do harm (Cole et al., 2014). Further 

animal studies and RCTs are needed to assess the long-term effects of early nutritional interventions 

on growth and body composition in preterm infants, as current evidence from observational studies 

inevitably involve many sources of potential bias and cannot determine causality. 

1.4.3 Body composition 

Another metabolic risk occurring in preterm infants relates to the deposition and distribution 

of excess adipose tissue. Intra-abdominal fat deposition is most closely linked to the development of 

metabolic syndrome (Carr et al., 2004; Shen et al., 2006) and as early as the time of hospital discharge, 

an increase in central fat has been reported in preterm infants (Cooke & Griffin, 2009). Additionally, 

increased intra-abdominal adipose tissue deposition has been reported in extremely preterm infants at 

term equivalent age, and the magnitude of fat deposition was positively related to the severity of illness 

and the degree and length of intensive care (Uthaya et al., 2005). In childhood, the deposition and 

distribution of fat mass is inconsistently reported. Willemsen et al. (2008) found no significant 

difference in truncal fat distribution between preterm and term-born SGA infants at a mean age of 6.8 

years, while Darendeliler et al. (2008) and Mericq et al. (2009) also observed no differences in total or 

truncal fat between preterm children assessed at mean ages of 3·8 to 4·7 years and term-born children 

assessed at mean ages of 5·0 to 9·7 years. In contrast, young adult men born preterm (<30 weeks 

gestation) had greater total and abdominal adipose tissue than men born at term, whereas no significant 

differences in adipose tissue were observed between women born preterm and at term (Thomas et al., 

2011). Differences in techniques used to measure body composition, gestational age, SGA status, 

postnatal age, and sex differences are some of the factors potentially accounting for these differences 

between studies. However, whether prematurity, catch-up growth, or small size at birth are 

independent predictors of intra-abdominal fat mass remains to be clarified.  
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1.5 Preterm nutrition 

1.5.1 Overview of feeding difficulties  

The ability of infants to feed safely and efficiently depends on the interaction of multiple 

systems including sensory, oral-motor, neurologic, cardio-respiratory, and gastrointestinal variety of 

sensory inputs, including olfactory and visual, while simultaneously coordinating sucking, 

swallowing, and breathing (Browne & Ross, 2011). The sensory aspect of feeding is thought to develop 

prenatally because as early as 11 weeks, perioral stimulation is reported to result in global movement 

and swallowing in the infant, and by 16 weeks responsiveness to taste in the amniotic fluid is observed 

(Miller et al., 2003). The respiratory and food pathways cross in the pharynx, and so postnatally, to 

prevent aspiration, respiratory disruption, and ineffective transport of food through the oesophagus, 

timely synchronisation of the suck-swallow-respiratory-oesophageal functions is critical (Lau, 2016). 

Additionally, appropriate feedback signals must be relayed “upstream”, i.e., to central pattern 

generators in the brain from each distinct system to ensure proper rhythmicity of functions (Amaizu et 

al., 2008). In preterm infants, especially for those born at extremely low gestations, this 

neurophysiological coordination, which is needed for survival, is reduced at birth compared to full-

term infants (Gewolb & Vice, 2006; Lau et al., 2003).  

In addition to the physiologic aspects of feeding, the preterm infant must maintain a state of 

alertness during feeding, and this is poorly developed before term. It is reported that infants who can 

keep alert for five minutes before feeding engage in a greater number of sucks, higher volume, and 

longer sucking bursts during the first five minutes of feeding (McCain, 1995; McGrath & Medoff-

Cooper, 2002). 

1.5.2 Nutritional requirements       

 The nutrient intake required for the optimal growth of preterm infants’ is unknown, and there 

have been a number of variations of nutritional recommendations over the last 36 years (Table 1.1). 

Current nutrient recommendations are for stable preterm infants as there is limited data to allow 

different recommendations to be made according to infant illness or sex, for example.  
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Table 1.1 Examples of daily enteral nutrient recommendations for preterm infants    

Source Preterm 

infant 

Protein  

 g/kg 

Fat 

g/kg 

Carbohydrate 

g/kg 

Energy 

kcal/kg 

Sodium 

mg/kg 

Potassium 

mg/kg 

Magnesium 

mg/kg 

Iodine 

µg/kg 

Calcium 

mg/kg 

Phosphorus 

mg/kg 

Iron  

mg/kg 

Zinc  

mg/kg 

Copper  

µg/kg 

Folic acid  

µg/kg 

American Academy of 

Paediatrics Committee on 

Nutrition, 1985 

800 – 1200 g                  

1200 – 1800 g 

4.0 

3.5 

7.0 

5.6 

- 120.0 

120.0 

80.5 

69.0 

97.5  

89.7 

     10.0 

      8.5 

       6.5 

       6.5 

210.0 

185.0 

140.0               

123.0 

2.0 – 3.0 

2.0 – 3.0 

0.7 

0.7 

117.0 

117.0 

50.0a 

European Society for 

Paediatric Gastroenterology, 

Hepatology and Nutrition, 

1987 

    ≤ 1800 g 2.9 - 4.0 4.0 – 9.0 Up to 15.6 110.0 – 165.0 46.0 - 92.0 78.0 – 117.0 7.8 – 15.6 13.0 – 58.5 91.0 – 182.0 65.0 – 117.0 2.0 - 2.5 0.7 – 1.4 117.0 – 156.0 65.0 b   

Canadian Paediatric Society 

Nutrition Committee, 1995 

 

< 1000 g 

≥ 1000 g 

3.5 – 4.0 

3.0 – 3.6 

4.5 – 6.8 

4.5 – 6.8 

7.5 – 15.5 

7.5 – 15.5 

105.0 – 135.0 

105.0 – 135.0 

57.5 – 92.0 

57.5 – 92.0 

97.5 – 136.5 

97.5 – 136.5 

4.9 - 6.1        

4.9 - 6.1 

31.7 – 50.8 160.0 – 240.0   

160.0 – 240.0 

78.0 – 118.0            

78.0 – 118.0 

3.0 – 4.0 

2.0 – 3.0 

0.5 – 0.8 70.0 – 121.0 

70.0 – 121.0 

50.0 b 

American Academy of 

Paediatrics Committee on 

Nutrition, 2004 

 

1000 g to 2500 g    3.5 - 4.0     5.4 – 7.2     10.0 – 14.0 120.0   57.6 – 80.4 78.0 – 117.0 - 6.0 210.0 110.0 2.0 – 3.0 > 6.0 108.0 40.0c 

Tsang et al, USA, “growing” 

– clinically stable and 

gaining weight (Tsang et al., 

2005) 

ELBW 

VLBW 

     3.8 - 4.4 

     3.4 – 4.2 

 

6.2 – 8.4 

5.3 – 7.2 

9.0 – 20.0 

     7.0 – 17.0 

130.0 – 150.0 

110.0 – 130.0 

69.0 – 115.0*     
69.0 – 115.0* 

78.0 – 117.0         
78.0 – 117.0 

7.9 – 15.0    
7.9 – 15.0 

11.0 – 27.0 
11.0 – 27.0 

120.0 – 230.0 
120.0 – 230.0 

60.0 – 140.0 
60.0 – 140.0 

2.0 – 4.0 
2.0 – 4.0 

0.5 – 0.8 
0.5 – 0.8 

120.0 – 150.0    
120.0 – 150.0 

25.0 – 50.0         
25.0 – 50.0 

European Society for 

Paediatric Gastroenterology, 

Hepatology and Nutrition 

(Agostoni et al., 2010) 

 < 1000 g 

1000 – 1800 g 

4.0 – 4.5 

3.5 – 4.0 

4.8–6.6 

(<40% MCT) 

11.6 – 13.2 

11.6 – 13.2 

 110.0 – 135.0 

110.0 – 135.0 

 69.0 – 115.0 

69.0 – 115.0 

 66.0 – 132.0 

66.0 – 132.0 

   8.0 – 15.0 

8.0 – 15.0 

  11.0 – 55.0 

11.0 – 55.0 

 120.0 – 140.0 

120.0 – 140.0 

  60.0 – 90.0 

60.0 – 90.0 

    2.0 – 3.0 

2.0 – 3.0 

    1.1 – 2.0 

1.1 – 2.0 

100.0 – 132.0 

100.0 – 132.0 

35.0 – 100.0 

35.0 – 100.0 

       

     Koletzko et al., 2014b 

 

 ≤ 1500 g 

 

3.5 – 4.5 

 

4.8 – 6.6 

 

11.6 – 13.2 

 

110.0 – 130.0 

 

69.0 – 115.0 

 

78.0 – 195.0 

 

8.0 – 15.0 

 

10.0 – 55.0 

 

120.0 -200.0 

 

60.0 – 140.0 

 

2.0- 3.0 

 

1.4 – 2.5 

 

100.0 – 230.0 

 

35.0 – 100.0 

Recommendations specified for formula-fed preterm infants by the US Life Science Research Office (Klein, 2002) and WHO for low- and middle-income countries are not included; MCT – medium chain triglycerides; a50 μg/day for infants < 2000g; bunits are μg/day; folic acid recommendation 

pertains to infants younger than the equivalent of 40 week postmenstrual age; Conversion factors - Calorie intake: 130 kcal/kg/d; Sodium: ~23 mg = 1 mmol; Potassium: 39 mg = 1 mmol; Magnesium: 24.3 mg = 1 mmol; Calcium: 40 mg = 1 mmol; Phosphorus: ~31 mg = 1 mmol; Copper: 63.6 

μg = 1 μmol;  Zinc: 65.4 μg = 1 μmol; Iodine: 126.9 μg = 1 μmol (Smith & Sherman, 2009). 
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1.5.3 Differences in composition between full-term and preterm breast milk 

Human milk is the recommended food for all infants due to its myriad benefits (Kim & Unger, 

2010; Section on Breastfeeding, 2012; Victora et al., 2016; WHO, 2012; Zhou et al., 2015). It is 

produced in three phases, i.e., colostrum, transitional, and mature milk (Ballard & Morrow, 2013). 

Colostrum is produced immediately after birth as 2-20mls of thick yellow fluid per feed, while 

transitional milk starts 3-5 days after birth till about 14 days postpartum. Mature milk comes in after 

transitional milk, and it is established at 14 days postpartum (Ballard & Morrow, 2013).  The protein 

content of human milk for both preterm and term infants progressively declines as postpartum age 

increases (Bauer & Gerss, 2011; Hsu et al., 2014; Léké et al., 2019) (Table 1.2). Mothers of preterm 

infants produce breast milk with lower volume and higher amounts of protein compared to mothers of 

full-term infants (Underwood, 2013), with mean differences of up to 0.8 g/dl of protein (Gidrewicz & 

Fenton, 2014). However, by week 10–12, estimates were found to be about the same between term and 

preterm milk (Table 1.2).  

 

Some studies report higher fat concentrations in milk from mothers of preterm compared to 

those of term infants during the first eight weeks of lactation (Bauer & Gerss, 2011; Hsu et al., 2014), 

although other studies have found no significant differences from birth to 12 weeks (Gidrewicz & 

Fenton, 2014) (Table 1.2). These conflicting results may be due to differences in sampling methods or 

to diurnal variations in fat concentrations. The fat content of human milk is reported to be low at night 

and high during the day, and the preparation and storage of samples affects their estimated fat 

concentrations (Kent et al., 2006). To prevent lipolysis, for instance, a limit of 14 d storage at −20°C 

is recommended, while 24-hour collections are recommended to overcome the diurnal and inter-feed 

variations (Harzer et al., 1983).  

 

Carbohydrates are the least variable of the macronutrients in human milk (Léké et al., 2019), 

and lactose is its most predominant form (70–83 % of total carbohydrates) followed by 

oligosaccharides (Coppa et al., 1993). Lactose is present in low concentrations in colostrum. However, 

as for lipids, the data are conflicting regarding differences in carbohydrate concentrations between 

preterm and term milk, with some studies reporting lower concentrations of lactose in preterm than in 

term milk (Gabrielli et al., 2011; Gross et al., 1981), while others report no such differences (Lemons 
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et al., 1982; Saarela et al., 2005). A systematic review and meta-analysis has reported significantly lower lactose concentrations in 

preterm milk compared to term milk in colostrum, transitional, and mature milk samples collected in week 3 - 4. However, by week 10 -12, no 

significant differences in lactose concentrations were observed between preterm and full-term milk samples (Gidrewicz & Fenton, 2014) (Table 

1.2).   

Table 1.2 Summary of macronutrient composition of preterm and term human milk  

Systematic review Preterm/term Milk Phase Protein g/100ml Fat g/100ml Carbohydrate or 

lactose g/100ml 

Energy kcal/100ml 

(Boyce et al., 2016)    Preterm Week 1 

 

Week 2 -8 

1.9 
 

 
1.3 (1.0 – 1.6) 

2.6 

  
3.5 (3.3 – 3.7) 

6.6 or 5.7 

 

7.3 or 6.2 

57.1 
 
 

65.6 (63.3 – 67.2) 

(Gidrewicz & Fenton, 

2014) 

Preterm Colostrum (day 1 - 3) 

 

Week 1 

 

Mature (week 5 - 12) 

2.7 (1.5) 

 

2.2 (0.3 - 4.1) 

 

1.1 (0.2) 

2.2 (0.9) 

 

2.6 (0.5 – 4.7) 

 

3.3 (0.9) 

5.1 (0.7) 

 

5.7 

 

6.2 (0.4) 

49.0 (7.0) 

 

60.0 (45.0 – 75.0) 

 

73.0 (6.5) 

 Term Colostrum (day 1 - 3) 

 

Week 1 

 

Mature (week 5 - 12) 

2.0 (0.9) 
 
 

1.8 (0.4 – 3.2) 
 
 

  1.0 (0.1) 

1.8 (0.7) 
 
 

2.2 (0.7 – 3.7) 
 
 

  3.4 (0.9) 

5.6 (0.6) 

 

5.8 

 

6.5 (0.7) 

54.0 (8.0) 

 

60.0 (44.0 – 77.0) 

 

63.0 (7.0) 

 

Values are mean (standard deviation or range) where available; carbohydrate and lactose were analysed separately 
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Human milk oligosaccharides (HMOs), the second most abundant carbohydrate in human milk, 

are among the main immunological components of human milk. HMOs are reported to have similar 

concentrations in both preterm and term human milk (Urashima et al., 2012) (Gidrewicz & Fenton, 

2014; Thurl et al., 2017). HMOs are not digestible by the infant’s glycosidase, and they contribute to 

the developing microbiome and immune system of the infant’s gut by functioning as prebiotic 

substrates. HMOs are the primary source of energy and carbon for normal flora of the colon, and they 

enhance the growth of specific flora, e.g., Bifidobacterium. They also act as binding sites for pathogens 

due to their structural similarities with glycans on enterocytes, and they enhance the fermentation of 

short-chain fatty acids to provide nourishment for colonocytes and energy for the infant (Bering, 2018; 

Léké et al., 2019).  

In relation to energy content, preterm milk is reported to be similar to term milk at all postnatal 

ages except for postpartum weeks three to nine, where significantly higher energy concentrations were 

measured in preterm milk via the bomb calorimetric method (Gidrewicz & Fenton, 2014). However, 

there are clinically important differences between the measured and calculated methods used in 

assessing energy content of breast milk. These differences were as high as 10 kcal/dl, i.e., 13% lower 

values for calculated methods, suggesting that calculating energy content from macronutrients may 

not be as accurate as different conversion factors are used, as are assumptions of what constitutes 

protein and carbohydrates (Atkinson et al., 1981; Saarela et al., 2005).  

Other immunological components of breast milk are immunoglobulins, including IgA, sIgA, 

IgG, and IgM, growth factors, and lactoferrin. These immune components are highest in colostrum, 

making this stage of lactation the most immunoprotective for the newborn infant (Andreas et al., 2015).   

Essential minerals, trace elements, and electrolytes in breast milk include iron, zinc, copper, 

iodine, selenium, calcium, phosphorus, magnesium, potassium, and sodium (Sabatier et al., 2019). 

These play several different roles in preterm infants. For instance, iron, zinc, copper, and iodine have 

been associated with brain development (Ramel & Georgieff, 2014), while calcium, phosphorus, and 

magnesium are needed for bone growth (Mimouni et al., 2014). The mineral content of preterm milk 

is reported to be similar to that of term milk for potassium (Bauer & Gerss, 2011; Sabatier et al., 2019), 

zinc (Dórea, 2012; Fernández-Menéndez et al., 2016), iodine (Ares et al., 1994; Dorea, 2002), and 

selenium (Hunt et al., 2004; Sabatier et al., 2019) (Table 1.3). Calcium concentrations are similar in 

preterm and term breast milk except during weeks seven to nine postpartum when significantly higher 

concentrations were noted in preterm milk (Gidrewicz & Fenton, 2014). Similarly, phosphorus 

concentrations were generally the same between preterm and term milk, but in contrast to calcium, 

significantly lower concentrations were found in preterm compared to term milk at weeks three to six 

(Gidrewicz & Fenton, 2014).  
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Whether there are differences in the iron concentrations of preterm and term milk is unclear. Some studies report higher concentrations of iron in preterm milk (Atinmo & Omololu, 1982; Perrone et al., 1994), 

while another study found no differences (Fernández-Sánchez et al., 2012). Higher concentrations of magnesium have been reported in preterm milk compared to term milk, but for copper (Aquilio et al., 1996; 

Atinmo & Omololu, 1982; Perrone et al., 1994; Sabatier et al., 2019) and sodium (Bauer & Gerss, 2011; Koo & Gupta, 1982; Sabatier et al., 2019), the results are conflicting. Differences in the lactational stage of 

sample collection, the number of samples collected, e.g., 24-hour collection versus a one-time method, and protocols used for storage contribute to variations in study findings. 

 

Table 1.3 Micronutrient composition of preterm and term human milk          

Source Preterm/term Milk Phase Sodium 

mEq/liter 

Potassium 

mEq/liter 

Magnesium 

mg/l 

Iodine 

g/100ml 

Calcium 

mg/100ml 

Phosphorus 

mg/100ml 

Iron 

mg/l 

Zinc 

mg/l 

Copper 

mg/l 

aFolate 

µg/l 

Lemons et al.,  
1982 

 

Preterm 

 

 

Week 1 

 

Mature (28 days) 

17.2 (1.9) 
 
 
9.6 (0.7)  

17.3 (0.7) 
 
 
13.8 (0.4)  

37.1 (1.4)  
 
 
31.0 (1.8)  

- 29.3 (1.6) 

 
28.3 (11.8) 

13.5 (0.7) 
 
 

13.1 (5.7) 

1.5 (0.11) 
 
 

1.3 (0.2) 

- - - 

 Term Week 1 

 

Mature (28 days) 

9.5 (1.3) 
 
 

7.0 (1.0) 
 

16.9 (1.2) 
 
 
13.0 (0.5) 

31.0 (2.5) 
 
 
28.2 (2.4) 

             - 29.3 (0. 8) 

 
    26.8 (12.6) 

16.9 (0.9) 
 
 
13.9 (9.1) 

0.8 (0.1) 
 
 

0.8 (0.1) 

- - - 

Gidrewicz & 

Fenton, 2014) 

Systematic 

review and 

meta-analysis 

Preterm Colostrum  

(day 1 - 3) 

 

Week 1 (mean) 

 

Mature 

 (week 5 - 12) 

- - - - 25.0 (9).0 

 

 

26..0 (9.0–43.0) 

 

29.0 (6.0) 

       10.0 (7.0) 

 

    

11.0 (1.0–22.0) 

 

        13.0 (2.0) 

- - - - 

 Term Colostrum  

(day 1 - 3) 

 

Week 1 (mean) 

 

Mature  

(week 5 - 12) 

- - -      - 26.0(6.0) 

 

 

26.0 (16.0–36.0) 

 

 

26.0 (6.0) 

     11.0 (3.0) 

     

    

  12.0 (6.0–18.0)  

 

         

     16.0 (3.0) 

 

- - - - 

Kirksey & 

Rahmanifar, 

2006 

 

Preterm Colostrum  

(days 3 - 5) 

 

Week 1 

 

Mature 

 (28 or more 

days) 

23.0 (2.5)a 
 
 
 
17.9  
 
 
  
7.2  

18.5 (0.7) a 
 
 
 
17.5 
  
 
 
14.7 (0.8) a 

32.6 (1.4) 
 
 
 
26.4 
 
 
 
36.0 

    - 32.6 (2.7) 
 
 
    
29.5 
 
 

        

        21.3 

- 

 

             

14.0 

 

 

          13.2 

1.1 (0.3) 

 

 

 1.1 (0.3) 

 

 

1.3 

   5.3 (1.5) 

 

     

   7.1 (1.42) 

 

 

    3.2 (0.6) 

      0.8 (0.2) 

 

      

     0.5 (0.3) 

 

       

     0.6 (0.1) 

            - 

 

        

   15.0 (5.0) 

 

        

   39.0 (6.0)         

 Term Colostrum (days 

3 - 5) 

 

Week 1 

 

Mature (28 or 

more days) 

 

       18.5 (1.3) a 
 
 
       

- 
 
 
           

- 

       18.5 (1.0) a 
 
 
            

- 
 
 
           

- 
 

29.3 (1.0) 
 
 
 
29.3 
 
 
 
31.0 

    - 
 
 
 
   - 
 
 
 
   - 

       32.0 (1.4) 

 

              

- 

 

 

           54.0 

      11.6 (1.6) 

 

                 

- 

 

               

          16.4 

        1.1 (0.4) 

 

         

0.6 (0.3) 

 

 

           0.8 

    5.4 (1.2) 

 

     

    6.0 (1.1) 

 

 

     2.9 (0.9) 

     0.7 (0.1) 

 

        

     0.3 (0.1) 

 

 

      0.6 (0.1) 

            - 

 

           

  12.0 (2.0) 

 

 

      37.0 (7.0) 

Values are mean (standard deviation or range) or amean (standard error); - values not reported
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1.5.4 Differences in composition between infant formula, mothers’ own milk, and donor human 

milk  

Women who give birth preterm face many difficulties that interfere with their establishment 

and maintenance of milk production. This limitation in breast milk supply may result in reliance on 

pasteurized donor human milk from mothers who gave birth at term or infant formula. However, donor 

human milk is not preferable over own mothers’ milk for the preterm infant for several reasons. Firstly, 

donor human milk, which is mature, term milk, contains inadequate protein, fat, and energy content to 

promote the preterm infants' growth compared to their own mothers’ milk (Gidrewicz & Fenton, 2014). 

A recent study found that even after using individualized human milk fortification to ensure similar 

protein and energy intakes, preterm infants born at  ≤32 weeks’ gestation and fed fortified donor human 

milk had a slower rate of growth compared to those fed fortified own mother’s milk (de Halleux et al., 

2019). The authors suggest that compared to their own mother’s milk, excess protein fortification of 

donor human milk may be required to achieve appropriate growth rates. An observational study 

assessing the variability of macronutrients in donor human milk samples also reported that basic 

fortification with, for instance, 1.0 g/dL protein would not result in the daily protein intake targets of 

3.5 g/kg at feeding volumes of <160 ml/kg (John et al., 2019).  

Secondly, pasteurization further impacts the nutrients and immunological components of donor 

human milk.  A review of the literature about the effects of Holder pasteurization on the biological and 

nutritional components of donor human milk has shown that although the total lipid content, energy, 

and fat-soluble vitamins are not significantly changed, a reduction in protein and carbohydrates occurs 

after pasteurization of human milk (Peila et al., 2016). Additionally, lactoferrin which is higher in 

preterm own mother’s milk compared to term milk, exhibits anti-infective and anti-inflammatory 

properties that protect against NEC and sepsis (Liao et al., 2012; Manzoni, 2016). Lactoferrin 

decreases in concentration over the lactational period, and procedures such as freezing and 

pasteurization associated with donor human milk preparation decrease lactoferrin concentrations by 

47-55% (Raoof et al., 2016; Rollo et al., 2014) and 88% (Underwood & Scoble, 2015) respectively, 

thereby reducing its bioactivity.  

Thirdly, depending on the phase of the preterm infant’s growth, compositional differences in 

nutrients between preterm and donor milk may make the substitution biologically inappropriate. For 

instance, a newly born preterm infant will benefit from colostrum and transitional own mother’s milk 

that is rich in growth factors, secretory IgA, lactoferrin, interleukin 10, and soluble CD14 compared to 

mature donor milk (Meier et al., 2017; Underwood 2013). Fourthly, donor human milk has no proven 

additional benefits that are not already attributed to own mother’s milk (Meier et al., 2017). 
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In many places donor human milk is not available, and preterm infants receive formula if 

mother’s own milk is insufficient (Table 1.4). Standard formula for term-born infants may not provide 

adequate nutrients for optimal growth and development in preterm infants (Teller et al., 2016; Walsh 

et al., 2019; Young et al., 2016). Although there is insufficient data about effects on long-term growth 

and neurodevelopment, nutrient-enriched formula compared to standard formula increases in-hospital 

(Walsh et al., 2019) and post-discharge rates growth up to 18 months post-term (Young et al., 2016). 

Therefore nutrient-enriched preterm formulas with ~ 20% extra protein, energy, minerals (sodium, 

potassium, calcium, and phosphorus), and fat-soluble vitamins than standard formula are commonly 

used when human milk is not available (Walsh et al., 2019). Comparing formula to donor human milk, 

a Cochrane systematic review of eleven randomized controlled trials has shown higher rates of short-

term growth in formula-fed preterm infants (Quigley et al., 2018). However, limited evidence shows 

that donor human milk increases any breastfeeding rates at discharge from NICU (Williams et al., 

2016) and decreases the risk of NEC and length of hospital stay (Yu et al., 2019) compared to formula. 

Further, bovine milk-based fortification decreases donor human milk's protective effect against NEC 

compared to human milk-based fortification (Cristofalo et al., 2013; Sullivan et al., 2010), and one 

study found no significant differences in the risk of NEC between bovine milk-based donor human 

milk fortification and preterm formula (Schanler et al., 2005). 

1.5.5 Fortification of human milk  

Human milk fortifiers are usually commercially available as modular (protein, dextrin, maltose, 

fat as medium-chain triglycerides, or cream to enhance energy intake) or multi-nutrient supplements 

in liquid or powder forms (Table 1.4). They may comprise hydrolysed or intact protein and can be 

bovine-, donkey-, or human milk-based (Arslanoglu et al., 2019). Human milk fortifiers are mixed 

with expressed breast milk and fed to preterm infants, usually those with birth weight <1800 g 

(Agostoni et al., 2010; Di Natale & Di Fabio, 2013; Ziegler, 2011). Fortifiers increase the nutrient 

content of human milk at the recommended feeding volumes and are expected to improve postnatal 

growth and development, in part by providing essential nutrients and energy for tissue growth and in 

part by interacting with endocrine systems, such as the insulin-like growth factor I (IGF-1) (Clemmons 

2006; Hansen-Pupp 2013; Socha 2011). Fortifiers are typically administered as a fixed dose per unit 

volume of human milk and initiated when the preterm infant tolerates milk feeds of 50-80 ml/kg/d, 

i.e., standard fortification (Arslanoglu et al., 2019; Di Natale & Di Fabio, 2013). However, standard 

fortification often doesn’t achieve recommended protein targets as it assumes a fixed nutrient content 

of human milk for all preterm infants. Other methods of fortification compared to standard fortification 

are super, targeted, adjustable, and adapted fortification.  
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Super or blind fortification is similar to standard fortification, except that it aims to increase 

the protein content beyond doses provided in standard fortification (Kemp & Wenhold, 2016). Extra 

amounts of protein are added to human milk in the range of 0.5 – 1.0 g/100 ml of milk, based on the 

assumed composition of breast milk. Super fortification does not require frequent analysis of milk or 

blood (Kanmaz et al., 2013; Ziegler, 2011). 

Targeted fortification compensates for the high variability of nutrients in human milk by 

tailoring the dose of the fortifier to meet recommended nutrient intakes for the preterm infant based on 

the measured or estimated protein content of the human milk to be fed. Unlike standard fortification, 

targeted fortification requires regular analysis of human milk, making it a time-consuming and costly 

method (Rochow et al., 2013, 2015).  

Adjustable fortification doesn’t require regular analysis of human milk, and the infant’s 

nutrient intake is adjusted based on their metabolic response. Adjustable fortification is started as 

standardised fortification until full strength fortification is accepted (Arslanoglu et al., 2019). Then 

twice-weekly measures of blood urea nitrogen concentrations (BUN) are performed to maintain the 

BUN between 10 and 16 mg/dl while increasing the protein concentration to achieve optimum intake 

(Arslanoglu et al., 2006, 2013; Bhatia, 2016; Di Natale et al., 2011) 

While targeted and adjustable fortification improve protein intake and growth in preterm 

infants compared to standard fortification, they have drawbacks including repeated milk analysis and 

blood sampling (Kadıoğlu Şimşek et al., 2018; Arslanoglu, Moro, & Ziegler, 2006). Adapted 

fortification, a recently proposed method, aims to overcome the drawbacks of targeted and adjustable 

fortification by obviating the need for repeated milk analysis or blood sampling while optimizing 

nutrient intake for the preterm infant (Minarski et al., 2020). Adapted fortification involves using a 

derived breast milk equation based on variations in protein content by day of lactation in a cohort of 

fifty-two mothers with preterm infants at < 32 weeks’ gestation. The authors adjusted for inter-

individual variation in protein content during the first 28 days of lactation, i.e., the time of highest 

variation in protein. They compared the proportion of breast milk samples reaching target protein 

concentrations of 4.1–5.0 g/kg/d using their breast milk equation, standard fortification, and 

fortification based on variations in protein content as portrayed by Gidrewicz and Fenton (2014). 

Fortification using the breast milk equation and data from Gidrewicz and Fenton (2014) were 

associated with 96% vs. 90% of breast milk samples reaching protein targets, while standard 

fortification with 1.0 g protein per 100 mL breast milk achieved protein targets in only 5% of samples 

(Minarski et al., 2020).  
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Complications from fortifying human milk can occur. For example, fortifiers based on cow’s 

milk, i.e., intact bovine protein, have been associated with developing allergies in preterm infants from 

very early contact with heterologous proteins (Srinivasan 2010). In addition, powdered fortifiers are 

non-sterile products, and therefore, carry the risk of bacterial contamination, which could predispose 

the preterm infant to sepsis (D’Netto 2000; Reich 2010). Acidified protein fortifiers have also been 

shown to cause feeding intolerance and metabolic imbalances in preterm infants, possibly due to their 

immature metabolic processes and reduced kidney function (Cibulskis 2015; Thoene 2014). Preterm 

infants are at increased risk of developing metabolic and renal tubular acidosis (Koletzko 2005; Manz 

1997). Thus, fortifiers that are acidified as a form of sterilisation may have higher acid loads and 

decreased growth (Kalhoff 1993; Kalhoff 2001). Furthermore, fortification may increase the 

osmolality of human milk beyond the recommended 450 mOsm/kg for enteral nutrition (American 

Academy of Pediatrics, 1976). A study that added macronutrients individually to human milk using 

targeted fortification observed an increase in osmolality of human milk with hydrolyzed proteins (38 

mOsm/kg) compared to whey proteins (4 mOsm/kg). Osmolality also increased proportionally to the 

amount of carbohydrate added to human milk (Choi et al., 2016). After 24 hours of preparation, the 

osmolality of unused fortified human milk rises further from the hydrolysis of the carbohydrates. 

Enteral feeds of high osmolality in preterm infants are associated with gastroesophageal reflux, feeding 

intolerance, and NEC (Chandran et al., 2017; Radmacher et al., 2012).  Thus, it is recommended that 

fortifiers are added just before feeding.
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Table 1.4: Nutrient composition of preterm human milk, and commonly used preterm formulas and human milk fortifiers  

 Mature 
Preterm 
Human 
Milk per 
100 ml 

Enfamil 
Premature 
Formula per 
100 ml 

Enfamil 
Premature 24 
Cal High 
Protein 
Formula per 
100 ml 

Enfamil® 
Human Milk 
Fortifier 
Acidified 
Liquid (4 
vials = 20 ml) 
Add to 100 ml 
EBM** 

Similac® 
Special 
Care® 30 
cal/oz (50 ml) 
Add to 50 ml 
EBM** 

Prolact 
+4H2MF™ (20 

ml)* Add to 
80 ml EBM** 

Similac® 
Human Milk 
Fortifier (Add 
to 100 ml 
EBM**) 

Enfamil® 
Human Milk 
Fortifier (Add 
to 100 ml 
EBM**) 

Formulation Liquid Liquid 
 

Powder 

Protein source                Bovine     Human             Bovine 

Calories, kcal 67.0 81.0        82.0 30.0 50.0 28.0 14.0 14.0 

Protein (g) 1.4 2.2        2.9 2.2 1.5 1.2 1.0 1.1 

Fat (g) 3.9 3.4 4.1 2.3 3.3 1.8 0.4 1.0 

Carbohydrate (g) 6.6 7.3 8.5 <1.2 3.9 1.8 1.8 <0.4 

Vitamin A (IU) 389.0 910.0 1100.0 1160.0 625.0 61.0 620.0 950.0 

Vitamin D (IU) 2.0 200.0 240.0 188.0 75.0 26.0 120.0 150.0 

Vitamin E (IU) 1.0 4.3 5.1 5.6 2.0 0.4 3.2 4.6 

Vitamin K ( µg ) 0.2 6.1 7.3 5.7 6.0 < 0.2 8.3 4.4 

Vitamin B1 (µg) 21.0  135.0 162.0 184.0 125.0 4.0 233.0 150.0 

Vitamin B2  (µg) 48.0 200.0 240.0 260.0 310.0 15.0 417.0 220.0 

Vitamin B6 (µg) 15.0 101.0 122.0 140.0 125.0 4.1 211.0 115.0 

Vitamin B12 (µg) 0.1 0.2 0.2 0.6 0.3 0.1 0.6 0.2 

Niacin (µg) 1500.0 2700.0 3200.0 3700.0 2500.0 52.4 3570.0 3000.0 

Folic Acid (µg) 3.3  27.0 32.0 31.0 18.5 5.4 23.0 25.0 

Pantothenic acid 
(µg) 

1800.0 810.0 970.0 920.0 950.0 74.8.0 1500.0 730.0 

Biotin (µg)  0.6 2.7 3.2 3.4 18.5          - 26.0 2.7 

Vitamin C (mg) 11.0 13.5      16.2 15.2 18.5 <0.2 25.0 12.0 

Calcium (mg) 25.0 112.0 134.0 116.0 90.0 103.0 117.0 90.0 

Phosphorus (mg) 13.0     61.0 73.0 63.0 50.0 53.8 67.0 50.0 

Iron (mg) 0.1 1.2 1.5 1.8 0.9 0.1 0.4 1.4 

Zinc (mg) 0.3 1.0 1.2 1.0 0.8 0.7 1.0 0.7 

Copper (µg) 64.0  81.0  97.0 60.0 125.0 64.0 170.0 44.0 

Manganese (µg) 0.6  4.3 5.1 10.0 6.0 <12.0 7.2 10.0 

Sodium (mg) 25.0  47.0 57.0 27.0 22.0 37.0 15.0 16.0 

Potassium (mg) 57.0  66.0 80.0 45.0 65.0 50.0 63.0 29.0 

Chloride (mg) 55.0  72.0 86.0 28.0 41.0 29.0 38.0 13.0 

**EBM – expressed breast milk; *values are averages and may vary; adapted from Underwood, 2013, Mead Johnson Nutritionals, Evansville, Indiana, USA,  and Reis 

et al., 2000  
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1.5.6 Effects of gestational diabetes mellitus on breast milk composition 

Several studies have examined the effects of maternal diabetes mellitus (mainly type-1) on the 

nutritional composition of breast milk (Arthur et al., 1989; Bitman et al., 1989; Butte et al., 1987; 

Lammi-Keefe et al., 1995; Morceli et al., 2011; Neubauer et al., 1993; Oliveira et al., 2008; van 

Beusekom et al., 1993). However, the literature on effects of breast milk specific to GDM is lacking. 

A systemic review assessing the impact of maternal morbidities on breast milk composition found only 

one article published between 1987 and 2016 on the effects of GDM on breast milk composition 

(Amaral et al., 2019). This cohort study involving 305 women with infants admitted to NICU collected 

milk samples on the 3rd, 7th, and 30th day of lactation and found that women with GDM compared to 

those without GDM had higher energy content in colostrum, transitional, and mature milk, and lower 

concentrations of protein in transitional and mature milk (Dritsakou et al., 2017). The fat content of 

breast milk was not significantly different between the GDM and non-GDM groups.  

 

In contrast, another observational study that compared breast milk composition of lactating 

mothers with GDM who delivered at full-term with milk of mothers without GDM found no 

differences between the groups in the mean concentrations of macronutrients and energy in colostrum 

and transitional milk. However, the mean concentrations of fat and energy in mature milk samples 

were higher in the non-GDM women compared to mothers with GDM, irrespective of their pre-

pregnancy BMI (Shapira et al., 2019). These conflicting results could be due to methodological 

differences. While both studies analysed milk samples from all three stages of lactation and used the 

MIRIS human milk analyser to evaluate the composition of breast milk, Dritsakou et al. (2017) used a 

larger sample size, and unlike Shapira et al. (2019), did not report controlling for confounding factors 

such as maternal weight, even though 50% of the GDM women in their sample were overweight. In 

women without GDM, fats and carbohydrates of breast milk from normal-weight mothers are different 

in amount and type from those of overweight/obese mothers depending on the stage of lactation 

(Ellsworth et al., 2020; Isganaitis et al., 2019; Leghi et al., 2020). 

1.5.7 Sex-specific differences in breast milk composition 

Several maternal factors contribute to the variability in breast milk content (Bravi et al., 2016; 

Hascoët et al., 2019). However, infant factors including prematurity and birth size also affect milk 

synthesis (Martin et al., 2016), and sex-specific responses to early life nutrition in infants have also 

been documented (Lin et al., 2019; Lucas et al., 1990). What is unclear is whether infant characteristics 

like sex influence the volume and composition of breast milk to differentially optimize growth and 

development in boys and girls.  
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Animal researchers have shown that offspring sex does have an effect on breast milk 

composition. A study involving a large sample (n=104) of mother-infant pairs of rhesus macaques 

reported a higher mean calcium concentration and calcium/phosphorus ratio in milk of mothers rearing 

daughters compared to those rearing sons (Hinde et al., 2013). Another study showed that although 

milk from macaque mothers was similar in energy density for both sons and daughters, mothers of 

sons had milk with lower milk volume compared to mothers of daughters (Hinde, 2009). Additionally, 

milk from mothers with sons was higher in fat and protein, but lower in sugar concentrations compared 

to milk of mothers with daughters. By contrast, macaque mothers with daughters were reported to 

produce milk with low fat and protein, but of higher sugar content which was thought to be responsible 

for the higher milk volume due to the osmolar effects of the sugar (Hinde, 2007). Others have also 

reported similar findings of higher protein concentrations in milk of mothers with male offspring in 

Tammar wallabies and kangaroos (Quesnel et al., 2017).  

 

In humans, data are scarce. In the National Longitudinal Study of Adolescent Health, over 

20,000 American adolescents were interviewed and measured at four time points between the ages of 

approximately 15 and 29 years. Mothers with same sex twins (n = 546) and opposite sex twins (n = 

233) were interviewed about breastfeeding and categorised as never breastfed or ever breastfed (at 

least three months). After adjusting for potential confounders, breastfed opposite sex twins were 

significantly shorter (nearly an inch) and lighter (by about 12 pounds) than breastfed same sex twins 

at mean ages of 16.2, 22.0, and 29.1 years, whereas there were no significant differences in body size 

between same sex and opposite sex twins who were never breastfed (Kanazawa & Segal, 2017). 

Although the findings suggest possible sex-specific breastfeeding effects on long-term growth, 

mechanisms underlying these findings, including potential mediating hormonal factors from 

breastmilk, are unknown. It is also unclear when growth differences between the groups of twins first 

occurred. 

 

Another study of 25 American mothers found milk of higher energy content from mothers with 

sons aged two to five months compared to mothers with daughters (Powe et al., 2010). Similarly, 

mothers of four-month-old sons (n = 25) in Singapore have been shown to produce milk with more fat, 

including more polyunsaturated fatty acids, compared with mothers with four-month-old daughters (n 

= 25) (Thakkar et al., 2013). A contrasting human study of over 100 Filipino mothers found no such 

sex differences in milk volume, fat, protein, or total energy content (Quinn, 2013). 
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1.6 Systematic review and meta-analysis 

1.6.1 Definition and history  

Considering the enormous numbers of and sometimes conflicting research outputs, (Andersen 

et al., 2017), systematic reviews have been aptly, although arguably, defined as the "most reliable and 

comprehensive statement about what works" (Petrosino et al., 2001). The process of synthesising 

research evidence into a useable format began in 1753 when James Lind organised data from 

experiences of sailors on the prevention of scurvy (Lind, 1753). Then in 1959, a formal definition 

emerged from a Scottish scientist, Isabella Leitch (Farquhar & Marjoribanks, 2019). During the early 

1970s, as a means to improving health care delivery and reducing health care expenditure, Archie 

Cochrane advocated the use of evidence from RCTs to allocate health care resources (Cochrane, 1972) 

and went on to urge healthcare professionals to practice evidence-based medicine (Cochrane, 1979). 

 

Thereafter, systematic review methodology gained momentum as a group of clinicians 

involved in perinatal medicine took up Cochrane’s challenge and established the Oxford Database of 

Perinatal Trials (Chalmers et al., 1992) and the Cochrane Collaboration (Chalmers, 1993). The 

Cochrane Collaboration is an international organisation with contributors from over 120 countries, and 

it is widely known for its promotion and conduct of systematic reviews. In fact, Cochrane systematic 

reviews are currently considered the gold standard worldwide.  

 

Systematic reviews were predominantly used to assess the effectiveness of healthcare 

interventions (Higgins et al., 2019), but over the years their use has widened to include other disciplines 

(Mallett et al., 2012). Systematic reviews aim to address focused research questions by conducting 

these essential steps 1) comprehensive and systematic literature search of all the available evidence; 

2) identification of relevant studies based on predefined inclusion and exclusion criteria; 3) data 

extraction; 4) appraisal of the internal validity and quality of the evidence; and 5) quantitative or 

qualitative synthesis of the findings of included studies (Bartolucci, 2009; Higgins, 2019). 

Characteristically, the systematic review process proceeds with the initial development of a review 

protocol which specifies the intended review's objectives, methodological details, and analytical plan. 

The protocol is then subjected to peer review and registered to limit bias and avoid redundancy. 

(Mallett et al., 2012).  

 

Where quantitative data are reported in the included studies, systematic reviews may have a 

meta-analytic component. The term meta-analysis was formally coined by psychologist Gene Glass in 



 

37 

1976 (Glass, 1976). However, it was first used by Karl Pearson as early as 1904 to examine the 

preventive effects of serum inoculations against enteric fever (Simpson & Pearson, 1904). Meta-

analyses use statistical methods to summarise results of two or more primary studies on a similar topic 

into a single more reliable numerical estimate of the treatment effect with higher statistical power 

(Charrois, 2015; Higgins et al., 2019).  

 

The systematic review methodology is currently widely accepted. However, its status as 

primary or original research is still debatable. In the past, systematic reviews were considered as 

‘secondary research’ and thought to lack methodological rigor and novelty (Feinstein, 1995). However, 

a recent survey of editors from core clinical journals showed that 71% of 65 respondents deem it as 

original research, although other editors will only consider it so when the systematic review involves 

Cochrane methodology or uses meta-analytic methods (Meerpohl et al., 2012). Other authors have also 

suggested that the novelty and usefulness of a systematic review should be the main judging criteria 

irrespective of its status as original/primary or secondary research (Biondi-Zoccai et al., 2011). As 

with any other research method, strong opinions about their scientific value will remain. However, 

these strong opinions are mitigated by the fact that systematic reviews are considered the highest level 

of evidence in the hierarchy of research studies in medicine (Evans, 2003; Frymark et al., 2009; 

Wormald & Evans, 2018), and therefore the quality of systematic reviews must be upheld. 

1.6.2 Traditional versus systematic literature review 

Traditional or narrative literature reviews aim to provide broad overviews on a research topic 

or question. However, unlike systematic reviews, they lack a pre-defined process that is systematic 

and fixed for all reviews. For instance, traditional reviews do not require a protocol to be registered 

before the onset of the review process, and the research questions may not be analysed in terms of 

population, intervention, comparator, and outcome (PICO), thus robbing traditional reviews of 

methodological rigor, reproducibility, and robust objectivity. 

 

Also, traditional reviews lack transparency and are often prone to bias including selection and 

language bias because, unlike systematic reviews, they do not often attempt to locate all relevant 

literature, and the literature search is limited by the reviewer’s language preference. Traditional 

reviews are often skewed towards making a particular point and so reviewers tend to subjectively 

ignore other studies expressing divergent views which can lead to biased interpretations or inferences. 
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1.6.3 Significance of systematic reviews and meta-analysis 

Firstly, high-quality systematic reviews provide the best summary of all the available evidence 

on a specific research question and are used to inform policy making decisions and practice guidelines 

(Gopalakrishnan & Ganeshkumar, 2013). Evidence has shown, for instance, that despite the increase 

in stroke research over the last 50 years (Langhorne et al., 2011; Lindsay et al., 2014), stroke survivors 

are still not getting the best possible care (Intercollegiate Stroke Working Party, 2015). Considering 

the increasing involvement of patients and the general public in the conduct and knowledge transfer 

of systematic reviews (Morley et al., 2016), well-conducted systematic reviews in this circumstance 

would provide up-to-date, high-quality research evidence to inform stroke survivors, healthcare, and 

policy decision-makers on the best possible care and treatment options for patients.  

  

Secondly, systematic reviews help to avoid research waste (Berge et al., 2017; Chalmers & 

Glasziou, 2009; Chalmers et al., 2014). For instance, inefficient use of funds earmarked for stroke 

research from poor choice of research topics, study design, etc. led European researchers and 

stakeholders to require a systematic review of the evidence as justification for new primary research 

(Berge et al., 2017). Similarly, some granting agencies require evidence from systematic reviews as 

part of grant applications (Medical Research Council, 2018). 

 

Thirdly, systematic reviews can help identify areas where knowledge is lacking and optimise 

the allocation of research resources. For instance, empty systematic reviews may indicate a lack of 

evidence in a certain field and the need for further research studies.  

 

Finally, the synthesis of findings across different settings and time periods in systematic 

reviews allows for a resultant effect estimate with greater external validity. Additionally, meta-

analyses yield larger sample sizes, increased statistical power and greater precision for statistical 

inference. It also allows for identification of relationships that could explain the hypothesis in question 

(Biondi-Zoccai et al., 2011).  

1.6.4 Limitations 

Systematic reviews procedurally include all the available evidence on a topic to avoid selection 

bias. However, like all scientific processes, this has drawn some dissenting views. Some researchers 

argue that not all trials merit inclusion in systematic reviews as they are either not authentic, based on 

poor methodology, or are too small and therefore likely to increase bias. These authors suggest that 

rather than aiming to include all trials in systematic reviews, small trials should be excluded to make 



 

39 

way for the diversion of funds and resources towards appraising larger trials (Roberts & Ker, 2016). 

Although more rigor is needed to ensure the exclusion of non-authentic studies from systematic 

reviews, underpowered trials with high internal validity should not be excluded. Rather, the collation 

of such studies in systematic reviews generates larger sample sizes with greater reliability of the 

estimates of the overall treatment effect (Lund et al., 2016).  

 

Another drawback of systematic reviews is the issue of publication bias. It is common that 

small negative studies or studies with findings that contradict the expected may not get published and 

despite comprehensive literature searches, may be missed. This may inappropriately result in 

misleading effect estimates and inferences. 

 

Though meta-analysis is a powerful tool and has several benefits, it is limited by the quality of 

the evidence and sometimes improper pooling of studies. 

1.7 Gestational diabetes mellitus  

1.7.1 Definition and diagnostic criteria 

The term GDM was first  used in 1957 (Carrington et al., 1957) and subsequently defined as 

“any degree of glucose intolerance with onset or first recognition in pregnancy” (The Expert 

Committee on the Diagnosis and Classification of Diabetes, 1997, p. 1188). This broad definition 

encompassed diabetes that developed in the latter half of pregnancy, pre-existing but previously 

undiagnosed diabetes, and disease that persists after pregnancy. It has been impossible to obtain 

unanimity on the definition, diagnostic criteria, and management of GDM among international experts, 

with some even questioning its existence (Buchanan & Kjos, 1999; Hunter & Milner, 1985; Jarrett, 

1993; Moynihan et al., 2012). Several definitions of GDM have been proposed including one by the 

World Health Organization (WHO) which defines GDM as “carbohydrate intolerance resulting in 

hyperglycemia or any degree of glucose intolerance with onset or first recognition during pregnancy, 

usually from 24 weeks gestation onwards” (WHO, 2013, p. 20). This definition aims to separate 

diabetes mellitus occurring before pregnancy from GDM because diabetes mellitus occurring before 

pregnancy is generally associated with more severe perinatal complications than GDM, and therefore 

requires more aggressive treatment (Agarwal et al., 2015). GDM, on the other hand, is usually 

associated with milder hyperglycaemia occurring in the latter half of pregnancy and disappearing after 

delivery in most patients.  

 



 

40 

Attempts at establishing the diagnostic criteria for GDM began over 40 years ago (O’sullivan 

& Mahan, 1964), and like its definition, the search for the optimal screening and diagnostic criteria has 

proven to be quite the conundrum. Screening for GDM typically occurs clinically with the use of risk 

factors or by the 50g glucose challenge test (GCT), while the diagnosis is via the 75g or 100g oral 

glucose tolerance test (OGTT). The use of OGTT alone for diagnosis without screening is referred to 

as the one-step approach, while GCT screening followed by the OGTT if the GCT is positive is the 

two-step approach (Bhavadharini et al., 2016). Controversies surrounding the screening and diagnoses 

of GDM remain because there are no clear standard guidelines regarding who, why, when, and how to 

screen. International health experts compound the problem by failing to unanimously agree on the 

procedure and cut-off glucose thresholds for the diagnostic OGTT test. The result is a spectrum of 

screening and diagnostic criteria for GDM with variations across the world (Agarwal et al., 2005). 

Furthermore, within countries, uniform standards for screening and diagnosing GDM often do not 

exist, causing significant variations in the approach to the disease.  

 

The Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study sought to ameliorate 

some of the confusion and provided clarity on associations between maternal hyperglycemic values 

and the risk of adverse pregnancy outcomes (HAPO, 2008). Consequently, the International 

Association of Diabetes and Pregnancy Study Groups (IADPSG) recommended a one-step approach 

to the diagnosis of GDM. IADPSG suggested that the 75g OGTT (fasting plasma glucose ≥5.1 mmol/l 

(92 mg/dl), 1-hour post-glucose load ≥10.0 mmol/l (180 mg/dl) and 2-hour post-glucose load ≥8.5 

mmol/l (153 mg/dl)) should be conducted for all women at 24 – 28 weeks’ gestation (International 

Association of Diabetes and Pregnancy Study Groups Consensus Panel et al., 2010). These diagnostic 

criteria for GDM have been widely accepted by a number of international health organisations, and a 

prospective cohort study has shown the criteria to be associated with a decrease in adverse pregnancy 

outcomes, decrease in misclassification of women as normal, cost-effectiveness, and not overtreatment 

of GDM (Duran et al., 2014). Although progress has been made, controversies remain including, but 

not limited to, the appropriateness of diagnosing GDM in the first trimester and the required OGTT 

cut- off values.  

 

In New Zealand, although the recommended OGTT thresholds differ from international 

diagnostic recommendations (International Association of Diabetes and Pregnancy Study Groups 

Consensus Panel et al., 2010; WHO, 2013), the Ministry of Health has formulated a national clinical 

practice guideline which recommends testing via haemoglobin A1c (HbA1c) concentrations of all 

pregnant women at their first antenatal booking, i.e., at <20 weeks of pregnancy. This initial screening 

is intended to detect women with undiagnosed pre-existing diabetes. Additionally, women with normal 

HbA1c test results are recommended to undertake the 50g GCT at 24 to 28 weeks of pregnancy, or the 
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OGTT if the woman has a history of GDM and the HbA1c results are impaired, i.e., 41 and 49 

mmol/mol (NZ Ministry of Health, 2014). Even though these recommendations are evidence-based 

the 2-hour cutoff thresholds for the 75g OGTT were defined on an “ad-hoc” basis (Agarwal et al., 

2015). 

1.7.2 Prevalence  

GDM is reported to be increasing globally (Ovesen et al., 2018). However, global variations in 

diagnostic thresholds impact accurate estimations of the prevalence of the disease. GDM prevalence 

is reported to range from <1–28% in 173 countries (Jiwani et al., 2012) based on variations in 

diagnostic thresholds. Similarly, another study has shown prevalence ranging from 9.2% to 45.3% due 

to heterogeneity in the diagnostic criteria of eight expert GDM guidelines (Agarwal et al., 2015). 

Currently, GDM is estimated to affect 14% of pregnancies worldwide (International Diabetes 

Federation, 2017), an increase of 5.7% since 2014. In New Zealand, 9% of pregnancies were diagnosed 

with GDM in 2015, i.e., one in every 11 pregnant women (NZ Ministry of Health, 2017). The 

prevalence of GDM has also been shown to vary by ethnicity, and the incidence of GDM was found 

to be highest among Indians and Asians and lowest among Maori (Daly et al., 2017).    

1.7.3 Pathophysiology 

Insulin is produced by pancreatic β-cells in response to elevated blood glucose concentrations. 

While insulin acts primarily in target tissues such as the liver, muscle, and adipose tissues to enhance 

glucose uptake and storage of glycogen, fat, and protein, it also inhibits the production of glucose and 

amino and fatty acids (Hodson et al., 2010). Where target tissues are unable to respond to normal 

circulating concentrations of insulin, insulin resistance is said to have occurred (Hunter & Garvey, 

1998). During normal pregnancy after around 20 to 28 weeks’ gestation, the anabolic role of insulin 

diminishes as physiological resistance to insulin increases with increasing gestation, and basal glucose 

concentrations increase (Catalano et al., 1999; Sonagra et al., 2014). This alteration in maternal 

physiology has been attributed to hormonal changes during pregnancy including increasing 

concentrations of human placental lactogen (HPL), human placental growth hormone, and tumor 

necrosis factor alpha as well as decreasing adiponectin concentrations (Barbour et al., 2007; Guyton 

& Hall, 2006; Ryan & Enns, 1988). HPL, for instance, has been shown to stimulate lipolysis which 

releases increased amounts of free fatty acids to interfere with maternal insulin sensitivity while 

ensuring a steady flow of glucose and amino acids to the rapidly growing fetus (Sivan et al., 1999). 

Compensatory hyperplasia and hypertrophy of pancreatic β-cells with hyperinsulinemia occurs 

following insulin resistance and the concomitant increase in maternal blood glucose concentrations 
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(Wilcox, 2005). This cascade of events is reported to be reversible during the postpartum period (Plows 

et al., 2018).  

 

Although pathophysiological mechanisms underlying GDM are thought to commence before 

pregnancy, the process is not fully understood. However, it is reported to comprise two main 

components, i.e., pancreatic β-cell dysfunction and insulin resistance (Catalano, 2014; Clark et al., 

1997; Daly et al., 2018). Unlike in normal pregnancy, GDM occurs because pancreatic β-cells are 

unable to produce sufficient insulin to meet the metabolic demands of pregnancy in the presence of 

pregnancy-induced insulin resistance (Buchanan & Xiang, 2005). Glucotoxicity may occur as the 

resulting hyperglycaemia further stresses the pancreatic β-cells to the point of failure. Thus, after GDM 

pregnancy, pancreatic β-cells may or may not return to normal, and the woman may progress to GDM 

in subsequent pregnancies or develop type-2 diabetes mellitus (Plows et al., 2018).  

 

Although reproductive hormones have been reported to enhance insulin resistance, no direct 

relationships between hormone concentrations and insulin resistance have been observed, indicating 

the possible involvement of other factors (Hodson et al., 2010; Kirwan et al., 2002). Inflammatory 

cytokines like tumour necrosis factor alpha (TNF–α) have been reported to promote insulin resistance. 

However, neutralisation of TNF–α with monoclonal antibodies has not resulted in an effect on insulin 

resistance, indicating a multifactorial etiology (Ofei et al., 1996). Similarly, adiponectin which is 

synthesised by adipose tissue and controls storage and distribution of fat has been correlated with 

insulin-resistant states (Catalano et al., 2006; Cseh et al., 2004).  

1.7.4 Risk factors for developing GDM 

Knowledge of risk factors, particularly modifiable risk factors for GDM, play a crucial role in 

preventing the disease. They allow for the assessment and management of risks in pregnant mothers 

by clinicians thereby ultimately improving the intrauterine environment for the developing fetus. 

Studies examining GDM risk factors are heterogenous and underpowered, and some fail to consider 

potential confounding effects of other risk factors (Zhang & Ning, 2011).  This section limits the 

discussion to risk factors considered to be consistent across studies. Non-modifiable risk factors for 

GDM include advanced maternal age, a previous history of GDM, and a family history of diabetes 

mellitus (Anand et al., 2017; DeSisto et al., 2014). Ethnicity is another well-recognised risk factor for 

GDM, and women of Asian, African American, Native American, and Hispanic origins are considered 

to have a higher risk of developing GDM compared to non-Hispanic white women (Girgis et al., 2012; 

Savitz et al., 2008). Similarly, a high incidence of GDM has been reported among women of Australian 

aboriginal, Middle Eastern, and Pacific Islander backgrounds. Migrating women from ethnicities 
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considered to be high-risk to western nations have higher rates of GDM compared to first-generation 

citizens of the same ethnicity (Savitz et al., 2008; Yuen & Wong, 2015). Other risk factors for GDM 

include short maternal stature (Brite et al., 2014; Kew et al., 2010), polycystic ovarian syndrome, high 

or low maternal birth weight, multi-parity, and prior history of having an infant with macrosomia or 

congenital anomalies, stillbirth, abortion, or preterm delivery (Anand et al., 2017). 

1.7.5 Health consequences of GDM  

While GDM is reversible following delivery, it may be associated with adverse short- and long-

term health outcomes for mother and her offspring. Maternal consequences of GDM may include 

increased risk of surgical delivery, induction of labour, prolonged labour, vaginal lacerations, 

postpartum haemorrhage (Kamana et al., 2015; Tan et al., 2009), preterm birth, preeclampsia (Bhat et 

al., 2010; HAPO, 2008), gestational hypertension, hypothyroidism, and maternal hypoglycaemia 

(Prakash et al., 2017). A cross-sectional study of pregnant women between 24 and 40 gestational weeks 

has also shown that women with GDM are 3.79 times more likely to have a history of depression than 

those without GDM (Byrn & Penckofer, 2015). Similar findings have also been reported in cohort 

studies investigating postpartum depression (Hinkle et al., 2016; Nicklas et al., 2013; Ruohomäki et 

al., 2018).  

 

Other long-term health risks for mothers with GDM include type-2 diabetes, cardiovascular, 

and metabolic disease. After adjusting for potential confounders (age, BMI, smoking, lipid-lowering 

medication, hypertension at baseline, and Townsend (deprivation) quintile), a large UK population-

based retrospective cohort study reported that over a 25 year follow-up period, women with GDM have 

over 20-fold increased risk of developing type-2 diabetes, are twice as likely to develop hypertension, 

and are 2.8 times more likely to develop ischemic heart disease compared to women without GDM. 

No association with cerebrovascular disease was reported (Daly et al., 2018). Similarly, a systematic 

review has shown that women with GDM had a 13.2% increased risk of type-2 diabetes and 2% 

increased risk of cardiovascular disease compared to women without GDM (Hopmans et al., 2015).  

GDM has also been associated with metabolic syndrome at 12 months postpartum, (Sodhi & Nelson, 

2018) and dyslipidaemias in the early (O’Higgins et al., 2017) and late postpartum periods (Stuebe et 

al., 2011). Women who have developed two or more episodes of GDM had increased risk of breast 

cancer overall while ever having GDM was associated with increased risk of oestrogen receptor-

negative breast cancer (Park et al., 2017). 

 

Adverse infant health outcomes after GDM pregnancy include the increased risk of being born 

large for gestational age with associated increases in the risk of birth trauma and nerve palsy (HAPO, 
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2008; Kamana et al., 2015). Hyperbilirubinemia, polycythaemia (Kamana et al., 2015), respiratory 

distress syndrome (Prakash et al., 2017), and neonatal hypoglycemia with  brain injury and childhood 

developmental delays may also occur (Esakoff et al., 2009; Ornoy et al., 2015),  

  

Although a follow-up study of children more than four years old reported that attention deficit 

hyperactivity disorder (ADHD) is not associated with GDM overall, women with GDM who received 

antidiabetic medications were more likely than mothers who did not to have children diagnosed with 

ADHD, suggesting a relationship between the severity of maternal diabetes and ADHD (Xiang et al., 

2018). A large multi-ethnic clinical cohort of singleton children born at 28 to 44 weeks' gestation also 

has shown that exposure to maternal GDM diagnosed by 26 weeks' gestation was associated with 

increased risk of Autism Spectrum Disorders (ASD) in the offspring (Xiang et al., 2015).  Similarly, a 

systematic review and meta-analysis has shown from combining case-control studies that GDM is 

associated with increased risk of ASD in the offspring, while high heterogeneity and publication bias 

associated with pooled data from cohort studies precluded any reliable conclusions (Wan et al., 2018). 

 

Adverse long-term health outcomes in the offspring of women with GDM may also include the 

development of higher rates of childhood obesity, metabolic syndrome, type-2 diabetes, hypertension, 

and cardiovascular disease in adulthood (Ornoy 2015). Among Pima Indians, offspring of women with 

GDM were more likely than offspring of pre-diabetic or non-diabetic women to be obese, with higher 

glucose concentrations, and had greater risk of diabetes after approximately five years of age (Pettitt 

et al., 1993). Similarly, a prospective seven-year follow-up of participants of the Hyperglycaemia and 

Adverse Pregnancy Outcome (HAPO) study showed that offspring exposed to maternal GDM had 

higher rates of overweight or obesity, high blood pressure, and abnormal glucose tolerance compared 

to those born to mothers without GDM. The study also reported an association of maternal 

hyperglycaemia with obesity and adiposity among girls (Tam et al., 2017).  However, other studies did 

not find a clear association between maternal GDM and obesity in the offspring between ages seven 

to 14 years (Gillman et al., 2003; Tam et al., 2008).  

1.7.6 Maternal diet in GDM women 

Maternal diet during pregnancy may influence fetal and childhood growth, food preferences 

and long-term health (Barker & Thornburg, 2013; Hernandez & Brand-Miller, 2018; Uwaezuoke, 

2015). For example, in one study maternal diet assessed in the 32nd week of gestation was associated 

with measures of body composition in childhood (Brei et al., 2018). Higher maternal fat intake in 

pregnancy was negatively associated with infant abdominal subcutaneous fat at birth, one, and five 

years of age, while maternal total protein intake in pregnancy was negatively associated with infant 
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BMI z-scores at three and five years of age. Micronutrient deficiencies in folic acid also have been 

associated with fetal structural defects and adverse long-term neurodevelopmental outcomes (Valera-

Gran et al., 2014).  

 

The optimal diet needed to achieve normal maternal glycaemic concentrations and to improve 

perinatal outcomes for women with GDM remains elusive (American Diabetes Association, 2017; 

Canadian Diabetes Association Clinical Practice Guidelines Expert Committee et al., 2013; Metzger 

et al., 2007; NICE, 2015). However, a diet low in carbohydrates (33%-45% of total calories) and 

comprising whole-grain carbohydrates and up to 28 g of dietary fibre per day is recommended (ACOG 

Committee on Practice Bulletins—Obstetrics, 2018; American Diabetes Association, 2019; Blumer et 

al., 2013; Handelsman et al., 2015). It is thought that in GDM, a diet low in carbohydrate will alleviate 

maternal postprandial glucose levels and help prevent macrosomia (Hernandez et al., 2013). A concern 

of this approach is that high-fat diets are often substituted for low carbohydrate diets, and these tend 

to promote an increase in TNF–α and free fatty acids which then impair insulin signalling, enhance β-

cell defects, worsen maternal insulin resistance, and increase the transfer of nutrients to the fetus to 

promote fetal fat accretion (Barbour et al., 2007; Hernandez et al., 2013; Metzger et al., 2007; Sivan 

et al., 1998). Consistent with this, human and animal studies show that prenatal high-fat diets are 

associated with offspring adiposity, hepatic steatosis, and metabolic syndrome (Harmon et al., 2011; 

McCurdy et al., 2009; Schaefer-Graf et al., 2008). Consequently, there are no clear, specific guidelines 

on the optimal diet for GDM women (Hernandez & Brand-Miller, 2018). 

 

Several dietary approaches have been pursued in women with GDM including RCTs 

comparing diets high in complex carbohydrate but low in fat to carbohydrate restricted and high-fat 

diets. These studies have shown greater maternal adipose tissue insulin sensitivity, lower fasting blood 

glucose concentrations, and lower free fatty acid exposure of the fetus with the complex carbohydrate 

diet compared to the carbohydrate-restricted diet (Hernandez et al., 2014, 2016). However, these pilot 

studies are limited by short intervention durations (~three days and 10 weeks respectively) and small 

sample sizes making them inadequately powered to detect dietary effects on fetal growth and adiposity 

and pregnancy outcomes (Hernandez et al., 2014, 2016).  

 

Evidence from systematic reviews has also been inconsistent. For instance, two systematic 

reviews of RCTs assessing the effects of low glycaemic index (GI) diets versus moderate/high GI diets 

on maternal and infant outcomes in GDM women reported the low GI diet was associated with reduced 

insulin use and reduced risk of macrosomia (Viana et al., 2014; Wei et al., 2016). A third systematic 

review, on the other hand, found no effect of low GI diet on the risk of macrosomia (Han et al., 2017).  
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Although no clear recommendations on the optimal diet in GDM have emerged from 

systematic reviews, a recent systematic review of RCTs assessing the effects of any nutrition 

intervention in GDM compared to no intervention, found that modified diets in GDM improved 

maternal postprandial glycemia (pooled data from 18 RCTs and  >1,000 mothers), lowered infant birth 

weight, and decreased the risk of macrosomia (pooled data from 16 RCTs and over 800 infants) 

(Yamamoto et al., 2018). These findings confirm that dietary interventions can be effective in reducing 

maternal glycaemia and the risk of macrosomia. However, the evidence was low to very-low-quality 

indicating that high quality and adequately powered studies are still needed to determine the optimal 

diet and assess effects of maternal diet in GDM on perinatal outcomes. 

1.7.7 Assessing maternal diet during pregnancy 

Nutritional intake during pregnancy may be assessed via food frequency questionnaires 

(FFQs), 24-hour recalls, food diaries, or nutrient biomarkers. Of these, the most used methods are the 

FFQ and 24-hour recalls which are subject to recall error and social desirability bias (Naska et al., 

2017; Nwaru, 2012; Thompson & Byers, 1994). FFQs assess habitual intake of food over a specified 

period and are required to be validated before their use in a population (Mcneill et al., 2009; Kirkpatrick 

et al., 2019). Twenty-four-hour recalls can assess habitual intake only after multiple recalls are 

conducted over several months and often require trained staff to administer questionnaires via 

telephone or face-to-face interviews. Food diaries, on the other hand, involve real-time recording 

methods which require study participants to prospectively document foods consumed over a specified 

number of days. Food diaries are not memory dependent, and usually contain pictures of food items to 

serve as a guide (Gibson, 2005). Additionally, study participants are taught to measure foods by 

weighing with common household utensils or via food portion size booklets. Biochemical dietary 

indicators are measured from biological fluids or tissues, or urinary concentrations of nutrients or their 

metabolites. For example, urinary nitrogen and potassium concentrations may be used to assess total 

dietary protein and potassium intake respectively (Naska et al., 2017). Nutrient biomarkers may be 

classified as short-, medium-, and long-term based on the period between food intake and assessment 

as well as the biological tissue or fluid examined. For instance, short-term nutrient biomarkers are 

retrieved over hours/days after food consumption and assessed from urine, plasma, or serum, while 

long-term biomarkers are examined from food intake over months to years and measured from hair, 

nails, or teeth (Corella & Ordovás, 2015). Unfortunately, nutrient biomarkers do not exist for many 

nutrients of interest (Walter Willett, 2001). 

 

According to Willet 2001, “all methods of dietary assessment are imperfect, and quantification 

of measurement error is desirable both to help in the interpretation of findings from epidemiological 
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studies, and to correct relative risks and confidence intervals for this source of error” (Walter Willett, 

2001, pp. 1-2). Although food diaries are thought to provide relatively accurate data and have been 

stated to be the “gold standard”, they are not without limitations. Beyond seven consecutive days of 

dietary assessment, food diaries are reported to be more likely to incur measurement errors (Thompson 

& Byers, 1994). Also, the characteristics of the respondents are thought to affect the size of the 

measurement error, e.g., women or persons who have completed a slimming diet underestimate intake 

more commonly (Poslusna et al., 2009; Thompson & Byers, 1994; Thompson & Subar, 2017). 

Additionally, food diaries tend to be completed by more educated and motivated persons as they 

require commitment from study participants (Mcneill et al., 2009). Evidence from a dietary survey of 

children across Scotland has shown that for a four-day food diary, 56% of study participants from the 

least deprived quintile as per the Scottish Index of Multiple Deprivation completed and returned their 

food diaries compared to 31% in the most deprived quintile, while for FFQs, the figures were 71% and 

58%, respectively (Sheehy et al., 2008). Furthermore, the conduct and analysis of food diaries in large 

studies are cost prohibitive compared to FFQs. Food diaries require more time and skill from both 

study participants and nutritionists and the cost to collect and analyse FFQs is less than one-fifth of 

that required for a four-day diet diary (Mcneill et al., 2009). 

 

Once the dietary data are collected, analyses may involve single or multiple foods/nutrients. 

Maternal diet during pregnancy comprises a combination of several foods and nutrients as opposed to 

single foods/nutrients. Therefore, while analysis of the effects of single nutrients/foods on health 

outcomes provides useful information, it also has limitations. Diet quality and pattern analyses, on the 

other hand, are frequently used in nutritional epidemiology, and they take a more holistic approach as 

they examine the overall maternal diet (Hu, 2002; Poon et al., 2013). Diet quality and dietary patterns 

are influenced by environmental factors, lifestyle behaviours, social, cultural, and religious practices 

(Elmadfa & Meyer, 2012; Kant, 1996). Unlike studies of individual diets, dietary pattern analysis 

considers existing interactions or collinearity between nutrients of foods consumed and allows for the 

exploration of relationships between the dietary patterns and risk of disease (Hu, 2002; Newby & 

Tucker, 2004).  

 

Diet quality is measured via dietary quality indices. However, following the publication of the 

first dietary quality index over 24 years ago (Patterson et al., 1994), nutrition experts are still debating 

the exact composition of the highest quality diet. Although a universally accepted definition of diet 

quality does not exist, several terminologies have been used to portray its meaning including a healthy 

diet, balanced diet, nutritious food, optimal nutrition, functional foods, overall health-promoting diet, 

and nutrient-rich foods (Alkerwi, 2014). Several indices for the assessment of diet quality have also 

been constructed, the components of which largely depends on the investigator's preferences. 
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However, the major components employed are dietary adequacy (Schulze et al., 2003), food variety 

(Kant et al., 2000; Osler et al., 2001), moderation or restriction of food and nutrient intake, and overall 

macronutrient balance (Gil, 2015). The three main classification of dietary indices are nutrient based; 

food or food group based; and combinations of food and nutrient (Gil, 2015).  

 

Diet quality indices (DQI) have been used to examine adherence to national guidelines or a 

priori recommendations of a specific “healthy diet”. For instance, the diet quality index and healthy 

eating index have been developed to assess adherence to American national dietary guidelines (Haines 

et al., 1999; Patterson et al., 1994), while the dietary guideline index assesses that for Australia 

(McNaughton et al., 2008; Thorpe et al., 2016). Indices have been derived for the Mediterranean diet, 

and some studies have based their scores on this diet as it has been shown to reduce the risk of 

cardiovascular disease, cancer, and adverse cognitive health (Davis et al., 2015).  The Mediterranean 

diet is reported to contain low amounts of saturated fats and high amounts of vegetable oil (Martínez-

González & Sánchez-Villegas, 2004). 

  

Other uses of DQI include the ability to examine specific aspects of diet quality and to predict 

the risk of health outcomes, e.g., total antioxidant index to assesses antioxidant intake as a marker of 

dietary quality (Puchau et al., 2009); nutrient-rich foods index to assess energy-dense foods, i.e., 

nutrient rich/low calorie versus nutrient-poor/high calorie foods (Fulgoni et al., 2009); and the dietary 

inflammatory index to measure the anti-inflammatory potential of a diet (Cavicchia et al., 2009) via 

inflammatory biomarkers like C-reactive protein and hence the risk for cancer and cardiovascular 

disease. Unfortunately, inherent differences in the DQIs and lack of standardisation of index scores 

make it impossible to compare results across studies (Gil, 2015). Similar to FFQs, DQIs need to be 

validated, and they are population specific. In New Zealand (NZ), there is currently no specific DQI 

for pregnant women. The only validated DQIs for use among the NZ population are the NZ Diet 

Quality Index for Adolescents (NZDQI-A) and the NZ Women’s Healthy Diet Index (NZW- HDI) 

(Fenner, 2015). 

 

Whereas DQI scores express quality as a single numeric variable, dietary patterns identify 

underlying patterns as well (Livingstone & McNaughton, 2018). Dietary patterns are defined as “the 

quantities, proportions, varieties, or combinations of different foods, drinks, and nutrients in diets, and 

the frequency with which they are habitually consumed” (US Department of Agriculture, 2010, p. 2). 

Dietary pattern analysis is conducted by three methods, i.e., a priori or hypothesis‐oriented, a 

posteriori or data-driven, and the hybrid methods (Sánchez‐Villegas et al., 2010; Zhao et al., 2021).  
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The a priori approach uses DQIs as previously discussed while data-driven dietary patterns 

include factor analysis which comprises principal component analysis (PCA), common factor analysis, 

cluster analysis, index analysis, finite mixture model based on the clustering method, and treelet 

transform, which combines the PCA and clustering methods. Hybrid methods include reduced rank 

regression, data mining, least absolute shrinkage, and selection operator methods which use the health 

outcomes of interest in deriving dietary patterns (Zhao et al., 2021). PCA and common factor analyses 

mediate the challenges of working with highly dimensional data by reducing the complexity of the 

data to the point where meaningful factors or components can be derived. Dietary patterns emerging 

from factor analysis are based on the underlying correlations between food items or food groups which 

are then aggregated together as components. Subsequently, scores are generated for individuals based 

on the degree to which their diets vary in the same way (Varraso et al., 2012). Whereas in cluster 

analysis, the study population is categorised into subgroups based on similarities in their mean food 

intake (Hodge & Bassett, 2016). Dietary patterns identified from reduced rank regression are 

associated with relevant biological markers (Hodge & Bassett, 2016), while index analysis derives 

patterns based on a priori methods and assesses the extent to which individuals comply. As there is 

currently no gold-standard method, it has been suggested that dietary pattern analysis should be 

conducted using different methods within the same cohort (Kant, 2004). 

1.8 Maternal nutrition in pregnancy: effects on offspring growth, body 

composition, and feeding patterns. 

1.8.1 Programming 

Several hypotheses have been postulated to explain the link between intrauterine environmental 

stimuli including nutrition and later health outcomes (Forsén et al., 2000; Hales & Barker, 1992; 

Hattersley & Tooke, 1999; Jaquet et al., 2005). One such hypothesis is the “thrifty phenotype”. In 

response to suboptimal nutritional conditions, the growing fetus activates the “thrifty phenotype”, 

whereby growth of certain vital organs, e.g., the brain are supported, while growth of other organs, 

e.g., the muscle, kidneys, and pancreas are slowed. Alterations in the structure and function of these 

tissues and organs during critical periods of early development may become permanent and detrimental 

(Brameld et al., 1998). For instance, the human pancreas develops half of its adult β-cell mass by age 

one year. Therefore, any nutritional perturbation during this period of cell proliferation and 

differentiation could have later adverse metabolic consequences (Rahier et al., 1981).  
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In normal pregnancy, insulin and glucose regulate insulin-like growth factor I (IGF-I), and both 

hormones are regulated by the nutrient supply of the fetus, and control fetal growth (Fowden, 2003; 

Gluckman & Liggins, 1984; Han et al., 1996). Prenatal undernutrition may down-regulate fetal growth, 

and a decrease in IGF-1 and tissue insulin sensitivity may occur to protect the offspring from later 

hypoglycaemia should similar postnatal environmental conditions be encountered (Fall, 2011; Holt, 

2002). These adaptations enhance immediate survival and allow the offspring to thrive in the predicted 

postnatal environment as per the “predictive adaptive response” hypothesis (Barker, 1995). Where a 

mismatch occurs between the prenatal and postnatal environments and the fetus encounters better 

postnatal nutrient availability, maladaptation occurs, insulin and insulin-like growth factor I 

concentrations increase, resulting in rapid postnatal growth and adiposity, and hence a long-term risk 

of obesity, diabetes, and metabolic disorders (Gluckman & Hanson, 2004; Hales & Barker, 2001; 

Sandman et al., 2012; Yajnik, 2000).  

 

Evidence underpinning these hypotheses comes mostly from animal studies. For instance, 

earlier studies in rats have shown that low birth weight offspring born from mothers exposed to low 

protein diets had a shorter lifespan if their diet at birth or after weaning did not matched that of their 

mothers during gestation and lactation (Ozanne & Hales, 2004; Sasaki et al., 1982). In another study 

in rats, mothers who were severely undernourished throughout pregnancy had offspring who were 

shorter and lighter at birth and had increased later fat deposition as adults compared to their 

counterparts from mothers fed ad-libitum (Vickers et al., 2007). What is unclear from studies of this 

nutritional programming is the critical window for reversal of the effects of malprogramming. This 

raises the question of whether recovery from suboptimal nutrition in utero using normal diet after 

delivery will inevitably result in negative later health outcomes.  

 

Epigenetic modification of genes is another mechanism by which maternal diet in utero may 

program the developmental trajectory and long-term health of the offspring. Although the detailed 

biological processes are unknown, alterations in deoxyribonucleic acid (DNA) methylation, histone 

protein modifications, chromatin re-arrangements, and non-coding RNAs are the main means by which 

“memory” of nutritional insults are coded and passed on trans-generationally (Bianco-Miotto et al., 

2017; Rosenfeld, 2010; Vickers, 2014; Waterland et al., 2007). These effects can be induced by 

changes in both micronutrients and macronutrients. For instance, studies in mice have demonstrated 

that a high methyl donor diet during pregnancy resulted in altered methylation of the Avy locus, i.e., 

altered the epigenome in the offspring, resulting in offspring that were leaner, healthier, and protected 

from later obesity compared with controls (Dolinoy, 2008; Waterland & Jirtle, 2003). Similarly, a 

high-fat diet fed to rats periconceptionally and during pregnancy resulted in CpG hypermethylation of 

the POMC promoter which regulates food intake in the offspring, as well as persisting high leptin 
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concentrations and obesity even though the offspring were weaned onto a normal diet (Marco et al., 

2014).  

1.8.2 Maternal diet and growth of the offspring  

Nutritional supply in utero is vital for fetal growth. However, fetal dietary intake is not only 

dependent on a mother’s nutritional intake during pregnancy but also on her nutrient stores, 

uteroplacental blood flow, placental size, and placental nutrient transfer capacity (Harding, 2001; 

Owens et al., 1989). Therefore, maternal malnutrition may not always directly impact fetal nutrition 

and may have a variable influence on fetal growth and offspring size at birth. Additionally, animal 

studies have shown that the severity, timing, and duration of the nutritional insult contribute to 

variability in the growth outcome (Gopalakrishnan et al., 2004; Symonds et al., 2003; Vonnahme et 

al., 2003).  

 

Mechanisms 

Apart from the programming effects of maternal nutrition on growth, animal studies have 

shown that both maternal undernutrition and overnutrition may reduce offspring growth via a reduction 

in placental-fetal blood flow and therefore nutrient transfer capacity. Both nutritional states have been 

associated with impairment of placental syntheses of nitric oxide (vasodilator and angiogenesis factor) 

and polyamines (major regulators of DNA and protein synthesis) and therefore, placental development 

and utero-placental blood flows (Kwon et al., 2004; Ozaki et al., 2000; Wu et al., 2004; Wu & 

Meininger, 2002). 

   

In humans, studies following up those in Holland who were impacted by the famine during the 

years 1944 to 1945, commonly referred to as the Dutch famine, provide invaluable evidence for the 

effects of maternal diet on offspring growth and highlight variations in disease mechanisms and 

phenotypes. Young adult men (Ravelli et al., 1976), and older adult women but not adult men (Ravelli 

et al., 1999) born to mothers exposed to undernutrition in early pregnancy had increased risk of obesity 

compared to offspring of unexposed mothers. Exposure to the Dutch famine in early pregnancy was 

not associated with fetal growth restriction (Schulz, 2010), indicating that as observed in other studies, 

mechanisms linking prenatal undernutrition to obesity in later life can vary and may be independent 

of fetal growth restriction and low birth weight (Bispham et al., 2003; Daenzer et al., 2002; Jahan-

Mihan et al., 2011; Roseboom et al., 2006; Schulz, 2010). Consequently, two trials, one in Gambia and 

the other in Nepal, of maternal protein-energy supplementation in pregnancy have shown no 

differences between the intervention and control groups in adiposity of their adolescent children, 

despite increased birth weights in the intervention group.  
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Sex 

Male and female offspring may respond differently to maternal malnutrition during pregnancy. 

For example, measures of adiposity and waist circumference were higher for adult women but not 

adult men whose mothers were exposed to the Dutch famine in early pregnancy (Ravelli et al., 1999; 

Stein et al., 2007). Differences in placental adaptation in utero are among mechanisms proposed to 

explain these sex-specific effects of maternal malnutrition (Kalisch-Smith et al., 2017). Placental size 

and surface area correlate with capacity for nutrient transfer in the fetus, and placental weight is 

considered a crude marker of placental size (Fowden et al., 2006; Salafia et al., 2008). Animal and 

human studies have shown that undernutrition occurring during early gestation may result in 

overgrowth of the placenta as a compensatory mechanism for the reduced nutrient availability (Lumey, 

1998; Pond et al., 1991; Woodall et al., 1996). Although male placentae are smaller in size, heavier, 

and more efficient, they are reported to be more susceptible to environmental changes in utero 

compared to female placentae (Eriksson et al., 2010; Kim et al., 2014). A decrease in placental size 

was reported for all individuals exposed to the Dutch famine. However, the decrease was greater in 

males than females, and the efficiency of the placenta was higher in offspring whose mothers were 

exposed to the famine in the early gestation compared to those exposed in mid-late gestation 

(Roseboom et al., 2011; van Abeelen et al., 2011).  

 

Timing 

The timing of the nutritional insult has the potential to produce different effects on long-term 

health. For example, a lower risk of obesity was observed in young adult men whose mothers were 

exposed to the famine during the third trimester of pregnancy and in early post‐natal life compared to 

those not unexposed (Ravelli et al., 1976). The vulnerability of the fetus to nutritional insults in utero 

depends on the stage of organ growth and development (Hoet & Hanson, 1999). The last trimester of 

pregnancy and the first months after birth are critical periods for rapid growth and fat deposition (King, 

2000). Therefore, dietary conditions during these times may impact important phases of development, 

including the proliferative and hypertrophic stages of adipose tissue growth. In humans, obesity of 

early onset is associated with a rapid increase in both adipose-cell number and size, whereas adult-

onset obesity is associated with an increase in cell size (Hirsch & Batchelor, 1976). A sheep study 

reported that maternal undernutrition during the period of maximal placental growth resulted in 

increased adiposity of the fetus at term, whereas undernutrition in late gestation had no major effect 

on adiposity (Symonds et al., 2004). Consistent with findings from the Dutch famine studies, maternal 

nutrient restriction in sheep in late pregnancy was associated with a reduction in fetal fat deposition, 

while fetal fat deposition doubled after nutrient restriction from the first week of pregnancy throughout 

gestation (Budge et al., 2004).  
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In humans, the persistence of the effects of maternal diet in utero on other aspects of offspring 

health has also been demonstrated in studies of the Dutch famine. Offspring exposed to the famine 

during early gestation were shown to have DNA hypomethylation of the insulin-like growth factor II 

(IGF2) gene six decades later, compared with their unexposed, same-sex siblings (Heijmans et al., 

2008). Some studies have even suggested that while a mother’s diet during pregnancy may not affect 

her offspring’s birth weight, her nutritional status as a baby or infant may play a role, indicating that 

“memories” from her recent past may imprint on the growth and health outcomes of her offspring 

(Addo et al., 2015; Chung & Kuzawa, 2014; Wells, 2003, 2007). This intergenerational phenomenon 

is evident from a study in Gambia where women who were exposed to energy and nutrient restriction 

while in utero had babies who were slightly shorter than those of women who were unexposed (Eriksen 

et al., 2017). Animal studies provide further evidence of a cumulative growth retardation effect 

following intergenerational undernutrition. An experimental study in rats has shown that two 

undernourished generations fed on 75% of the ad libitum control diet had impairments in the long-

term weight, body length, and body mass index in offspring of both generations, with the growth delay 

being more evident in the second generation (Cesani et al., 2014). 

1.8.3 Maternal diet and feeding outcomes 

Early exposure to flavors in utero via the amniotic fluid has been suggested as the possible 

means by which maternal diet may influence feeding behavior in the offspring (Dominguez, 2013). It 

is thought that a child's preference for food is developed through exposure mechanisms, including 

flavor transmission. Although it is not clear exactly when flavour is experienced, researchers believe 

it is first learned in utero as alterations in a mother’s diet are reflected in the chemical composition of 

her amniotic fluid. The amniotic fluid then comes into contact with the fetal chemical receptors as it 

flows through the oronasal passages (Uwaezuoke, 2015). The gustatory and olfactory abilities required 

for the perception of flavor are already present in newborns (Faas et al., 2000; Mennella & Beauchamp, 

2005). Indeed, as early as the 15th week of pregnancy, fetuses can portray nutritional preferences by 

facial changes in response to taste exposure (Rotstein et al., 2015; Steiner, 1979). In another study, 

newborns whose mothers had a history of abuse of alcohol showed significantly higher rates of motor 

responsiveness to the odour of ethanol within one to two days after birth compared to newborns whose 

mothers did not drink alcohol during pregnancy (Faas et al., 2000).  Similarly, newborns have been 

shown to cry less when exposed to the odour of their mother’s amniotic fluid in comparison to no 

odour exposure or exposure to their mother’s breasts (Varendi et al., 1998).  
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Intrauterine exposure to flavours may be linked to postnatal food preferences via epigenetic 

mechanisms, e.g., gustatory imprinting as food preferences and patterns are sustained even after 

weaning (Uwaezuoke, 2015). One study reported that infants whose mothers often drank carrot juice 

during pregnancy showed less negative facial expressions when fed carrot-flavoured cereal compared 

to those who had no such intrauterine exposure (Mennella et al., 2001). Weaning diets of a group of 

Mexican infants have also been correlated with foods eaten by their mothers during pregnancy 

(Mennella et al., 2005). Additionally, mothers who had a history of hyperemesis gravidarum and 

therefore consumed snacks with the highest levels of salt were shown to have offspring who as young 

adults had similar preferences (Crystal & Bernstein, 1995). Furthermore, a cohort study in the UK has 

reported significant associations between maternal protein and fat intake at 32 weeks of gestation and 

the offspring's protein and fat intake at ten years of age (Brion et al., 2010). 

 

1.9 Thesis aim, objectives, and research questions  

Aim: To assess the effects of early nutritional interventions on developmental, cardio-

metabolic, growth and feeding outcomes. 

 

Objectives:  

1. To use the Cochrane Neonatal methods to update the 1999 and 2002 Cochrane 

systematic reviews and meta-analyses of protein, fat, and carbohydrate supplementation of human milk 

compared to unsupplemented human milk to improve growth, body composition, cardio-metabolic, 

and neurodevelopmental outcomes in preterm infants. The reviews will focus on the research question:  

 

• What are the long-term effects of early nutritional interventions in preterm and SGA 

infants, and do they differ by sex? 

 

2. To use methods recommended by Cochrane Neonatal and the Systematic Review 

Centre of Laboratory animal Experimentation (SYRCLE) to conduct a systematic review and meta-

analyses of the current experimental animal literature on the post weaning effects of macronutrient 

supplements fed to preterm and/or SGA animals between birth and weaning.  The review will focus 

on the following research questions: 

 

• Does supplementation with macronutrients compared with no supplementation of food 

fed to preterm and/or SGA animals alter growth, body composition, neurodevelopmental and cardio-

metabolic outcomes after weaning? 



 

55 

 

• Do the effects of macronutrient supplementation in preterm and/or SGA animals differ 

by sex? 

 

3. To investigate the relationship between dietary patterns of women with GDM at 36 

weeks’ gestation and their infant’s appetitive feeding behaviour at six months of age. Data will be 

drawn from an existing cohort of women with GDM (participants in the TARGET Trial) to assess 

maternal dietary patterns at 36 weeks’ gestation using PCA; infant appetitive feeding behaviour at six 

months of age using the Baby Eating Behaviour Questionnaire (BEBQ); and associations between 

them. This study will focus on the research question:  

 

•  Is maternal diet in pregnancy associated with infant appetitive feeding behaviour at six 

months of age? 

• Are the associations sex-specific? 

 

4. To use two methods to derive dietary patterns in women with GDM and assess their 

associations with infant growth and body composition at birth and six months of age. We will use the 

PCA and reduced rank regression (RRR) to analyse data from the TARGET Trial cohort and assess 

associations with infant growth and body composition. The review will focus on the research question:  

 

• Is maternal diet in pregnancy associated with infant growth, and body composition at 

birth and six-months of age? 

• Are the associations sex-specific? 
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Chapter 2. Protein supplementation of human milk for promoting 

growth in preterm infants: A Cochrane systematic review  
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2.1 Summary of chapter contents 

Chapters 2-4 present updates of Cochrane systematic reviews and meta-analyses that assess 

short- and long-term effects of protein, fat, and carbohydrate supplementation of human milk in 

preterm infants. Following the write-up of the protocol (Appendix I), the systematic reviews were 

prepared using Cochrane Neonatal methods and are presented as published with the following 

modifications: 

• Exclusion of the abstracts as required by the University of Auckland (2016) Guide to 

theses and dissertations.  

• Inclusion of the ‘Plain Language Summary’ at the end of the chapters. 

2.2 Background  

Optimum nutrition that meets the special needs of preterm infants remains a challenge. To 

match intrauterine growth (American Academy of Pediatrics Committee on Nutrition 1985), preterm 

infants require higher protein intake than full-term infants to accommodate their higher requirements 

for protein synthesis (Agostoni, 2010; Hay, 2010; Underwood, 2013). Failing to consume sufficient 

amounts of protein, especially during the first few weeks, can result in compromised growth and organ 

development (Embleton, 2001; Freitas, 2016), particularly of the brain and central nervous system 

(Agostoni, 2010; Claas, 2011; Ghods, 2011). 

Breast milk, fed to the preterm infant, is associated with several benefits including reduction in 

rates of late-onset sepsis (Schanler, 1999), necrotising enterocolitis (Sisk, 2007), and retinopathy of 

prematurity (Okamoto, 2007). Other benefits include better feeding tolerance (Boyd, 2007), improved 

neurodevelopmental outcomes (Bertino, 2012), lower rates of metabolic syndrome (AAP, 2012), and 

lower low-density lipoprotein levels in adolescence (Bertino, 2012). 

Women who give birth preterm initially produce breast milk with higher amounts of protein 

than found in full-term milk. However, the protein content is inconsistent (Tudehope, 2013). It varies 

between mothers, decreases within a breastfeeding session, and decreases after the first two weeks 

postnatally, when it is particularly needed to support rapid infant growth (Hay, 2009; Su, 2014). In 

addition, mothers of preterm infants face many difficulties that interfere with their establishment and 

maintenance of milk production. This limitation in breast milk supply may result in a reliance on donor 

human milk from mothers who gave birth at term, but this contains insufficient protein to support the 

high protein requirements of the preterm infant (Schanler, 2005; Weber, 2001). Further, feeding 

preterm infants unsupplemented breast milk during neonatal admissions has been associated with 
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inadequate growth (Brooke, 1987; Su, 2014; Tonkin, 2014), which in turn is associated with longer 

hospital stays, more infections, and adverse short and long-term developmental outcomes (Ehrenkranz, 

2006; Ehrenkranz, 2010; Lapillonne, 2013). 

Thus, to meet the higher protein needs of rapidly growing preterm infants, and to promote their 

optimum health, additional protein in the form of a fortifier may be added to expressed breast milk. 

2.2.1 Description of the intervention 

Protein fortifiers are usually commercially available and are produced in liquid or powder 

forms. They may also contain additional micronutrients and electrolytes, comprise hydrolysed or intact 

protein, and can be bovine or human milk based. They are mixed with human milk and fed to the 

preterm infant once they begin to tolerate enteral feeds (Di Natale, 2011; Ziegler, 2011). 

Protein fortifiers increase the concentrations of protein, and potentially other micronutrients, 

in expressed breast milk. They are typically administered as a fixed dose per unit volume of breast 

milk, known as standardised fortification (Di Natale, 2013). The amount also can be varied, depending 

on the measured or estimated protein content of the breastmilk, to meet the infant’s needs (targeted 

fortification). 

2.2.2 How the intervention might work 

Protein-fortified human milk is expected to improve postnatal growth and development, in part 

by providing essential amino acids and energy for tissue growth, and in part by interacting with 

endocrine systems such as the insulin-like growth factor I (IGF-1) system. IGF-1 plays an important 

role in growth, body composition, and cognition of preterm infants (Clemmons, 2006; Hansen-Pupp, 

2013; Socha, 2011). At 30 weeks’ postmenstrual age, there is a reciprocal relationship between IGF-1 

and dietary protein in preterm infants (Hansen-Pupp, 2011). Low protein levels are associated with 

low IGF-I concentrations (Yeung, 2003), and lower lean mass in childhood (Chiesa, 2008; Hellström, 

2016; Lo 2002). Therefore, the addition of protein to human milk is expected to raise IGF-1 

concentrations, decrease fat mass accretion, and limit the initial growth failure of preterm infants (Kim, 

2016; Koletzko, 2005). 

Complications from protein supplementation can occur. For example, fortifiers based on cow’s 

milk (i.e., intact bovine protein) have been associated with the development of allergies in preterm 

infants from very early contact with heterologous proteins (Srinivasan, 2010). In addition, powdered 

fortifiers are non-sterile products and, therefore, carry the risk of bacterial contamination which could 

predispose the preterm infant to sepsis (D’Netto, 2000; Reich, 2010). Furthermore, acidified, higher 
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protein fortifiers have been shown to cause feeding intolerance and metabolic imbalances in preterm 

infants, possibly due to their immature metabolic processes and reduced kidney function (Cibulskis, 

2015; Thoene, 2014). Preterm infants are at increased risk of developing metabolic and renal tubular 

acidosis (Koletzko, 2005; Manz, 1997). Thus, fortifiers which have been acidified as a form of 

sterilisation may have higher acid loads, and result in decreased growth (Kalhoff, 1993; Kalhoff, 2001). 

Finally, the addition of liquid fortifiers to human milk may displace the volume of human milk and 

cause the infant to receive an inadequate total volume of human milk (Underwood, 2013). 

2.2.3 Why it is important to do this review 

Protein supplementation of human milk would help to increase protein intake in very preterm 

infants while retaining the benefits of feeding human milk. However, fortifiers are often expensive, 

their long-term benefits, if any, are uncertain, and their use has been associated with some adverse 

effects (Thoene, 2014; Tonkin, 2014). It is imperative to determine the benefits and harms of their use 

in both the short- and long-term. 

2.3 Objectives 

To determine whether protein-supplemented human milk, compared with unsupplemented 

human milk, fed to preterm infants, improves growth, body composition, cardio-metabolic, and 

neurodevelopmental outcomes, without significant adverse effects. 

2.4 Methods 

The methods section of this review is based on a standard template used by Cochrane Neonatal. 

2.4.1 Criteria for considering studies for this review 

Types of studies 

We considered published and unpublished randomised and quasi-RCTs trials for this review. 

Types of participants 

Preterm infants (less than 37 weeks’ gestation) receiving enteral feeding of human milk, within 

a hospital setting. 

Types of interventions 
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Human milk, with or without additional protein supplementation. Micronutrient supplements 

were allowed in both groups. 

Types of outcome measures 

The primary and secondary outcomes for this review were aligned with the outcomes of the 

Cochrane Review, Multi-nutrient fortification of human milk for preterm infants (Brown, 2016). 

Primary outcomes 

Growth: weight, length, head circumference, skinfold thickness (WHO, 1995), body mass 

index and measures of body composition (lean, fat mass), and growth restriction (proportion of infants 

below the 10th percentile for the index population distribution of weight, length, or head 

circumference). Growth parameters were assessed from birth to hospital discharge, at or after two 

years’ corrected age, during adolescence, and as adults. 

Neurodevelopmental outcomes after 12 months’ post-term: neurological evaluations, 

developmental scores, and classifications of disability including auditory and visual disability. We 

defined neurodevelopmental impairment as the presence of one or more of the following: non-

ambulant cerebral palsy, developmental quotient more than two standard deviations below the 

population mean, blindness (visual acuity less than 6/60), or deafness (any hearing impairment 

requiring or unimproved by amplification). 

Secondary outcomes 

• Duration of hospital admission 

• Feeding intolerance that resulted in cessation of or reduction in enteral feeding 

• Necrotising enterocolitis (NEC) 

• Blood urea nitrogen (BUN) concentrations 

• Serum albumin concentrations 

• Metabolic acidosis, as defined by trialists 

• Long-term measures of cardio-metabolic health, such as insulin resistance, obesity, 

diabetes, and hypertension 
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2.4.2 Search methods for identification of studies 

We used the criteria and standard methods of Cochrane and Cochrane Neonatal (see the 

Cochrane Neonatal search strategy for specialised register). 

Electronic searches 

We conducted a comprehensive search of: the Cochrane Central Register of Controlled Trials 

(CENTRAL; 2018, Issue 1) in The Cochrane Library (accessed 2 February 2018), MEDLINE via 

PubMed (1966 to 2 February 2018), Embase (1980 to 2 February 2018), and CINAHL (1982 to 2 

February 2018), using search terms for protein and breast milk, plus database-specific limiters for 

RCTs and neonates, which are detailed in Appendix II. We did not apply language restrictions. 

Searching other resources 

We also searched the reference lists of any articles selected for inclusion in this review in order 

to identify additional relevant articles. We did not search any additional conference proceedings. 

Data collection and analysis 

We used the criteria and standard methods of Cochrane Neonatal to assess the methodological 

quality of the included trials. Two review authors (EA, JB) independently extracted the data, compared 

data, and resolved differences by discussion, or by consulting with a third review author (JH). 

We used the standard methods of Cochrane Neonatal to synthesise the data. We expressed 

results as relative risk and mean difference. 

Selection of studies 

Two review authors (EA and JB) independently screened the titles and abstracts of the records 

identified by the searches. We resolved conflicts by discussion, or by consulting with a third author 

(JH). We retrieved the full text of all potentially relevant articles, and linked reports of the same study. 

Two review authors (EA and JB) independently assessed the full-text articles for inclusion using the 

eligibility criteria. We resolved conflicts by discussion, or by consulting with a third author (JH). We 

had planned to correspond with investigators to clarify study eligibility and obtain missing results if 

needed. We used Covidence for the study selection and data collection processes (Covidence 

systematic review software, Veritas Health Innovation, Melbourne, Australia). Available at 

www.covidence.org 



 

62 

2.4.3 Data extraction and management 

We developed a data extraction form prior to data gathering to enable two review authors to 

independently extract information from the studies. We extracted data such as source details, study 

eligibility, study design, participant characteristics, intervention and control details, and outcomes. We 

resolved conflicts in the data extraction and management process by discussion, or by consulting with 

a third review author. We then exported the data into Cochrane’s review software, Review Manager 5 

(Review Manager, 2014). 

2.4.4 Assessment of risk of bias in included studies 

Two review authors (EA and JB) independently assessed the risk of bias (low, high, or unclear) 

of all included trials, using the Cochrane ‘Risk of bias’ tool, for the following domains (Higgins, 2017): 

• Sequence generation (selection bias) 

• Allocation concealment (selection bias) 

• Blinding of participants and personnel (performance bias) 

• Blinding of outcome assessment (detection bias) 

• Incomplete outcome data (attrition bias) 

• Selective reporting (reporting bias) 

• Any other bias 

We resolved conflicts by discussion, or by consulting with a third review author. For 

dichotomous data, we used the number of events in the control and intervention groups of each study 

to calculate risk ratios (RRs) with 95% CIs. For continuous data, we calculated mean differences 

(MDs) between treatment groups with 95% CIs, and outcomes were measured in the same way. We 

did not need to use standardised mean differences (SMD) in this update, but they will be used in future 

updates where outcomes from studies are the same, but different methods have been used to collect 

the data. We did not calculate numbers needed to treat for an additional beneficial outcome or the 

numbers needed for an additional harmful outcome due to insufficient data. 
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Unit of analysis issues 

We did not identify any unit of analysis issues. In future updates, if we identify cluster-

randomised trials, we will undertake analysis at the individual level, taking clustering into account, as 

recommended in the Cochrane Handbook for Systematic Reviews of Interventions (Higgins, 2017). 

2.4.5 Dealing with missing data 

We noted levels of attrition. We carried out analyses using an intention-to-treat basis, where 

possible, for all of the outcomes. Where possible, we analysed all participants in the treatment group 

to which they were randomised, regardless of the actual treatment received. We did not contact any of 

the trial authors. In future updates, if data are missing, we will make an attempt to contact the trial 

authors. We were unable to conduct sensitivity analyses and were unable to address the potential 

impact of missing data on the findings of the review due to insufficient data. 

2.4.6 Assessment of heterogeneity 

We considered whether the clinical and methodological characteristics of the included studies 

were sufficiently similar for meta-analysis to provide a clinically meaningful summary. This was done 

by assessing statistical heterogeneity using the Chi² test and the I² statistic. We took an I² measurement 

greater than 50%, and P < 0.10 in the Chi² test for heterogeneity to indicate moderate-to-high 

heterogeneity. Where we detected moderate-to-high heterogeneity, we planned to explore possible 

explanations for clinical heterogeneity via subgroup analyses or methodological heterogeneity via 

sensitivity analyses, or both. We planned to take clinical and statistical heterogeneity into account 

when interpreting the results, especially if there was any variation in the direction of effect. 

2.4.7 Assessment of reporting biases 

Reporting biases arise when the dissemination of research findings is influenced by the nature 

and direction of results. Some types of reporting bias (e.g., publication bias, multiple publication bias, 

language bias) reduce the likelihood that all studies eligible for a review will be retrieved. If all eligible 

studies are not retrieved, the review may be biased. We aimed to conduct a comprehensive search for 

eligible studies and were on the alert for duplications of data. We were unable to formally assess 

publication bias, as there were insufficient studies for any of the outcomes (10 or more studies 

required). In future updates, if we find 10 or more studies reporting an outcome, we will assess 

publication bias by visual inspection of a funnel plot. 
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2.4.8 Data synthesis 

We performed meta-analyses using Review Manager (Review Manager, 2014). We used RR 

for dichotomous data and mean difference (MD) for continuous data, with their respective 95% CIs. 

We used a fixed-effect model to combine data where similar interventions, populations, and methods 

were employed by the trials. We planned to explore potential causes of heterogeneity via sub-group 

and sensitivity analyses and assessed the quality of evidence at the outcome level using GRADE 

methodology. 

Quality of evidence 

We used the Grading of Recommendations Assessment, Development and Evaluation 

(GRADE) approach, as outlined in the GRADE Handbook, to assess the quality of evidence for the 

following (clinically relevant) outcomes: growth, neurodevelopment, duration of hospital admission, 

feeding intolerance that resulted in cessation or reduction in enteral feeding, and necrotising 

enterocolitis (Schünemann, 2013). 

Two authors (EA and JB) independently assessed the quality of the evidence for each of the 

outcomes above. We considered evidence from RCTs as high quality, but downgraded the evidence 

one level for serious (or two levels for very serious) limitations based upon the following: design (risk 

of bias), consistency across studies, directness of the evidence, precision of estimates, and presence of 

publication bias. We used GRADEpro GDT software to create a ‘Summary of findings’ table to 

summarise results and report the quality of the evidence (GRADEpro GDT). 

The GRADE approach leads to an assessment of the quality of a body of evidence at one of 

four levels: 

• High: we are very confident that the true effect lies close to that of the estimate of the 

effect. 

• Moderate: we are moderately confident in the effect estimate; the true effect is likely to 

be close to the estimate of the effect, but there is a possibility that it is substantially different. 

• Low: our confidence in the effect estimate is limited; the true effect may be substantially 

different from the estimate of the effect. 

• Very low: we have very little confidence in the effect estimate; the true effect is likely 

to be substantially different from the estimate of effect. 
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Subgroup analysis  

We considered whether an overall summary was meaningful by assessing clinical and 

methodological heterogeneity among trials (see section above on ‘Assessment of Heterogeneity’). If 

we had found moderate-to-high heterogeneity, we had planned to perform subgroup and sensitivity 

analyses. We had planned to carry out the following subgroup analyses to evaluate differences in 

outcome between gestational age subgroups (less than 30, 30 up to 34, and 34 up to 37 completed 

weeks), birth weight subgroups (less than 1 kg versus 1 kg or above), male versus female, and types 

of protein supplements (bovine versus human, and with or without micronutrients or minerals). 

However, there were insufficient data to allow us to conduct any subgroup analyses. 

Sensitivity analysis 

We had planned to conduct sensitivity analyses by examining only those trials considered to 

have a low risk of bias for allocation concealment and randomisation. We were unable to do this as all 

the included studies were judged to be of unclear risk of bias for both allocation concealment and 

randomisation. 

2.5 Results 

2.5.1 Description of studies 

From the initial search results of 1990 citations, we identified two additional studies (three 

publications) for inclusion in this update of the review (Faerk, 2001; Greer, 1986). For a full description 

of our selection process, please see our ‘Study flow diagram’ (Figure 2.1). 

Included studies 

We included six studies in this review and extracted data from full-text publications for all six 

studies (Boehm, 1988a; Faerk, 2001; Greer, 1986; Polberger, 1989; Putet, 1987; Rönnholm, 1982). All 

studies were published in English between 1982 and 2001 and included a total of 204 preterm infants 

who fulfilled our predefined criteria. All the studies were reported to be RCTs. Four were single-centre 

studies, while two were conducted at two centres each (Faerk, 2001; Polberger, 1989). 
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Figure 2.1 Study flow diagram for protein supplements: review update 
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Three studies were two-armed randomised controlled studies (Boehmm, 1988a; Putet, 1987; 

Rönnholm, 1982), Faerk’s (2001) was three-armed, and Greer (1986) and Polberger’s (1989) were 

four-armed studies. Sample sizes ranged from 14 (Polberger, 1989) to 103 preterm infants (Faerk, 

2001). Three studies were carried out in Europe (Boehm, 1988a; Faerk, 2001; Polberger, 1989) and 

one in the USA (Greer, 1986) but the locations of the other two were unclear. None of our included 

studies were conducted in a developing country. 

Participants 

All the studies examined preterm infants less than 32 gestational weeks, except Boehm (1988a) 

(less than 33 gestational weeks) and Rönnholm’s (1982) (up to and including 36 gestational weeks). It 

was not clear what gestational age threshold Putet (1987) studied but they studied only male infants. 

Boehm’s (1988a) was the only study that studied the effects of protein supplementation of human milk 

in standard birth weight groups (very low birth weight (VLBW) and low birth weight (LBW) infants). 

Greer (1986), Polberger (1989), Putet (1987), and Rönnholm (1982) studied infants with birth weight 

of less than 1600 g, Faerk (2001) studied infants less than 1200 g and more than 1200 g, and Boehm 

(1988a) studied infants between 1000 g and 1990 g. All studies included infants with no medical 

problems or major congenital malformations except Faerk (2001), who included infants with medical 

illnesses, such as bronchopulmonary dysplasia, septicaemia, and intraventricular haemorrhage. 

Interventions 

Lyophilised human milk protein supplements were used in two studies (Boehm, 1988a; 

Polberger 1989), and bovine casein hydrolysate was used in one study (Putet, 1987). One study used 

bovine whey with mineral supplements (Greer, 1986), Faerk (2001) used Eoprotin, and Rönnholm 

(1982) used human milk protein concentrate. Protein intakes ranged from 0.6 g/kg/day to 4.5 g/ kg/day 

in the intervention groups. All infants in the intervention group of four studies received vitamin and 

mineral supplements (Faerk, 2001; Greer, 1986; Polberger, 1989; Rönnholm, 1982). Four studies used 

both maternal and donor breast milk (Boehm, 1988a; Faerk, 2001; Polberger, 1989; Rönnholm, 1982). 

Greer (1986) used maternal milk exclusively for infants in both the intervention and control groups, 

while Putet (1987) did not specify maternal or donor milk. All the studies used standardised rather than 

targeted fortification. 

Comparators 

Two studies used unsupplemented human milk alone (Boehm, 1988a; Putet, 1987), while Faerk 

(2001), Polberger (1989), and Rönnholm (1982) used human milk supplemented with vitamins and 

minerals. Greer (1986) used human milk with added vitamin supplements. Faerk (2001) included an 
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unsupplemented arm in which infants received additional formula if the mother’s breast milk was insufficient. Data from this arm of the study 

were not included in our analysis. 

Outcomes 

All the studies included at least one of our outcomes of interest. Greer (1986), Polberger (1989), Putet (1987), and Rönnholm (1982) contributed 

data about the rate of growth as weight, length, and head circumference. Faerk (2001) contributed weight, length, and head circumference data at term, 

and Polberger (1989) also provided data on weight at the end of the study. Only one study contributed data on skinfold thickness and duration of hospital 

stay (Greer, 1986), while another contributed data on feeding intolerance and serum albumin concentrations (Polberger, 1989). Faerk (2001) provided 

data on necrotising enterocolitis, and four studies contributed data on blood urea concentrations (Boehm, 1988a; Greer, 1986; Polberger, 1989; Putet, 

1987). No trial reported data on long-term growth, body mass index (BMI), body composition, neurodevelopmental, or cardio-metabolic outcomes (Tables 

2.1-2.6). 

Table 2.1 Characteristics of included studies: Boehm 1988a 

Methods Parallel randomised controlled trial, single centre 

Participants Inclusion criteria: infants without major clinical problems, VLBW or LBW infants. 

Exclusion criteria: not specified 

Setting: neonatal unit of the Karl Marx University Children’s Hospital in Leipzig, Germany 

Timing: not specified 

Interventions Lyophilised human milk protein (6 g/100mL) supplementation of maternal or donor preterm human milk (17 infants) versus unsupplemented 
human milk (16 infants). Not stated when intervention ceased 

Outcomes Primary outcomes: outcomes not specified into primary and secondary, but protein intake on 8th and 21st days of age, weight gain, daily 
serum urea, and alpha-amino-nitrogen concentrations taken 60 minutes after a feed were measured 

Secondary outcomes: not specified 

Notes Conflicts of interest: no details 

Source of funding: no details 

Both the VLBW and LBW arms of the study were included in this review. 

Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection 

bias) 
Unclear risk No details 

Allocation concealment (selection bias) Unclear risk No details 

Blinding (performance bias and detection 
bias) 

Unclear risk No details 

Other bias Unclear risk No other sources of bias noted. 

Blinding of outcome assessment (detection 
bias) 

Unclear risk No details 

Incomplete outcome data (attrition bias) Unclear risk All infants randomised appear to have been analysed 

Selective reporting (reporting bias) Low risk The study protocol was not available, but it is clear by comparison of the methods and results sections that 
all the results of pre-specified outcomes were stated. 

Other bias Unclear risk No other sources of bias 
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Table 2.2 Characteristics of included studies: Faerk 2001 

Methods Parallel randomised controlled trial, multiple centres 
Participants Inclusion criteria: preterm infants with gestational age of < 32 weeks and no major congenital malformations 

Exclusion criteria: not stated 

Setting: neonatal intensive care unit (NICU) at Rigshospitalet and Hvidovre Hospital in Copenhagen. Some infants were 
discharged to local neonatal units at Glostrup and Hilleroed Hospitals but continued in the study. 

Timing: not stated 

Interventions Human milk (mother + donor) supplemented with protein, calcium, and phosphate (Eoprotin, 0.4 g protein, 35 mg Ca and 17 mg 
P/100 mL; N = 51) versus human milk + phosphate (10 mg P/100 mL; N = 52) 

All infants received 800 IU of vitamin D daily. 

The intervention ceased at the end of the 36th gestational week or when infants were fully breast fed, whichever came first. 

Outcomes Primary: total body mineral content at term by dual energy x-ray absorptiometry (DEXA) scan 

Secondary: body weight, crown-heel length, head circumference, body composition, and bone area at term. 

Notes Conflicts of interest: not stated 

Source of funding: not stated 

This study had three arms - unsupplemented human milk or formula versus human milk supplemented with phosphate versus 
human milk supplemented with protein, calcium and phosphate. Infants in the unsupplemented arm were fed only their own 
mother's milk. However, if the mother's breast milk was insufficient, her infant was fed formula as well. Data on the 
unsupplemented human milk or formula arm were not included in this review. 

Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection bias) Unclear risk No mention of how the random sequence was generated. 

Allocation concealment (selection bias) Unclear risk  The randomisation was done in an independent centre in Copenhagen (a human milk 
bank). They used sealed envelopes which gave some assurance. However, it was not 
stated if the envelopes were opaque. 

Blinding (performance bias and detection bias) Low risk “The study was kept blinded for the PI, the parents, all the attending physicians, and at 
Hvidovre Hospital, Rigshospitalet, all the attending staff”. 

Blinding of outcome assessment (detection bias) Unclear risk No details 

Incomplete outcome data (attrition bias) Low risk A total of 217 infants fulfilled the inclusion criteria, parents of 52 infants refused to 
participate. 165 were randomised, 15 withdrew from the fortifier group due to 
unacceptable or no DEXA scans and other reasons, while 12 withdrew from the 
unfortified group also for unacceptable or no DEXA scans and other reasons. Other 
reasons included: abdominal discomfort in three cases, non-acceptance of blinding 
principle in one case, on request of the attending physician in one case, and in two 
cases no reasons were stated. The remaining 11 withdrawals were from the formula 
group, which is not part of this review. 

Selective reporting (reporting bias) Low risk The study protocol was available and all of the study’s prespecified (primary and 
secondary) outcomes were reported in the prespecified way. 

Other bias Unclear risk No demographic tables were provided to make the assessment. The sample included sick 
preterm infants 
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Table 2.3 Characteristics of included studies: Greer 1986 

Methods Parallel randomised controlled trial, single centre 

Participants Inclusion criteria: "all infants with birth weight < 1600 grams, gestational age < 32 weeks who were admitted to the neonatal 
intensive care unit at Madison General Hospital were potentially eligible for enrolment into the study". Included infants received 
less than 3 weeks of mechanical ventilation and were receiving full enteral feedings by 21 days of age. No infants had chronic 
lung disease (supplemental oxygen ≥ 28 days) or received furosemide therapy. 

Exclusion criteria: major congenital anomalies, chronic intrauterine infection, significant gastrointestinal disease (hepatitis, 
cholestatic jaundice, malabsorption), seizure disorders requiring anticonvulsant therapy, or if there was more than a 2-week 
discrepancy between the two determinations of gestational age (history of last menstrual period and Ballard examination for 
infants > 27 gestational weeks or fetal ultrasound dating for those ≤ 27 weeks' gestational age) 

Setting: neonatal units at Madison General hospital, Wisconsin 

Timing: 28 February 1983 to 1 April 1985 

Interventions Exclusively mother's own milk supplemented with 0.85 gm/dL bovine whey, 90 mg/dL calcium, and 45 mg/dL phosphorus (N = 
10) versus mother's own milk with no fortification (N = 10) 

All infants in these groups, except those fed formula, received a standard daily multivitamin supplement containing 400 IU of 
vitamin D. 

Not clear when the intervention ceased. 

Outcomes Primary outcomes: outcomes were not specified as primary or secondary, but short-term growth parameters assessed were 
weight, length, head circumference, and skin fold thickness. Bone mineral content, bone width, serum calcium, phosphorus, 
creatinine, blood urea nitrogen, total protein, methionine, taurine and cysteine concentrations, alkaline phosphatase, urinary 
calcium, phosphate, inorganic sulphate, and creatinine concentrations, Breast milk composition and length of stay were also 
assessed. 

Notes Conflicts of interest: no details 

Source of funding: Ross Laboratories, Columbus, Ohio 

This study had four arms - unsupplemented human milk versus human milk supplemented with protein, calcium, and phosphorus, 
and Similac Special Care (special formula) versus standard formula. Data from the formula arms of this study were not used in 
this review. 

Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection bias) Unclear risk No details 

Allocation concealment (selection bias) Unclear risk No details 

Risk of Bias       Authors' judgement Support for judgement 

Blinding (performance bias and detection bias) Unclear risk No details 

Blinding of outcome assessment (detection bias) Unclear risk No details 

Incomplete outcome data (attrition bias) Unclear risk The authors stated that the 38 infants who completed the study represented "22% 
(38/176) of the total number of admitted infants who met the criteria for birth weight 
and gestational age". However, no flow chart or details were provided concerning 
attrition. 

Selective reporting (reporting bias) Low risk There was no protocol available, but all pre-specified outcomes in the methods section 
were reported. 

Other bias Low risk No baseline imbalances identified and no other flaws of study design noted 
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Table 2.4 Characteristics of included studies: Polberger 1989 

Methods Parallel randomised controlled trial, in two neonatal units 
Participants Inclusion criteria: birth weight < 1500 grams, appropriate-for-gestational-age, tolerance of complete enteral feeding (170 mL/kg/day), no 

obvious disease or major malformations, no oxygen therapy, informed parental consent, and acceptance of a blind trial 

Exclusion criteria: not stated 

Setting: two neonatal units of the University of Lund in Malmo and Lund 

Timing: not stated 

Interventions 1.0 grams lyophilised human milk protein per 100 mL unpasteurised human milk (maternal or term banked donor; N = 7) versus 
unsupplemented milk (N = 7) 
Intervention ceased when the infant reached approximately 2200 g or was breast fed. 

All infants were supplemented with additional vitamins, calcium lactate (30 mg/kg/day) and sodium phosphate (20 mg/kg/day). From 4 
weeks, 2 mg/kg/day elemental iron was given to all infants. 

Outcomes The outcomes were not specified as primary or secondary, but the following were assessed: short-term growth parameters (weight, crown-
heel length, occipitofrontal head circumference), intake of protein, fat, carbohydrates, energy, and electrolytes (sodium, potassium, 
calcium). 

Notes Conflicts of interest: no details 

Source of Funding: supported in part by the Swedish Medical Research Council, Grant No. B85- I'IX-06259, and Stiftelsen Saniarite 

This study had four arms: unsupplemented versus supplemented with protein versus supplemented with fat versus supplemented with fat 
and protein. The analyses of the fat and combined fat and protein arms are discussed in other reviews on multi-component and fat 
supplementation respectively (Brown, 2016; Kuschel, 2000b). 
Of the 34 infants enrolled in the study: 6 were withdrawn following randomisation for apnoea (N = 2), intolerance to accepting to the fixed 
volume (N = 3) and need for intravenous therapy (N = 1). 

Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection 

bias) 
Unclear risk No details 

Allocation concealment (selection bias) Unclear risk 
 

The study used closed envelopes without specifying if they were opaque or not. 

Blinding (performance bias and detection 
bias) 

Unclear risk 
 

The study was stated to be double blinded, but who was blinded was not specified. 

Blinding of outcome assessment (detection 
bias) 

Unclear risk 
 

No details provided as to who was blinded. 

Incomplete outcome data (attrition bias) Unclear risk 
 

The missing data i.e. 6 infants, < 20%, were excluded for the following reasons: 2 had apnoea, 3 developed 
feeding intolerance, and 1 needed IV therapy. However, the authors did not report whether there were any 
differences between infants excluded and included in the study. 

Selective reporting (reporting bias) High risk The authors stated, “head circumference showed so little relation to protein intake that it was not included in 
further statistical evaluation (Table 3)”. This could suggest possible selective reporting and analytical bias, 
as not all outcomes were reported. 

Other bias Unclear risk 
 

The authors stated, "there was a difference in sex distribution between the groups, but later analyses 
confirmed that this difference had no implications on the results". However, no further details were 
provided. 
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Table 2.5 Characteristics of included studies: Putet 1987 

Methods Parallel randomised controlled trial, single centre 

Participants Inclusion criteria: VLBW boys of appropriate weight for gestational age and no infant had medical problems at the time of the 
study 

Exclusion criteria: not stated 

Setting: not stated 

Timing: not stated 

Interventions Cow's milk casein hydrolysate (1 g per 100 mL) added to pooled human milk (8 infants) versus unsupplemented pooled 
human milk (8 infants). Duration of intervention was not clear. 

Outcomes Primary: not specified as primary and secondary outcomes, but short-term growth parameters were assessed, including 
weight, length, head circumference. Total serum protein, BUN, acid-base status, free amino acids, nitrogen retention, 
bicarbonate level, oxygen consumption, and energy expenditures were also assessed. 

Notes Conflicts of interest: no details 

Source of funding: supported by a grant from University Claude Bernard (Lyon) and by an INSERM Contract (PRC 
123.0228) 

       Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection bias) Unclear risk No details 

Allocation concealment (selection bias) Unclear risk No details 

Blinding (performance bias and detection bias) Unclear risk No details 

Blinding of outcome assessment (detection bias) Unclear risk No details 

Incomplete outcome data (attrition bias) Unclear risk No details 

Selective reporting (reporting bias) Low risk The protocol was not available, but it appeared that all pre-specified outcomes 
were measured and reported. 

Other bias Low risk No other apparent sources of bias related to the study design noted. No extreme 
baseline imbalances observed. 
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Table 2.6 Characteristics of included studies: Rönnholm 1982 

Methods Parallel randomised controlled trial, single centre 

Participants Inclusion criteria: infants with birth weight less than 1500 grams were enrolled at 2 days of age, if free of major illness and major 
malformation 

Exclusion criteria: infants were excluded after randomisation if they developed major disease, died, or were lost to follow up 

Setting: not stated 

Timing: not stated 

Source of funding: supported by a grant from University Claude Bernard (Lyon) and by an INSERM Contract (PRC 123.0228). 

Interventions 0.8 g human milk protein per 100 mL human milk (pasteurised maternal or term donor milk) (N = 10) versus unsupplemented 
human milk (N = 8). Target fluid volume 200 mL/kg/day. 
All infants received supplemental iron and vitamins. Control infants received calcium supplements (10 mg/kg/day). 
It is not clear when the intervention was ceased. 

Outcomes Not specified into primary and secondary, but short-term growth parameters, such as weight, length, head circumference were 
measured. Serum protein concentrations, BUN, acid-base balance, and plasma concentrations of tyrosine and phenylalanine 
were measured at two weeks of age. 

Notes Conflicts of interest: no details 

Source of funding: grants from the Foundation for Paediatric Research in Finland 

Data were extracted from the 1982 publication (Rönnholm, 1982). In the 1986 report (Rönnholm, 1986), half the infants in each 

group received supplementation with medium-chain triglyceride (MCT) oil, 1.0 g/100 mL and it was not possible to extract data 
for protein supplementation alone versus unsupplemented milk alone. 

Risk of Bias Authors' judgement Support for judgement 
Random sequence generation (selection bias) Unclear risk No details 

Allocation concealment (selection bias) Unclear risk No details 

Blinding (performance bias and detection bias) Unclear risk No details 

Blinding of outcome assessment (detection bias) Unclear risk No details 

Incomplete outcome data (attrition bias) Unclear risk Of the 23 preterm infants included in the study, 5 (21.7%) were excluded from the study 
because they subsequently developed major disease, died, or were lost to follow-up. The 
authors did not report whether there were any differences between infants excluded and 
included in the study. 

Selective reporting (reporting bias) Unclear risk Comparing the methods to the results section, it appeared all outcomes measured were 
reported, except for the acid-base status, which did not appear to be prespecified. 

Other bias Unclear risk No baseline characteristics were provided to assess for baseline imbalances. 

 

Excluded studies 

We excluded 17 full-text articles from this 2018 update. Thirteen studies (15 publications) used interventions that did not meet our criteria (Abrams, 

2014; Barrington, 2016; Berseth, 2012; Bhat, 2001; Ditzenberger, 2013; Gathwala, 2012; Hair, 2014; Hayashi, 1994; Hill, 1997; Modanlou, 1986; Moltu, 

2013; Polberger, 1997; Valman, 1971), and two studies were not randomised (Bishara, 2017; Boehm, 1988b) (Table 2.7). 
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Table 2.7 Characteristics of excluded studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.2 Risk of bias in included studies 

Overall, we scored most items as unclear risk of bias, as there was insufficient methodological 

detail to make a judgement. We summarised our evaluations for individual studies in the ‘Risk of bias’ 

graph and summary (Figure 2.2; Figure 2.3). 

 

Study excluded Reason for exclusion 

Abrams 2014 Comparison of human milk-based versus cow’s 
milk-based protein supplementation 

Barrington 2016 Comparison of human milk or formula versus 
milk with 100 mg/day of bovine lactoferrin 
powder 

Berseth 2012 Unable to locate the full article 

Bhat 2001 Supplementation was with a multi-nutrient 
fortifier 

Bishara 2017 Not a randomised trial 

Boehm 1988b No evidence of randomisation 

Ditzenberger 2013 Composition of the fortifier was not clear, 
infants received formula when mothers milk 
was insufficient, and a Microlipid was added 
to increase caloric density. 

Gathwala 2012 Supplementation was with a multi-nutrient 
fortifier. 

Hair 2014 The control group received supplementation. 

Hayashi 1994 The fortifier contained extra carbohydrate. 

Hill 1997 Studies in the abstract of podium presentations 
were not related to our review. 

Modanlou 1986 Supplementation was with a multi-nutrient 
fortifier. 

Moltu 2013 The control group received supplementation. 

Polberger 1997 No unsupplemented arm 

Valman 1971 The intervention was either expressed human 
milk and breast milk substitute or 
evaporated milk formula 
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Figure 2.2 Risk of bias graph for protein supplements: review authors’ judgements about each risk of 

bias item presented as percentages across all included studies. 
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Figure 2.3 Risk of bias summary for protein supplements- review authors’  

judgements about each risk of bias item for each included study. 

Allocation 

We judged all six included studies as unclear risk of bias for random sequence generation and 

allocation concealment as they did not provide sufficient methodological detail to make a judgement 

(Boehm, 1988a; Faerk, 2001; Greer, 1986; Polberger, 1989; Putet, 1987; Rönnholm, 1982). 

Blinding 

Of all the studies included, only one had a low risk of performance bias as they blinded study 

participants and personnel (Faerk, 2001). We judged the remaining five studies as unclear risk of 

performance bias. We judged detection bias as unclear risk of bias for all six studies. 
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Incomplete outcome data 

We judged two studies to have a low risk of attrition bias (Boehm, 1988a; Faerk, 2001) but all 

other studies as unclear risk. 

Selective reporting 

We judged two studies to have low risk of selective reporting bias (Greer, 1986; Putet, 1987). 

We judged Polberger (1989) as high risk of selective reporting bias because the authors did not report 

head circumference results at all time points due to an initial finding of a minimal relation to protein 

intake in their trial. The remaining studies had an unclear risk of reporting bias. 

Other potential sources of bias 

We judged other potential sources of bias as unclear risk, except for Greer (1986) and Putet 

(1987) which we judged had a low risk of bias as no extreme baseline imbalances were identified. 

2.5.3 Effects of the intervention 

Summary of findings for the main comparison: protein supplementation versus no 

supplementation are presented in Table 2.8.  
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Table 2.8 GRADE Summary of findings table - Protein 

Protein supplementation compared to no supplementation for promoting growth in preterm infants 

Patient or population: preterm infants 
Setting: hospital 
Intervention: protein supplementation 
Comparison: no protein supplementation 

Outcomes Anticipated absolute effects* (95% CI) Relative effect 
(95% CI) 

№ of participants 
(studies) 

Quality of the 
evidence 
(GRADE) 

Comments 

Risk with control Risk with Protein 
supplementation 

Growth: weight (weight 
gain g/kg/day) 

The meand 
weight gain 
in the unsupplemented 
human milk group was 
13.3 g/kg/day 

Mean weight gain 3.82 
g/kg/day higher 
(2.94 higher to 4.7 
higher). 

— 101 
(5 RCTs) 

⊕⊕⊝⊝ 
Low a b 

Mean difference (MD) 3.82, 
95% CI 2.94 to 4.70 

Growth: length 
(cm/week) 

The meand 
length gain 
in the unsupplemented 
human milk group was 
0.41 cm/week 

Mean length gain 0.12 
cm/week higher 
(0.07 higher to 0.17 
higher) 

— 68 
(4 RCTs) 

⊕⊕⊝⊝ 
Low a b 

MD 0.12, 95% CI 0.07 to 
0.17 

Growth: head 
circumference 
(cm/week) 

The meand 
head circumference gain 
in the unsupplemented 
human milk group was 
0.68 cm/week 

Mean head growth 0.06 
cm/week higher 
(0.01 higher to 0.12 
higher) 

— 68 
(4 RCTs) 

⊕⊕⊝⊝ 
Low a b 

MD 0.06, 95% CI 0.01 to 
0,12 

Neurodevelopmental 
outcomes 

see comments see comments see comments see comments see comments None of the included 
studies reported on 
neurodevelopmental 
outcomes. 

Duration of hospital stay 
(days) 

The mean duration of hospital 
stay in the 
unsupplemented human 
milk group was 48.7 days 

Mean difference 18.5 
days higher 
(4.39 higher to 32.61 
higher) 

— 20 
(1 RCT) 

⊕⊝⊝⊝ 
Very lowa c 

MD 18.5, 95% CI 4.39 to 
32.61 

Feeding intolerance 0 per 1000e 0 per 1000 
(0 to 0) 

RR 2.70 
(0.13 to 58.24) 

17 
(1 RCT) 

⊕⊝⊝⊝ 
Very low a c 

No events reported in the 
control group (0/8). One 
event reported in the 
fortified group (1/9). 

Necrotising enterocolitis 25 per 1000e 28 per 1000 
(2 to 322) 

RR 1.11 
(0.07 to 18.49) 

76 
(1 RCT) 

⊕⊝⊝⊝ 
Very low a c 

One event reported in the 
control group (1/40). One 
event reported in the 
fortified group (1/36). 

GRADE Working Group grades of evidence 
High certainty: we are very confident that the true effect lies close to that of the estimate of the effect 
Moderate certainty: we are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different 
Low certainty: our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect 
Very low certainty: we have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect 

a
Downgraded one level due to risk of bias; most studies rated as unclear due to lack of methodological details 

bDowngraded one level due to moderate-to-high heterogeneity among the included studies estimating the population mean difference 

cDowngraded two levels due to few patients, few events, very wide CIs 
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Growth: weight 

Weight gain (weeks 1 to 6) 

Five RCTs, including 101 infants, contributed data (Boehm, 1988a; Greer, 1986; Polberger, 

1989; Putet, 1987; Rönnholm, 1982). Protein supplementation of human milk was associated with 

more weight gain compared with unsupplemented human milk (mean difference (MD) 3.82 g/kg/day, 

95% CIs 2.94 to 4.7; five RCTs, 101 infants; I² = 73%; low-quality evidence; Fig. 2.4). We downgraded 

the evidence for risk of bias as there was insufficient methodological information, and moderate 

heterogeneity among the studies estimating the population mean difference. 

Weight at term-equivalent age 

Only Faerk (2001) reported the weight at term. There was no evidence of a clear difference 

between the protein supplemented and the unsupplemented groups (MD 61.0 g, 95% CI -160.23 to 

282.23; one RCT, 76 infants; Fig. 2.4). 

Weight at the end of the study 

Polberger (1989) reported weight at the end of the study, which was when the infant weighed 

2200 g or when breastfeeding was initiated. There was no evidence of a clear difference in weight 

between the protein supplemented and the unsupplemented groups (MD 250.0 g, 95% CI -41.56 to 

541.56; one RCT, 14 infants; Fig. 2.4).

 

Figure 2.4 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 1: 

Growth - weight. 
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Growth: length 

Length gain 

Four RCTs, including 68 infants, contributed data (Greer, 1986; Polberger, 1989; Putet, 1987; 

Rönnholm, 1982). Protein supplementation of human milk was associated with more linear growth 

compared with unsupplemented human milk (MD 0.12 cm/week, 95% CI 0.07 to 0.17; four RCTs, 68 

infants, I² = 89%; low-quality evidence; Fig. 2.5). The evidence was downgraded for risk of bias as 

there was insufficient methodological information and high heterogeneity among the trials estimating 

the population mean difference. 

Length at term-equivalent age 

Faerk (2001) reported length at term. There was no evidence of a clear difference between the 

protein supplemented and unsupplemented groups (MD -0.5 cm, 95% CI -1.65 to 0.65; one RCT, 76 

infants; Fig. 2.5). 

 

Figure 2.5 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 2 

Growth length 

Growth: head circumference 

Head circumference gain 

Four RCTs, including 68 infants, contributed data (Greer, 1986; Polberger, 1989; Putet, 1987; 

Rönnholm, 1982). Protein supplementation of human milk was associated with a greater increase in 

head circumference compared with unsupplemented human milk (MD 0.06 cm/week, 95% CI 0.01 to 

0.12; four RCTs, 68 infants, I² = 84%; low-quality evidence; Fig. 2.6). We downgraded the evidence 
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for risk of bias, as there was insufficient methodological information and high heterogeneity among 

the trials estimating the population mean difference. 

Head circumference at term-equivalent age 

Faerk (2001) reported the head circumference at term. There was no evidence of a clear 

difference between the protein supplemented and the unsupplemented groups (MD 0.3 cm, 95% CI 0.-

24 to 0.84; one RCT, 76 infants; Figure 2.6). 

 

Figure 2.6 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 3: 

Growth - head circumference 

Growth: skinfold thickness 

One trial including 20 children reported data on the rate of growth of skinfold thickness (Greer, 

1986). Neither the triceps nor the subscapular measurements showed a clear difference between the 

protein supplemented and unsupplemented groups (triceps MD 0.06 mm/week, 95% CI -0.09 to 0.21; 

one RCT, 20 infants; subscapular MD 0.0 mm/week, 95% CI -0.17 to 0.17; one RCT, 20 infants; Fig. 

2.7). 
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Figure 2.7 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 4: 

Growth - skinfold thickness. 

 

Duration of hospital stay 

One trial reported on duration of hospital stay (Greer, 1986). The protein supplemented group 

had a longer hospital stay than the unsupplemented group (MD 18.5 days, 95% CI 4.39 to 32.61; one 

RCT, 20 infants; very low-quality evidence; Fig. 2.8). We downgraded the evidence for risk of bias as 

there was insufficient methodological information to judge the risk of bias, few patients, few events, 

and very wide CIs. 

 

Figure 2.8 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 5: 

Duration of hospital stay (days). 

 

Feeding intolerance 

Only Polberger (1989) reported data on feeding intolerance. There was one event reported in 

the supplemented group and no events reported in the unsupplemented group (RR 2.70, 95% CI 0.13 

to 58.24; one RCT, 17 infants; very low-quality evidence; Fig. 2.9). We downgraded the evidence for 

risk of bias, as there was insufficient methodological information to judge the risk of bias, few patients, 

few events, and very wide CIs. 
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Figure 2.9 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 6: 

Feeding intolerance. 

 

Necrotising enterocolitis 

One trial reported data on the incidence of necrotising enterocolitis (Faerk, 2001). There was 

one infant in each of the protein supplemented and unsupplemented groups who developed necrotising 

enterocolitis (RR 1.11, 95% CI 0.07 to 17.12; one RCT, 76 infants; very low-quality evidence; Fig. 

2.10). We downgraded the evidence for risk of bias as there was insufficient methodological 

information to judge the risk of bias, few patients, few events, and very wide CIs. 

 

Figure 2.10 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 7: 

Necrotising enterocolitis. 

 

Blood urea nitrogen (BUN) 

Four RCTs contributed data (Boehm, 1988a; Greer, 1986; Polberger, 1989; Putet, 1987). BUN 

concentrations were higher in the protein supplemented group than in the unsupplemented group (MD 

0.95 mmol/L, 95% CI 0.81 to 1.09; four RCTs, 81 infants; I² = 56%; Fig. 2.11). 
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Figure 2.11 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 8: 

Blood urea. 

 

Serum albumin concentrations 

Only Polberger (1989) reported data on serum albumin concentrations. There was no evidence 

of a clear difference in serum albumin concentrations between the protein supplemented and 

unsupplemented groups (MD 2.5 g/L, 95% CI -5.66 to 10.66; one RCT, 11 infants; Fig. 2.12). No data 

were reported for the following outcomes: long-term growth, body mass index (BMI), body 

composition, neurodevelopmental, and cardio-metabolic outcomes. The heterogeneity test indicated 

moderate-to-high variation among studies reporting growth outcomes, but there were insufficient data 

to allow us to conduct our pre-specified subgroup analyses. 

 

Figure 2.12 Analysis comparison I: Protein supplementation versus no supplementation. Outcome 9: 

Serum albumin. 
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2.6 Discussion 

Summary of main results 

The evidence from six RCTs, involving 204 preterm infants showed that protein 

supplementation of human milk increased in-hospital rates of weight gain, length gain, and head 

growth in preterm infants. There was no evidence of a clear difference in the rate of growth of skinfold 

thickness between the supplemented and unsupplemented groups. Protein supplementation was 

associated with longer hospital stays in one study, and higher BUN concentrations. The evidence did 

not show that protein supplementation clearly altered the risk of necrotising enterocolitis (NEC) or 

feeding intolerance, or that it altered serum albumin concentrations. No data were available for the 

assessment of the effects of protein supplementation on long-term growth outcomes, body mass index 

(BMI), body composition, neurodevelopmental, or cardio-metabolic outcomes. We observed 

moderate-to-high heterogeneity among studies reporting growth outcomes. 

Overall completeness and applicability of evidence 

The lack of data on long-term growth, BMI, body composition, neurodevelopmental, and 

cardio-metabolic outcomes made it impossible to determine long-term health and developmental 

effects of protein supplementation of human milk fed to preterm infants. Few trials reported our 

secondary outcomes (duration of hospital stay, feeding intolerance, NEC, and serum albumin 

concentrations), and therefore these outcomes had small sample sizes and very low-quality evidence 

supported their estimates of effect, making it difficult to make an evidence-based statement on these 

effects. In addition, due to incomplete data reporting, we were unable to identify reasons for the 

moderate-to-high heterogeneity among the sample population. We were also unable to conduct any of 

our planned subgroup analyses. Finally, the included studies were all performed in developed 

countries, and so our findings may not be generalisable to preterm infants in less developed countries. 

Quality of the evidence 

We graded the overall quality of evidence for the primary outcomes as low-quality, because of 

the lack of reported methodological details and moderate-to-high heterogeneity among the studies 

estimating the population mean difference. Without details such as blinding of study personnel and 

outcome assessors, it was difficult to adequately judge the risk of bias and quality of evidence as 

blinding could have an impact on the assessment of growth parameters, and hence, possibly the 

estimate of effect size. All secondary outcomes were graded as very low-quality evidence due to small 

sample sizes, few events, and the small number of studies (Table 2.8). 

Potential biases in the review process 
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Due to small numbers of included studies, we were unable to create funnel plots to assess the 

potential risk of publication or reporting bias. We minimised bias by conducting a systematic search 

of the literature, and data extraction was undertaken independently by two review authors. 

Agreements and disagreements with other studies or reviews 

We are not aware of any previous systematic reviews conducted on this topic except for our 

previous review, which included four single-centre randomised and quasi-RCTs published between 

1982 and 1989 and involved 90 very low birth weight infants (Kuschel, 2000b). The results of this 

updated systematic review are similar to those of the previous review including increases in weight 

gain, length gain, head circumference, and BUN levels in the protein supplemented groups, but no 

clear effect on albumin concentrations or the risk of NEC. To our knowledge, this review is the first to 

include body composition and cardio-metabolic outcomes, for which we found no available data. 

2.7 Authors’ conclusions 

Implications for practice 

Protein supplementation of expressed breast milk fed to preterm infants increased short-term 

rates of weight gain, length gain, and head growth with no evidence of a clearly increased risk of 

necrotising enterocolitis or feeding intolerance. Long-term benefits and harms are unknown. Further, 

preterm infants fed solely breast milk have other nutritional deficiencies, including energy and 

minerals, so protein supplementation of human milk is now usually done as a component of multi-

nutrient fortifiers. We conclude that protein fortification of human milk in preterm infants could be 

considered in settings where the risk of poor postnatal growth is high and multi-nutrient fortification 

is not available or feasible. 

Implications for research 

Although there was evidence that protein supplementation increased short-term growth, there 

were few data, and overall, very low-quality evidence regarding potential short-term risks and long-

term benefits and harms. Therefore, future studies should compare different amounts of protein in 

multi-component fortifiers and be designed to determine the effects on duration of hospital stay and 

safety as well as on long-term growth, body composition, cardio-metabolic, and neurodevelopmental 

outcomes. These studies should also be conducted in resource-poor settings. 

2.8 Plain language summary 

Protein supplementation of human milk for promoting growth in preterm infants 
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Review question 

We reviewed the evidence to see whether the addition of extra protein to human milk, compared 

with no additional protein, fed to preterm infants improved growth, body fat, obesity, heart problems, 

high blood sugar, and brain development, without significant side effects. 

Background 

Lack of adequate protein intake during the early stages of the preterm infant’s life can result in 

poor growth and development. Preterm infants need more protein than full-term babies. Breast milk 

has numerous benefits for babies born preterm (before 37 weeks), but its protein content is variable, 

and it may not meet the nutritional needs of the rapidly growing preterm infant. Therefore, to meet 

their higher protein needs, and to promote optimum health and long-term development, additional 

protein, in the form of a fortifier, may be added to expressed breast milk for preterm babies. 

Study characteristics 

We found six randomised trials (trials in which each infant had an equal chance of being chosen 

to receive either treatment), involving 204 preterm infants. The search is up to date to February 2018. 

Key results 

Low-quality evidence showed that the addition of extra protein to breast milk increased short-

term rates of weight gain (five trials), length gain (four trials), and head growth (four trials). Low-

quality evidence from one trial did not show a clear difference in the rate of growth of skinfold 

thickness (measure of fat under the skin) between the supplemented and unsupplemented groups. Very 

low-quality evidence from one trial reported that infants who received additional protein stayed in 

hospital longer, while very low-quality evidence from four trials observed higher blood urea nitrogen 

concentrations (measure of kidney function and protein breakdown) in these infants compared to those 

who received no additional protein. Very low-quality evidence from one trial suggested that adding 

extra protein to expressed breast milk did not clearly increase the risk of necrotising enterocolitis 

(inflammation of the intestine) or feeding intolerance, nor did it clearly alter serum albumin 

concentrations (a measure of blood protein levels). No data were available on the effects of adding 

extra protein to human milk on long-term growth, body fat, obesity, high blood sugar, or brain 

development. 

Conclusions 

Adding extra protein to human milk for preterm infants may increase short-term growth. 

However, its effect on length of hospital stay, feeding intolerance, and necrotising enterocolitis is 
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uncertain due to data limitations and very low-quality evidence. There were no data about effects on 

later health and development, nor effects in low resource settings. 

Since protein supplementation of human milk is now usually done as a component of multi-

nutrient fortifiers, future studies should compare different amounts of protein in multi-component 

fortifiers and be designed to determine the effects on length of hospital stay, safety, long-term growth, 

body fat, obesity, high blood sugar, and brain development. 

Differences between protocol and review 

The original protocol was published in 1997 and was the basis of the last version of this review, 

written in 1999. We aligned the review outcomes in this update with those of the Cochrane Review, 

Multi-nutrient fortification of human milk for preterm infants (Brown, 2016). We added body mass 

index and measures of body composition as part of the growth parameters of the primary outcome. We 

also included new secondary outcome measures: long-term measures of cardio-metabolic health (such 

as insulin resistance, obesity, diabetes, and hypertension). We also added the ‘Summary of findings’ 

table and GRADE recommendations which were not included in the original protocol. We expanded 

the search terms to find relevant studies for this update; therefore, we ran the search without any date 

limits to ensure that no eligible studies were missed. 
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3.1 Background 

3.1.1 Description of the condition 

Preterm infants are born with inadequate fat stores due to being born before the nutrient 

accretion and rapid growth phase of the third trimester of pregnancy (Robinson, 2017). They also have 

higher nutrient requirements than term infants in the early postnatal period (Fenton, 2013b). Fat, in 

human milk, provides the major energy needs (45% to 55%) of the preterm infant and contributes to 

several metabolic and physiological functions paramount to their growth, health, and development 

(Delplanque, 2015). In particular, derivatives of long-chain polyunsaturated fatty acids (LCPUFA), 

arachidonic acid (AA), and docosahexaenoic acid (DHA), play key roles in normal immune system 

functioning as well as brain and retinal development (Delplanque, 2015; Hadley, 2016; Lapillonne, 

2014). Thus, insufficient consumption of fat by the preterm infant may have adverse effects on their 

growth, immune development, neurologic function, and visual acuity (Georgieff, 2005; Innis, 2003). 

Human milk, the preferred enteral nutrition for preterm infants, optimises immunity, visual 

acuity (Section on Breastfeeding, 2012), gastrointestinal function, and neurodevelopmental outcomes 

in preterm infants (Isaacs, 2009; Underwood, 2013). In contrast to infant formula, it contains a full 

array of polyunsaturated fatty acids, including DHA and AA (Moon, 2016). 

However, despite its immense benefits, unsupplemented human milk is nutritionally 

inadequate for preterm infants for several reasons. Firstly, human milk has insufficient quantities of 

many nutrients needed for the rapid growth of preterm infants (Su, 2014), and its nutrient 

concentrations fluctuate over time, with fat being the most variable nutrient (Patel & Bhatia, 2016). It 

shows intra- and inter-individual variations (Bhatia, 2016), and varies according to maternal diet, time 

of day, and during a breastfeeding session, with hindmilk richer in fat than foremilk (Innis, 2014). 

Secondly, important reductions in fat concentrations of human milk have been reported during 

processes of storage, freezing, thawing, and pasteurisation, due to adherence of the disrupted fat 

globules to container surfaces (Chang, 2012; Stocks, 1985; Vieira, 2011). 

Further, breastfeeding initiation and continuation in mothers of preterm infants is not always 

feasible. Early preterm birth can hinder maternal breast development, delay secretory activation, and 

potentially diminish milk production (Geddes, 2013). While these limitations could result in a reliance 

on donor human milk from mothers who gave birth at term, pasteurisation of donor human milk may 

inactivate the two endogenous lipases of human milk (lipoprotein lipase and bile salt-stimulated 

lipase), thus decreasing lipid absorption and reducing weight gain (Arslanoglu, 2013; Peila, 2016). 
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MCT supplements are sometimes added to donor milk as these do not require bile salts or pancreatic 

lipase for digestion and are more easily absorbed than LCPUFA (Kenner, 2014). However, this does 

not provide the high requirements of LCPUFA to optimise brain and retinal development of preterm 

infants. 

A limited supply of fat in preterm infants fed human milk may adversely affect their growth 

and development. Therefore, additional fat in the form of a supplement may be added to human milk. 

3.1.2 Description of the intervention 

Enteral fat supplements are available as commercial modular products such as micro-lipids and 

MCT oils (Choi, 2016; Yang, 2013), a blend of more than one oil including high-fat polyunsaturated 

fatty acid (Younge, 2017), or as multi-component products like liquid human milk fortifiers (Berseth, 

2014). They are mixed with human milk and fed enterally to preterm infants once they begin to tolerate 

breast milk feeds (Berseth, 2014). Some of these supplements can also be used via the parenteral route 

as lipid emulsions (Martin, 2015). Depending on the intended effect, some formulations may contain 

more than one source of fat supplements that may be combined into the same principal compartment 

or used together from different compartments. For example, enteral microlipid and fish oil have 

recently been successfully combined as a mechanism to reduce intralipid use in a preterm infant with 

an enterostomy (Yang, 2013). Thus, combining different sources of fat supplements may have 

important maintenance or therapeutic effects. However, the accumulation of certain fatty acids may 

inhibit the metabolism of others and cause elevated lipid levels. For example, omega-3 and omega-6 

lipids compete for the same desaturase enzyme. Thus, a balanced ratio between them is important 

(Hadley, 2016). 

3.1.3 How the intervention might work 

Paradoxically, despite their high need for fat intake per kilogram body weight, preterm infants 

present unique challenges that interfere with the delivery of fat (Martin, 2015). Preterm infants have a 

low level of activity of pancreatic lipase and bile salt-stimulated lipase which are normally responsible 

for a substantial part of fat digestion, micelle formation, and fat absorption (Lindquist, 2010). As a 

result, preterm infants may experience maldigestion and malabsorption of enteral fats, leading to 

potential intestinal inflammation and injury, loss of energy, and inadequate fat store accumulation 

(Howles, 1999; Martin, 2015). Human milk, unlike formula, contains bile salt-stimulated lipase which 

enhances the digestion and absorption of milk fat (Martin, 2015). Therefore, fat supplementation of 

human milk is expected to increase fatty acid bioavailability and alleviate dietary deficiency of fat. 



 

92 

Additionally, the unique properties of the different formulations of fat supplements are 

expected to enhance therapeutic outcomes (Deshpande, 2011). For example, MCTs, unlike long-chain 

fatty acids, do not require carnitine to enter the mitochondria and so are oxidised rapidly to ketone 

bodies, making them a quick and readily available source of energy (Longo, 2016). 

Furthermore, the chain length and saturation of fatty acids impacts their absorption 

(Delplanque, 2015). MCTs, whose hydrolysis is independent of the availability of bile and lipase, are 

more efficiently absorbed than long-chain fatty acids, making them useful for infants with impaired 

digestion and absorption of fat, including preterm infants (Martin, 2015). 

Finally, complications from fat supplementation can also occur. For example, in a study 

conducted in mice, MCT fortifiers were reported to promote allergic sensitisation and anaphylaxis (Li, 

2013), while formula supplemented with MCTs is associated with higher osmolality and a higher risk 

of osmotic diarrhoea (Pereira-da-Silva, 2008). 

3.1.4 Why it is important to do this review 

Dietary fat is vital for energy, growth, and long-term health in preterm infants. However, the 

previous version of this review found no clear evidence of benefits or harm of fat supplementation of 

human milk in preterm infants (Kuschel, 2000a). Interest in fat supplementation of human milk has 

grown to include not just the digestibility of the fat supplement, but also its quality and role in the 

visual and neural development of the preterm infant (Koletzko, 2014a). Thus, it was important to 

update the review with the most recent trials assessing these effects, including those with LCPUFA 

supplements. 

3.2 Objectives 

To determine if supplementation of human milk with fat compared with unsupplemented 

human milk fed to preterm infants improves growth, body composition, cardio-metabolic, and 

neurodevelopmental outcomes without significant adverse effects. 
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3.3 Methods 

3.3.1 Criteria for considering studies for this review 

Types of studies 

Published and unpublished controlled trials utilising either random or quasi-random patient 

allocation were considered for inclusion in this review. Cross-over trials were excluded.  

Types of participants 

Preterm infants (< 37 weeks’ gestation) receiving enteral feeding of human milk within a 

hospital setting. 

Types of interventions 

Human milk with or without additional fat supplementation. Micronutrient and vitamin 

supplements were allowed in both groups. 

Types of outcome measures 

The primary and secondary outcomes for this review were aligned with the outcomes of the 

Cochrane Review Multi-nutrient fortification of human milk for preterm infants (Brown, 2016). 

Primary outcomes 

• Growth: weight, length, head circumference, skinfold thickness (WHO, 1995), body mass 

index, and measures of body composition (lean/fat mass) and growth restriction (proportion of 

infants who remained < 10th percentile for the index population distribution of weight, length, 

or head circumference). Growth parameters were assessed from birth to hospital discharge, at 

or after two years’ corrected age during adolescence, and as adults. 

• Neurodevelopmental outcomes: neurodevelopmental outcomes after 12 months post-term 

included neurological evaluations, developmental scores, and classifications of disability, 

including auditory and visual disability. We defined neurodevelopmental impairment as the 

presence of one or more of the following: non-ambulant cerebral palsy, developmental quotient 

more than two standard deviations below the population mean, blindness (visual acuity < 6/60), 

or deafness (any hearing impairment requiring or unimproved by amplification). 

Secondary outcomes 

• Duration of hospital admission (days) 
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• Feeding intolerance that resulted in cessation or reduction in enteral feeding 

• Necrotising enterocolitis (NEC) 

• Diarrhoea 

• Serum bilirubin concentrations 

• Long-term measures of cardio-metabolic health such as insulin resistance, obesity, diabetes, 

and hypertension 

3.3.2 Search methods for identification of studies.  

We used the criteria and standard methods of Cochrane and Cochrane Neonatal (see the 

Cochrane Neonatal search strategy for specialised register). 

Electronic searches 

We conducted a comprehensive search including: Cochrane Central Register of Controlled 

Trials (CENTRAL 2018, Issue in The Cochrane Library); MEDLINE via PubMed (1966 to 08 

February 2018); Embase (1980 to 08 February 2018); and CINAHL (1982 to 08 February 2018) using 

search terms unique to the subject of fat supplementation of human milk in neonates, plus database-

specific limiters for RCTs and neonates (see Appendix III for the full search strategies for each 

database). We did not apply language restrictions. 

We searched clinical trials registries for ongoing or recently completed trials (clinicaltrials.gov; 

the World Health Organization’s International Trials Registry and Platform, and the ISRCTN 

Registry). 

Searching other resources 

We also searched the reference lists of any articles selected for inclusion in this review to 

identify additional relevant articles. We did not search any additional conference proceedings. 

Data collection and analysis 

We used the guidelines and standardised methods of the Cochrane Neonatal Collaborative 

Review Group to assess the methodological quality of the included trials. 

Selection of studies 

We identified 907 records from the searches for this review. Two authors (EA and JB) 

independently applied the eligibility criteria to the records identified by the searches. We resolved any 
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disagreements arising through discussions. However, none of the new studies identified were relevant 

to this review. 

3.3.3 Data extraction and management 

No new trials were included in the review but, due to changes in our primary and secondary 

outcomes from the last published protocol (1997), two authors (EA and JB) independently extracted 

data from the previously included trial. We used a data extraction form which was developed prior to 

data gathering. Data such as source details, study eligibility, study design, participant characteristics, 

and intervention and control details were extracted. We planned to resolve conflicts in the data 

extraction and management process by referral to a third author. The data were then exported into 

Cochrane’s statistical software, Review Manager 2014 (Review Manager, 2014).  

3.3.4 Assessment of risk of bias in included studies 

• Two review authors (EA and JB) independently assessed the risk of bias (low, high, or unclear) 

of the included trials using the Cochrane ‘Risk of bias’ tool (Higgins, 2017) for the following 

domains: 

• Sequence generation (selection bias) 

• Allocation concealment (selection bias) 

• Blinding of participants and personnel (performance bias) 

• Blinding of outcome assessment (detection bias) 

• Incomplete outcome data (attrition bias) 

• Selective reporting (reporting bias) 

• Any other bias 

• Any disagreements were resolved by discussion or by a third assessor.  

3.3.5 Measures of treatment effect 

We used the numbers of events in the control and intervention groups of the study to calculate 

the RR with 95% CIs for dichotomous data. We calculated mean differences (MDs) between treatment 

groups where outcomes were measured in the same way for continuous data. We did not need to use 

SMD in this update, although we planned to use it where outcomes from trials were the same but 

different methods had been used to collect the data. We reported 95% CIs for all outcomes. We did 

not calculate numbers needed to treat for an additional beneficial outcome (NNTBs) or the numbers 

needed to treat for an additional harmful outcome (NNTHs) due to insufficient data. 
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Unit of analysis issues 

We did not identify any unit of analysis issues. We planned to undertake analysis at the 

individual level, taking clustering into account as recommended in the Cochrane Handbook for 

Systematic Reviews of Interventions if we had identified cluster-randomised trials (Higgins, 2017). 

3.3.6 Dealing with missing data 

We noted levels of attrition. We carried out analyses using an intention-to-treat basis, where 

possible, for all the outcomes. We analysed all participants, where possible, in the treatment group to 

which they were randomised, regardless of the actual treatment received. As we had only one included 

trial, we were unable to conduct sensitivity analyses and were unable to address the potential impact 

of missing data on the findings of the review. 

3.3.7 Assessment of heterogeneity 

We planned to assess whether the clinical and methodological characteristics of the included 

studies were sufficiently similar for meta-analysis to provide a clinically meaningful summary. We 

planned to do this by assessing statistical heterogeneity using the Chi2 test and the I2 statistic. An I2 

measurement greater than 50% and a low P-value (< 0.10) in the Chi2 test for heterogeneity was taken 

to indicate moderate-to-high heterogeneity. Where substantial heterogeneity was detected, we planned 

to explore possible explanations in sensitivity or subgroup analyses, or both. We planned to take 

statistical heterogeneity into account when interpreting the results, especially if there was any variation 

in the direction of effect. We were unable to perform any of these assessments as we included only 

one trial. 

3.3.8 Assessment of reporting biases 

Reporting biases arise when the dissemination of research findings is influenced by the nature 

and direction of results. Some types of reporting bias (e.g., publication bias, multiple publication bias, 

language bias) reduce the likelihood that all studies eligible for a review will be retrieved. If all eligible 

studies are not retrieved, the review may be biased. 

We aimed to conduct a comprehensive search for eligible studies and were on the alert for 

duplication of data. We were unable to assess publication bias through the creation of funnel plots as 

there were insufficient studies for any of the outcomes (10 or more trials required). 
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3.3.9 Data synthesis 

Quality of evidence 

We used the GRADE approach, as outlined in the GRADE Handbook (Schünemann, 2013), to 

assess the quality of evidence for the following (clinically relevant) outcomes: growth, 

neurodevelopment, duration of hospital admission, feeding intolerance that results in cessation or 

reduction in enteral feeding, and necrotising enterocolitis. 

Two authors (EA and JB) independently assessed the quality of the evidence for each of the 

outcomes above. We considered evidence from RCTs as high-quality but downgraded the evidence 

one level for serious (or two levels for very serious) limitations based upon the following: design (risk 

of bias), consistency across studies, directness of the evidence, precision of estimates, and presence of 

publication bias. We used the GRADEpro GDT Guideline Development Tool to create a ‘Summary 

of findings’ table to report the quality of the evidence. The GRADE approach results in an assessment 

of the quality of a body of evidence in one of four levels: 

• High: we are very confident that the true effect lies close to that of the estimate of the effect. 

• Moderate: we are moderately confident in the effect estimate: the true effect is likely to be close 

to the estimate of the effect, but there is a possibility that it is substantially different. 

• Low: our confidence in the effect estimate is limited: the true effect may be substantially 

different from the estimate of the effect. 

• Very low: we have very little confidence in the effect estimate: the true effect is likely to be 

substantially different from the estimate of effect. 

Subgroup analysis and investigation of heterogeneity 

We planned to perform subgroup and sensitivity analyses if moderate-to-high heterogeneity 

was identified. We planned to consider whether an overall summary was meaningful and if it was, we 

planned to use a random-effects model to analyse it. We planned to carry out the following subgroup 

analyses to evaluate differences in outcome between: gestational age subgroups (< 30 versus 30 to < 

34 versus 34 to < 37 completed weeks), birth weight subgroups (< 1 kg versus ≥1 kg), male versus 

female sex; and types of fat supplements (MCT versus other forms). However, there were insufficient 

data to allow us to conduct any subgroup analyses. 

Sensitivity analysis 
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We planned to conduct sensitivity analysis by examining only those trials considered to have 

a low risk of bias for allocation concealment and randomisation. We were unable to do this as only 

one trial was included in the review. 

3.4 Results 

3.4.1 Description of studies 

Regarding study details please see the included (Table 3.1) and excluded study tables 

(Table3.2). 

Results of the search 

A search of 1368 records yielded no new trials. However, one trial from the previous review 

(published in 1999) was included in the 2018 update of this review (Polberger, 1989) (Figure 3.1). 
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Figure 3.1 Study flow diagram for fat supplements: Review update. 

 

Included studies 

Data were extracted from a full-text publication for the only trial included in this review 

(Polberger 1989). This four-armed randomised controlled trial included 28 randomised preterm 

infants, of whom 14 fulfilled our predefined criteria. The trial was conducted at two centres in Sweden 

and was published in English (Table 3.1). 



 

100 

Table 3.1 Characteristics of included studies: Polberger 1989 

Methods Parallel randomised controlled trial in two neonatal units. 

Participants Inclusion criteria: birth weight < 1500 g, appropriate-for-gestational-age, 
tolerance of complete enteral feeding (170 mL/kg/day), no obvious 
disease or major malformations, no oxygen therapy, and informed 
parental consent and acceptance of a blind trial 
Exclusion criteria: not stated 
Setting: two neonatal units of the University of Lund in Malmo and 
Lund 
Timing: not stated 

Interventions 1.0 g of human milk fat per 100 mL unpasteurised human milk (maternal 
or term banked donor) (n = 7) versus unsupplemented human milk (n 
= 7). 
Intervention ceased when the infant reached approximately 2200 g or 
was breastfed. 
All infants were supplemented with additional vitamins, calcium 
lactate (30 mg/kg/day) and sodium phosphate (20 mg/kg/day). From 4 
weeks, 2 mg/kg/day elemental iron was given to all infants. 

Outcomes The outcomes were not specified as primary or secondary but the 
following were assessed: short-term growth parameters (weight, 
crown-heel length, occipito-frontal head circumference), intake of 
protein, fat, carbohydrates, energy, and electrolytes (sodium, 
potassium, calcium). 

Notes Conflicts of interest: no details 
Source of Funding: supported in part by the Swedish Medical 
Research Council, 
Grant No. B85- I'IX-06259, and Stiftelsen Saniarite 

This study had four arms: unsupplemented versus supplemented with 
protein versus supplemented with fat versus supplemented with fat 
and protein. The analyses of the protein and combined fat and protein 
arms are discussed in other reviews on multi-component and protein 
supplementation, respectively (Brown 2016; Kuschel 2000a). 
Of the 34 infants enrolled in the study, 6 were withdrawn following 
randomisation for apnoea (n = 2), intolerance to accepting the fixed 
volume (n = 3) and need for intravenous therapy (n = 1). 

         Risk of Bias Authors' 
judgement 

Support for judgement 

Random sequence generation (selection 
bias) 

Unclear risk No details 

Allocation concealment (selection bias) Unclear risk The study used closed envelopes without 
specifying if they were opaque or not. 

Blinding of participants and personnel 
(performance bias) 

Unclear risk The study was stated to be double-blinded, but 
who was blinded was not specified 

Blinding of outcome assessment (detection 
bias) 

Unclear risk It was not specified whether outcome 
assessors were blinded. 

Incomplete outcome data (attrition bias) Unclear risk The missing data (i.e. from 6 infants) was less 
than 20%. They were excluded for the 
following reasons: 2 had apnoea, 3 
developed feeding intolerance, and 1 
needed intravenous therapy. However, the 
authors did not report whether there were 
any differences between infants excluded 
and included in the study. 

Selective reporting (reporting bias) Unclear risk No details were given as to which were primary 
and secondary outcomes, and no protocol 
was viewed to clarify whether the outcomes 
reported were the only ones collected. 

Other bias Unclear risk The authors stated, 'there was a difference in 
sex distribution between the groups and 
later analyses confirmed that this difference 
had no implications on the results'. 
However, no further details were provided 
as to how this conclusion was reached. 
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Participants 

The trial examined preterm infants < 32 gestational weeks and of birth weight < 1500 grams. 

The infants had no medical problems or major congenital malformations. 

Interventions 

Standardised rather than targeted fortification was used, and infants were randomised to receive 

either fat (1-gram human milk fat per 100 mL of human milk) or no supplementation. Two other arms 

of the study evaluated supplementation with protein alone and protein combined with fat and were 

excluded from this review. The intervention commenced once the infants were tolerating enteral feeds 

at 170 mL/kg/day and was stopped when the infants were breastfed or weighed 2200 grams. Both 

maternal and donor breast milk were used and supplemental vitamins and minerals (calcium and 

phosphate) were given to infants in the intervention group. 

Comparators 

The control group received human milk supplemented with vitamins and minerals (calcium 

and phosphate). 

Outcomes 

The trial reported data for our predefined short-term growth outcomes, but no data was reported 

on long-term growth, body mass index (BMI), body composition, neurodevelopmental, and cardio-

metabolic outcomes. Of all our secondary outcomes, data were available only for feeding intolerance. 

Additional data were provided for weight at study end. 

Excluded studies 

We excluded five full-text articles (three trials) from this 2018 update. Two trials used 

interventions that did not meet our predefined criteria (Fewtrell, 2011; Makrides, 1997), while the 

other provided data that were not usable (Rönnholm, 1984). Infants in this latter trial were randomised 

by alternate allocation to no supplementation, supplementation with protein, supplementation with fat 

(MCT), or supplementation with both protein and fat. The authors stated that there was no apparent 

effect from the addition of fat alone and, therefore, combined the groups according to protein 

supplementation. It was impossible to extract data for the group of infants receiving only fat (Table 

3.2).  
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Table 3.2 Characteristics of excluded studies 

Study excluded Reason for exclusion 

Fewtrell 2011   Irrelevant intervention 

Lauterbach 2015 A commentary of a trial with irrelevant intervention 

Makrides 1997 Fat supplementation of maternal diet of lactating mothers 

Rönnholm 1984   Unable to extract data for infants supplemented with fat alone 

3.4.2 Risk of bias in included studies 

Overall, we scored all items as unclear risk of bias as there was insufficient methodological 

detail to make a judgement (Figure 3.2; Figure 3.3). 

 

Figure 3.2 Risk of bias graph for fat supplements: review authors’ judgements about each risk of bias 

item presented as percentages across all included studies. 
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Figure 3.3 Risk of bias summary for fat supplements: review authors’ judgements about each risk of 

bias item for each included study. 

 

Allocation 

We judged random sequence generation and allocation concealment as unclear risk due to 

insufficient methodological details.  

Blinding 

We judged performance and detection bias as unclear risk because of lack of information on 

how blinding was achieved. 

Incomplete outcome data 

We judged attrition bias as unclear risk because the authors did not report if any differences 

existed between infants excluded and included in the study. The feeding groups of the excluded infants 

were also not clarified. 

Selective reporting 

We judged reporting bias as unclear risk because no details were given as to which were 

primary and secondary outcomes. We did not view the protocol to ascertain whether the outcomes 

reported were the only ones collected. 
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Other potential sources of bias 

We judged other potential sources of bias as unclear risk because no details were provided on 

how the authors resolved differences in sex distribution between the supplemented and 

unsupplemented groups.  

3.4.3 Effects of the intervention 

Summary of findings for the main comparison: fat supplementation versus no supplementation 

are presented in Table 3.3 

Growth – weight gain 

One randomised controlled trial including 14 infants contributed data (Polberger, 1989). Fat 

supplementation of human milk was not associated with an increase in weight gain compared with 

unsupplemented human milk (MD 0.6 g/kg/day, 95% CI −2.4 to 3.6; 1 RCT, n = 14 infants, very low-

quality evidence, Fig. 3.4). We downgraded the evidence for risk of bias as there was insufficient 

methodological information provided to be able to make a judgement. We also downgraded the 

evidence two levels for imprecision due to the very small sample size and wide CIs spanning across 

benefits and harms. 

Weight at the end of the study  

Polberger (1989) reported the weight at the end of the study which was defined as a weight of 

2200 grams or when breastfeeding was initiated. There was evidence of a clear difference in weight 

between the fat-supplemented and the unsupplemented groups (MD 40.0 g, 95% CI −258.6 to 338.6; 

1 RCT, n = 14, Fig. 3.4) 
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Table 3.3 GRADE Summary of findings table - Fat 

Fat supplementation compared to no supplementation for promoting growth in preterm infants 

Patient or population: preterm infants 
Setting: two neonatal units in Sweden 
Intervention: fat supplementation of human milk 
Comparison: unsupplemented human milk 

Outcomes Anticipated absolute effects* (95% CI) Relative 
effect 
(95% 
CI) 

№ of 
participants 
(studies) 

Quality of the 
evidence 
(GRADE) 

Comments 

Risk with control Risk with Fat 
supplementation 

Growth - weight - weight 
gain (g/kg/day) 

The mean weight gain in the 
unsupplemented human milk 
group was 15.3 g/kg/day. 

MD 0.6 g/kg/day higher 
(2.4 lower to 3.6 
higher) 

- 14 
(1 RCT) 

⊕⊝⊝⊝ 
Very low 1 2 

 

Growth - length - length gain 
(cm/week) 

The mean length gain in the 
unsupplemented human milk 
group was 0.8 cm/week. 

MD 0.1 cm/week 
higher 
(0.08 lower to 0.3 
higher) 

- 14 
(1 RCT) 

⊕⊝⊝⊝ 
Very low 1 2 

 

Growth - head circumference 
- head growth (cm/week) 

The mean head growth in the 
unsupplemented human milk 
group was 0.9 cm/week. 

MD 0.2 cm/week 
higher 
(0.07 lower to 0.4 
higher) 

- 14 
(1 RCT) 

⊕⊝⊝⊝ 
Very low 1 2 

 

Neurodevelopmental 
outcomes 

- - - - - None of the included studies 
reported on neurodevelopmental 
outcomes. 

Duration of hospital 
admission (days) 

- - - - - None of the included studies 
reported on duration of hospital 
admission. 

Feeding intolerance 0 per 1000 0 per 1000 
(0 to 0) 

RR 3.00 
(0.1 to 
64.3) 

16 
(1 RCT) 

⊕⊝⊝⊝ 
Very low 1 3 

. 

Necrotising enterocolitis - - - - - None of the included studies 
reported on necrotising 
enterocolitis. 

*The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI). 
 
CI: confidence interval; RR: risk ratio; OR: odds ratio; 

GRADE Working Group grades of evidence 
High certainty: we are very confident that the true effect lies close to that of the estimate of the effect 
Moderate certainty: we are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different 
Low certainty: our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect 
Very low certainty: we have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect 

1Downgraded one level for risk of bias: most of the trials lacked methodological details                                                                                                                                                                       
2Downgraded one level for imprecision: few participants, wide CIs, which include meaningful benefit and harm                                                                                                                              
3Downgraded two levels for serious imprecision: few participants, few events, wide CIs, which include meaningful benefit and harm 
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Figure 3.4 Analysis Comparison II: Fat supplementation versus control, Outcome 1 Growth - weight. 

 

Growth - length 

Length gain 

Polberger (1989) contributed data. There was no evidence of a clear difference in length between the fat-supplemented and the unsupplemented 

groups (MD 0.1 cm/week, 95% CI −0.08 to 0.3; 1 RCT, n = 14, very low-quality evidence, Fig. 3.5). We downgraded the evidence for risk of bias as there 

was insufficient methodological information provided to be able to make a judgement. We also downgraded the evidence two levels for imprecision due 

to the very small sample size and wide CIs spanning across benefits and harms. 
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Figure 3.5 Analysis Comparison II: Fat supplementation versus control, Outcome 2 Growth - length. 

Growth - head circumference 

Head circumference gain 

Polberger (1989) contributed data. There was evidence of a clear difference in head growth 

between the fat-supplemented and the unsupplemented groups (MD 0.2 cm/week, 95% CI −0.07 to 

0.4; 1 RCT, n = 14, very low-quality evidence, Fig. 3.6). We downgraded the evidence for risk of bias 

as there was insufficient methodological information provided to be able to make a judgement. We 

also downgraded the evidence two levels for imprecision due to the very small sample size and wide 

CIs spanning across benefits and harms. 

 

Figure 3.6 Analysis Comparison II: Fat supplementation versus control, Outcome 3 Growth - head 

circumference. 

 

Feeding intolerance 

Polberger (1989) contributed data. There was no clear evidence that fat supplementation 

increased the risk of feeding intolerance (RR 3.0, 95% CI 0.1 to 64.3; 1 RCT, n = 16 infants, very low-

quality evidence, Fig. 3.7). We downgraded the evidence for risk of bias as there was insufficient 

methodological information to make a judgement. We also downgraded two levels for imprecision due 

to the very small sample size, few events, and wide CIs. The study did not evaluate any of our other 

pre-specified primary or secondary outcomes including long-term growth, BMI, body composition, 
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neurodevelopmental and cardio-metabolic outcomes. We were unable to conduct our pre-specified 

subgroup analysis due to insufficient data. 

 

Figure 3.7 Analysis Comparison II: Fat supplementation versus control, Outcome 4 Feeding 

intolerance. 

3.5 Discussion 

Summary of main results 

One randomised controlled trial involving 14 preterm infants showed no evidence of an effect 

of fat supplementation of human milk on in-hospital rates of growth in weight, length, and head 

circumference. There was no clear evidence of a difference in the risk of feeding intolerance between 

the fat-supplemented and unsupplemented groups. No data were available for the assessment of the 

effects of fat supplementation on long-term growth outcomes, BMI, body composition, 

neurodevelopmental, and cardio-metabolic outcomes. There were limited data to assess adverse 

effects. 

Overall completeness and applicability of evidence 

The only trial included in this review had a very small sample size with methodological flaws 

that put it at unclear risk of bias in all the ‘Risk of bias’ domains (Figure 3.2; Figure 3.3). The available 

data were limited and incomplete as some of our outcomes of interest including long-term growth, 

BMI, body composition, neurodevelopmental and cardio-metabolic outcomes were not evaluated. 

Therefore, no conclusions can be drawn on the effects of fat supplementation of human milk fed to 

preterm infants. Additionally, for the same reasons, no conclusions can be drawn on the applicability 

of the evidence. 

Quality of the evidence 

The overall quality of evidence for all our reported outcomes was judged to be of very low-

quality due to a combination of several factors. Firstly, the authors failed to report essential 

methodological details, including method of randomisation, blinding of study personnel, and outcome 

assessors. Without such information, it is difficult to adequately judge the risk of bias and quality of 
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evidence. Secondly, the small sample size, few events, and wide CIs, which included possible 

meaningful benefits and harms, diminished our confidence in the effect estimates (Table 3.3). 

Potential biases in the review process 

We were unable to create funnel plots to assess the potential risk of publication or reporting 

bias as we had only one trial included in this review. We made every effort to minimise bias by 

conducting a systematic search of the literature. However, the possibility of missing relevant evidence 

cannot be excluded. The authors’ independent screening of articles and extraction of data in this review 

also minimised the potential for bias.  

Agreements and disagreements with other studies or reviews 

To our knowledge, there are no other previous systematic reviews conducted on this topic 

except for our previous review which included the same single randomised controlled trial published 

in 2000 and involving 14 preterm infants (Kuschel, 2000a). We reported similar findings of lack of 

clear differences between the fat supplemented and unsupplemented groups with regards to short- term 

rates of weight gain, length gain, head growth, and feeding intolerance. 

3.6 Authors’ conclusions 

Implications for practice 

The lack of high-quality evidence on the effects of fat supplementation of human milk in 

preterm infants prevents us from making recommendations for practice. 

Implications for research 

Given the progression to widespread use of multi-nutrient supplementation of human milk in 

preterm infants, we consider that further randomised trials evaluating short- and long-term growth and 

health outcomes in preterm infants supplemented with fat will do so in the context of multi-component 

fortifiers. Future trials with large sample sizes should focus on optimal dosage, delivery options, and 

adverse effects such as feed intolerance, necrotising enterocolitis, and diarrhoea. 

3.7 Plain language summary 

Fat supplementation of human milk for promoting growth in preterm infants  

Review question 
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We reviewed the evidence to determine whether addition of extra fat (supplements) to human 

milk fed to infants born early (preterm) compared with no additional fat improves growth, body fat, 

obesity, heart problems, high blood sugar, and brain development, without significant side effects. 

Background 

Preterm babies at birth lack adequate fat stores because they are born before laying down 

nutrient stores in the rapid growth phase of the third trimester of pregnancy. Consequently, they require 

higher fat intakes compared to their full-term counterparts to achieve adequate growth and 

development. Fat provides approximately half of the calories in human milk and supports growth and 

brain development. Although human milk has many benefits for the preterm baby, it may contain 

variable and insufficient quantities of fat for adequate growth and development. Inadequate supply of 

fat in preterm infants fed human milk may adversely affect their growth and development. Therefore, 

additional fat may be added to human milk, usually by adding commercially prepared fat mixtures to 

a small amount (e.g., 20 mL) of expressed breast milk. 

Study characteristics 

We included one trial with very low-quality evidence and involving 14 preterm infants. The 

search is up to date as of February 2018. 

Key results 

Addition of extra fat to human milk for preterm infants showed no clear benefits about short-

term rates of weight gain, length gain, and head growth. There was no evidence that the extra fat 

increased the risk of feeding intolerance. No data were available regarding the effects of the addition 

of extra fat on long-term growth, body fat, obesity, high blood sugar, or brain development. There 

were also limited data to assess side effects. 

Conclusions 

There was insufficient high-quality evidence on the benefits and harms of the addition of extra 

fat to human milk in preterm infants, and no long-term outcomes have been reported. Since addition 

of extra fat to human milk is currently done as part of multi-nutrient fortification, future trials should 

evaluate the effect of the fat component on short- and long-term growth, body fat, obesity, high blood 

sugar, or brain development. The right amount and composition of extra fat needed, side effects, and 

delivery practices should also be evaluated. 

Differences between the protocol and the review 
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The original protocol was published in 1997 and was the basis of the last version of this review 

written in 2000. This update aligned the review outcomes with those of the Cochrane Review, Multi-

nutrient fortification of human milk for preterm infants (Brown, 2016). We added body mass index 

and measures of body composition as part of the growth parameters of the primary outcome. We also 

included new secondary outcome measures: long-term measures of cardio-metabolic health (such as 

insulin resistance, obesity, diabetes, and hypertension). We also added the ‘Summary of Findings’ 

tables and GRADE recommendations, which were not included in the original protocol. 
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4.1 Background 

4.1.1 Description of the condition 

Infants born preterm have low glycogen reserves because they are born before the phase of 

rapid glycogen accumulation in the third trimester of pregnancy (Velaphi, 2011). To compensate for 

prenatal and postnatal deficits, and to match fetal accretion rates, preterm infants require higher glucose 

intakes and have higher glucose synthetic rates than full-term infants (Fenton, 2013b). For example, 

the rate of glucose synthesis among preterm infants at 28 weeks’ gestation is 6-8 mg/min/kg compared 

to 3-5 mg/min/kg in full-term infants (Hay, 2008). 

Lactose, the most abundant carbohydrate in human milk, is the least variable among milk 

macronutrients (Ballard, 2013). However, its concentration decreases in human milk with decreasing 

gestational age (Mahajan, 2017). Lactose facilitates the absorption of two essential minerals ‒ calcium 

and magnesium (Gregory, 2005; Martin, 2016), and it provides about 40% of the caloric intake of 

preterm infants (Elzouki, 2012). Lactose is a disaccharide that is metabolised in the small intestine by 

brush border lactase to glucose and galactose (Cowett, 2012). Of these two metabolites, glucose is the 

main endogenous substrate for energy production in the brain, and galactose is essential to produce 

galactolipids, which are required for the infant’s brain development (Elzouki, 2012). 

HMOs, the second most abundant carbohydrate in human milk, function as immunological 

agents (prebiotics) to promote the growth of selective commensal gut bacteria (Ballard, 2013). They 

exhibit anti-infective properties by serving as soluble decoys that alter bacterial adhesion to intestinal 

walls (Jantscher-Krenn, 2012), thereby reducing the risk of sepsis. Specific HMOs act to enhance 

gastrointestinal immunity and decrease the risk of necrotising enterocolitis (NEC) (Bode, 2012). 

Insufficient consumption of these carbohydrates by the preterm infant may, therefore, have adverse 

effects on growth, intestinal colonisation, immune maturation, and neurological functioning (Morrow, 

2011). 

Human milk, the ideal enteral nutrition for preterm infants, optimises neurodevelopmental 

outcomes (Belfort, 2016). It decreases the incidence of non-specific gastrointestinal tract infections by 

64% (Duijts, 2010), and it reduces the incidence of NEC by 77% compared with cow’s milk-based 

infant formula (Sullivan, 2010). Human milk feeding is associated with fewer re-hospitalisations in 

the first year of life (Vohr, 2006), and unlike infant formula, human milk contains a wide range of 

HMOs (Bode, 2012). 
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However, despite its numerous benefits, unsupplemented human milk may not meet the 

nutritional needs of preterm infants. First, its HMO content is variable. It shows intraindividual and 

interindividual variations (Blank, 2012), and it varies according to maternal genetics (i.e., secretor and 

Lewis blood group status) and by stage of lactation. HMO concentration is highest in colostrum and 

decreases with lactational changes from transitional to mature milk (Bode, 2012; Gabrielli, 2011). 

Second, the developmental deficiency of the lactase enzyme in preterm infants may interfere 

with complete digestion of lactose from breast milk (Ayede, 2011). For instance, infants born at 

between 28 and 34 gestational weeks have only 30% of the lactase activity of term infants (Fanaroff, 

2012). This deficiency could limit their ability to maximally derive energy from lactose in breast milk 

for optimal growth (Blackburn, 2017). Although this inefficiency of dietary energy utilisation is 

salvageable in the colon through fermentation of undigested lactose, some of the energy is lost as heat 

(Erasmus, 2002). 

Therefore, for preterm infants who need larger amounts of energy and carbohydrate, 

carbohydrate supplements are sometimes added to human milk. 

4.1.2 Description of the intervention 

Carbohydrate supplements occur as monosaccharides, disaccharides, oligosaccharides, or 

polysaccharides. They may be derived from cow’s milk, human milk, or soy milk, or may be 

synthetically made. They are commercially available as modular supplements or as components of 

multi-nutrient supplements in liquid or powder form. Carbohydrate supplements may also be found in 

mixed forms designed to achieve an intended effect (e.g., a disaccharide/polysaccharide mix of glucose 

polymers and lactose to enhance carbohydrate absorption due to concerns about limited lactase activity 

in preterm infants) (Duggan, 2008). Glucose polymers provide high caloric densities without 

increasing osmotic load (Hay, 2017); unlike lactose, they are better absorbed as they do not require 

lactase for digestion but are dependent on glucoamylase, which is available in sufficient quantities 

(Cowett, 2012). However, in preterm infants, it is recommended that lactose should account for 40% 

to 100% of the carbohydrate intake (Klein, 2002) as it is needed to aid mineral absorption and to foster 

prebiotic and lactase activities (Blackburn, 2017). 

Carbohydrate supplements are fed enterally to preterm infants once they begin to tolerate breast 

milk feeds. Like other macronutrients, they are commonly administered as a fixed-dose per unit 

volume of breast milk, also known as ‘standardised fortification’ (Mangili, 2017). 
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4.1.3 How the intervention might work 

Carbohydrate digestion in the preterm infant is dependent on the composition of the 

carbohydrate ingested, the functional maturity of intestinal hydrolytic enzymes, and the 

gastrointestinal system (Elzouki, 2012). Unlike other hydrolytic enzymes, such as glucoamylase, 

which are embedded deeper in villus enterocytes, lactase is located at the tips of intestinal villi, making 

it vulnerable to intestinal mucosal injury (Duggan, 2008). Thus, carbohydrate supplementation is 

expected to increase concentrations of carbohydrate in human milk and may increase mucosal uptake 

in cases of intestinal injury (Blackburn, 2017). Higher concentrations of carbohydrate fed to preterm 

infants increases caloric density and thus could contribute to faster growth (Brown, 2014b). 

4.1.4 Why it is important to do this review 

Carbohydrate supplementation of human milk could enhance the optimal growth and health of 

preterm infants. However, it confers potential risks. For example, excessive intake may result in 

hyperglycaemia and transient symptoms of malabsorption including diarrhoea, flatulence, abdominal 

distension, and pain (Heine, 2017). Thus, a systematic review of available evidence on the efficacy 

and safety of carbohydrate supplements in preterm infants is needed to clarify the uncertainties 

surrounding this intervention. This is an update of a previously published Cochrane Review (Kuschel, 

1999). 

4.2 Objectives 

To determine whether human milk supplemented with carbohydrate compared with 

unsupplemented human milk fed to preterm infants improves growth, body composition, and cardio-

metabolic and neurodevelopmental outcomes without causing significant adverse effects. 

4.3 Methods 

4.3.1 Criteria for considering studies for this review 

Types of studies 

We considered published and unpublished controlled trials utilising random or quasi-random 

patient allocation for inclusion in this review. We excluded cross-over trials. 



 

116 

Types of participants 

Preterm infants (< 37 weeks’ gestation) receiving enteral feeding of human milk within a 

hospital setting. 

Types of interventions 

Human milk with or without additional carbohydrate supplementation. 

Types of outcome measures 

Primary and secondary outcomes for this review were aligned with the outcomes of the 

Cochrane Review titled “Multi-nutrient fortification of human milk for preterm infants” (Brown, 

2016). 

Primary outcomes 

Growth: weight, length, head circumference, skinfold thickness, body mass index, and 

measures of body composition (lean/fat mass), and growth restriction (proportion of infants who 

remain <10th percentile for the index population distribution for weight, length, or head 

circumference) 

Researchers assessed growth parameters from birth to hospital discharge, at or after two years’ 

corrected age, during adolescence, and during adulthood 

Neurodevelopmental outcomes: neurodevelopmental outcomes after 12 months post-term 

included neurological evaluations, developmental scores, and classifications of disability including 

auditory and visual disability. We defined neurodevelopmental impairment as the presence of one or 

more of the following: non-ambulant cerebral palsy, developmental quotient greater than two standard 

deviations below the population mean, blindness (visual acuity <6/60), or deafness (any hearing 

impairment requiring or unimproved by amplification) 

Secondary outcomes 

• Duration of hospital admission 

• Feeding intolerance that results in cessation of or reduction in enteral feeding 

• Necrotising enterocolitis (NEC) 

• Hyperglycaemia 

• Diarrhoea 
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• Gastrointestinal disturbance 

• Long-term measures of cardio-metabolic health such as insulin resistance, obesity, 

diabetes, and hypertension 

4.3.2 Search methods for identification of studies 

We used the criteria and standard methods of Cochrane and Cochrane Neonatal (see the 

Cochrane Neonatal search strategy for specialised register). 

Electronic searches 

We conducted a comprehensive search that included the Cochrane Central Register of 

Controlled Trials (CENTRAL; 2017, Issue in the Cochrane Library; MEDLINE via PubMed (1966 to 

21 February 2018); Embase (1980 to 21 February 2018); and the Cumulative Index to Nursing and 

Allied Health Literature (CINAHL; 1982 to 21 February 2018), using search terms related to 

carbohydrate supplementation of human milk, plus database-specific limiters for RCTs and neonates 

(see Appendix IV for the full search strategies for each database). We did not apply language 

restrictions. We searched clinical trials registries for ongoing and recently completed trials 

(clinicaltrials.gov; the World Health Organization International Trials Registry and Platform, and the 

International Standard Randomized Controlled Trials Number (ISRCTN) Registry). 

Searching other resources 

We searched the reference lists of articles included in this review to identify additional relevant 

articles. We did not search any additional conference proceedings. 

Data collection and analysis 

We used the guidelines and standardised methods of Cochrane and its Neonatal Review Group 

to assess the methodological quality of the included trial. Two review authors (EA and JH) 

independently extracted data, compared data, and resolved differences. We used the standard method 

of Cochrane Neonatal to synthesise data and expressed results as relative risk and weighted mean 

difference. 

Selection of studies 

Review authors carried out the study selection process independently as follows: two review 

authors (EA and JB) independently screened the titles and abstracts of records identified by the 

searches. We resolved conflicts through discussion or by consultation with a third review author (JH). 

We retrieved the full text of all potentially relevant articles and linked together reports of the same 
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study. Two review authors (EA and JB) independently assessed full-text articles for inclusion or 

exclusion using the review eligibility criteria and resolved conflicts by discussion. We used Covidence 

during the study selection and data collection process. 

4.3.3 Data extraction and management 

We developed a data extraction form before gathering data to enable two review authors (EA 

and JH) to independently extract information from study reports. We extracted data such as source 

details, study eligibility, study design, participant characteristics, intervention and control details, and 

outcomes. We resolved conflicts in the data extraction and management process by discussion. We 

then exported the data into Cochrane’s statistical software, Review Manager 3 (RevMan, 2014). 

4.3.4 Assessment of risk of bias in included studies 

Two review authors (EA and JH) independently assessed the risk of bias (low, high, or unclear) 

of all included trials using the Cochrane ‘Risk of bias’ tool for the following domains (Higgins 2017). 

• Sequence generation (selection bias). 

• Allocation concealment (selection bias). 

• Blinding of participants and personnel (performance bias). 

• Blinding of outcome assessment (detection bias). 

• Incomplete outcome data (attrition bias). 

• Selective reporting (reporting bias). 

• Any other bias. 

We resolved disagreements by discussion. We contacted the primary author of the included 

trial for confirmation that the two publications describe the same trial, and for clarification of study 

methods, specifically, methods related to randomisation and blinding during the trial. 

4.3.5 Measures of treatment effect 

We used the numbers of events in control and intervention groups of each study to calculate 

RRs with 95% CIs for dichotomous data. We planned to calculate mean differences (MDs) between 

treatment groups when outcomes were measured in the same way for continuous data. However, this 

was not possible because data for our pre-defined outcomes were scarce. Trial investigators measured 
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duration of hospital stay using median and range values. We opted to report their findings narratively 

rather than converting values to mean and standard deviation because of the skewness of the data. We 

did not need to use SMD in this update as there was only one included trial. We reported 95% CIs for 

all outcomes. We did not calculate the number needed to treat for an additional beneficial outcome nor 

the number needed to treat for an additional harmful outcome because data were insufficient. 

Unit of analysis issues 

We did not identify any unit of analysis issues. 

4.3.6 Dealing with missing data 

We noted levels of attrition. We carried out analyses on an intention-to-treat basis, when 

possible, for all outcomes. We analysed all participants, when possible, in the treatment group to which 

they were randomised, regardless of the treatment received. We did not contact the primary author 

regarding missing data. We were unable to conduct sensitivity analyses and were unable to address the 

potential impact of missing data on findings of the review because data were insufficient. 

4.3.7 Assessment of heterogeneity 

We planned to assess whether the clinical and methodological characteristics of included 

studies were sufficiently similar for meta-analysis to provide a clinically meaningful summary. We 

planned to do this by assessing statistical heterogeneity using the Chi² test and the I² statistic. An I² 

measurement greater than 50% and a low P-value (< 0.10) in the Chi² test for heterogeneity were taken 

to indicate moderate to high heterogeneity. When we detected moderate to high heterogeneity, we 

planned to explore possible explanations through sensitivity and/or subgroup analyses. We planned to 

take statistical heterogeneity into account when interpreting trial results, especially if we noted any 

variation in the direction of effect. We were unable to perform any of these assessments as we included 

only one trial. 

4.3.8 Assessment of reporting biases 

Some types of reporting bias (e.g., publication bias, multiple publication bias, language bias) 

reduce the likelihood that all studies eligible for a review will be retrieved. If all eligible studies are 

not retrieved, the review may be biased. We aimed to conduct a comprehensive search for eligible 

studies and were alert for duplication of data. We were unable to assess publication bias, as we found 

insufficient studies for any of the outcomes (10 or more trials required). 



 

120 

4.3.9 Data synthesis 

We planned to use the GRADE approach, as outlined in the GRADE Handbook (Schünemann, 

2013), to assess the quality of evidence for the following clinically relevant outcomes: growth, 

neurodevelopment, duration of hospital admission, feeding intolerance that results in cessation or 

reduction in enteral feeding, and NEC. However, due to a lack of data, we could assess quality using 

GRADE only for feeding intolerance and NEC. 

Two review authors (EA and JB) independently assessed the quality of the evidence for each 

of the outcomes above. We considered evidence from RCTs as high quality but downgraded the 

evidence one level for serious (or two levels for very serious) limitations based upon the following: 

design (risk of bias), consistency across studies, directness of evidence, precision of estimates, and 

presence of publication bias. We used the GRADEpro GDT Guideline Development Tool to create a 

‘Summary of findings’ table to report the quality of the evidence. 

The GRADE approach yields an assessment of the quality of a body of evidence by one of four 

grades. 

• High: we are very confident that the true effect lies close to that of the estimate of the 

effect. 

• Moderate: we are moderately confident in the effect estimate: the true effect is likely to 

be close to the estimate of the effect, but there is a possibility that it is substantially different. 

• Low: our confidence in the effect estimate is limited: the true effect may be substantially 

different from the estimate of the effect. 

• Very low: we have very little confidence in the effect estimate: the true effect is likely 

to be substantially different from the estimate of effect. 

Subgroup analysis and investigation of heterogeneity 

We planned to perform subgroup and sensitivity analyses if we noted moderate to high 

heterogeneity. We planned to consider whether an overall summary was meaningful, and if it was, we 

planned to use a random-effects model to analyse it. We planned to carry out the following subgroup 

analyses to evaluate differences in outcomes: gestational age subgroups (< 30 versus 30 to < 34 versus 

34 to < 37 completed weeks), birth weight subgroups (< 1 kg versus ≥ 1 kg), male versus female sex, 

and types of carbohydrate supplements (lactose versus other forms). However, data were insufficient 

for us to conduct any subgroup analyses. 
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Sensitivity analysis 

We planned to conduct sensitivity analysis by examining only trials considered to have low 

risk of bias for allocation concealment and randomisation. We were unable to do this, as we included 

only one trial in this review. 

4.4 Results 

4.4.1 Description of studies 

Please refer to tables 4.1 and 4.2 for study details. 

Results of the search 

Using search methods, we identified 548 records after duplicates had been removed. After trial 

and abstract screening, we excluded 545 records and retrieved three full-text articles for further 

analysis (Figure 4.1). We identified one trial (two publications) as eligible for inclusion in this review 

(Armanian, 2014). 
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Figure 4.1 Study flow diagram for carbohydrate supplements: review update. 

 

Included studies 

One trial published in English met our inclusion criteria (Armanian, 2014). This two-armed, 

single-centre study was carried out at a tertiary neonatal intensive care unit in Iran and included a total 

of 75 preterm infants. One publication stated that the trial was quasi-randomised and unblinded 

(Armanian, 2014), but another publication by the same study authors stated that the study was 

randomised and blinded (Armanian, 2016). It was conducted between December 2012 and November 
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2013 and reported on the effects of prebiotic supplementation of human milk on preterm infants (Table 

4.1). 

Participants 

Preterm infants involved in this trial were at ≤ 34 gestational weeks with birth weight ≤ 1500 

grams. They had no asphyxia, major congenital anomalies, congenital cyanotic heart disease, 

gastrointestinal system anomalies, proven sepsis, or infection before the start of the study and were not 

transferred to other departments. Preterm infants in both intervention and control groups entered the 

study when their milk intake reached 30 mL/kg/d (Table 4.1). 

Interventions 

Researchers used a non-human short-chain galacto-oligosaccharides/long-chain fructo-

oligosaccharides supplement in a 9:1 mixture. Trialists initially gave incremental doses of the 

supplement until the infant’s milk intake reached 150 mL/kg/d. However, it was not clear if these 

initial doses were given separately from breast milk. They then mixed a single dose of 1.5 g/kg/d of 

supplement with breast milk and fed this to preterm infants in the intervention group for a day or two. 

We sought clarification from study authors on dosing and mode of administration of the intervention 

but have not received a response. Investigators fed only human milk to preterm infants in both 

intervention and control groups throughout the study. However, it is not clear if the milk was maternal 

or donor human milk or both (Table 4.1). 



 

124 

Table 4.1 Characteristics of included studies: Armanian 2014 

Methods Quasi-randomized controlled trial, single centre 

Participants Inclusion criteria: infants with birth weight ≤ 1500 grams, gestational age ≤ 34 weeks, who had no formula feeds. Infants were included 
when their milk feeding volume reached 30 mL/kg/d. 
Exclusion criteria: infants with asphyxia, major congenital anomalies, congenital cyanotic heart disease, gastrointestinal system 
anomalies, proven sepsis, or infection immediately before the start of the study, transferred to other departments, refused to participate 
Setting: NICUs of the Isfahan University of Medical Sciences (Alzahra and Shahid Beheshti Hospital) 
Timing: December 2012 to November 2013 

Interventions Breast milk supplemented with 9:1 mixture of short-chain galacto-oligosaccharide/long-chain fructo-oligosaccharide (n = 25) vs 
unsupplemented breast milk (n = 50) 
 
Not clear when the intervention ceased 

Outcomes Primary outcomes: incidence of suspected NEC 

Secondary outcomes: milk volumes, feeding intolerance (presence of milk in the stomach 2 hours after a meal, i.e. gastric residue), 
abdominal distension, postnatal age when full enteral feeding was attained, death, length of hospital stay, weight at day 30, associated 
patent ductus arteriosus, and intraventricular haemorrhage 

Notes Conflicts of interest: none declared, but Nutricia MMP, Mashad, Iran is acknowledged. 
Source of support: This paper is derived from a residency thesis (No. 392237) at Isfahan University of Medical Sciences. No details of 
source of funding are provided. 

Study authors published 2 reports of the same trial but reported different methods regarding blinding and randomisation and included 
different numbers of infants. The first publication reported quasi-randomisation and lack of blinding of caregivers, and the second 
publication reported computer-generated randomisation and blinding of the investigator and nurse. Study authors confirmed via email that 
publications described the same trial, but they have not yet clarified the different methods reported. We chose to include details from the 
first publication, as it involved a larger sample size and assessed outcomes relevant to this review. 

Risk of Bias Authors' judgement Support for judgement 

Random sequence generation (selection 
bias) 

High risk Infants were randomised based on files ending in odd or even numbers. It is not clear how the 2:1 
allocation was achieved. 

Allocation concealment (selection bias) High risk Randomisation was done by an independent employee, but allocation was not blinded and could be 
predicted. 

Blinding of participants and personnel 
(performance bias) 

High risk Study authors stated, "care providers were not blinded to an infant's protocol". 

Blinding of outcome assessment (detection 
bias) 

Unclear risk Suspected NEC diagnosis was clinical and therefore was potentially subject to bias. However, it is unclear 
whether outcome assessors were among the care providers who were not blinded. 

Incomplete outcome data (attrition bias) Unclear risk Losses to follow-up were disclosed as follows: of 131 eligible infants, 24 were excluded for having major 
congenital anomalies, gastrointestinal system anomalies, asphyxia, or sepsis, and parents of 19 infants 
refused to participate or were transferred to other wards. Of 88 infants randomised, 13 (9 in the prebiotic 
group and 4 in the control group) were transferred to other departments. The 13 excluded after 
randomisation appear to be attributable to reasonable attrition. However, the reasons for transfer, which 
could be related to outcomes assessed, were not stated. It also was not clear whether study authors 
compared baseline characteristics between participants included and excluded from the study. One loss 
to follow-up and 1 death occurred in each group, but these appear to be included in the analysis, 
although the 13 transferred to other departments were excluded, making it difficult to determine whether 
an intention-to-treat approach was used. 

Selective reporting (reporting bias) Low risk  The study protocol was not available, but researchers reported results for all outcomes listed in the 
methods. 

Other bias High risk Study authors published 2 reports of the same trial that described different methods and different numbers 
of included infants. We were unable to reproduce their analyses from the published data. 
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Comparators 

The control group received unsupplemented human milk. 

Outcomes 

The trial evaluated weight at day 30 but did not report our pre-defined outcome of weight gain 

in g/kg/d. Study authors also reported duration of hospital stay, feeding intolerance, NEC, sepsis, 

intraventricular haemorrhage, patent ductus arteriosus, time to full enteral feeds, and death. They 

provided no data on short- and long-term growth, body mass index, body composition, or 

neurodevelopmental and cardio-metabolic outcomes. 

Excluded studies 

We excluded one trial, for which the intervention was not relevant to our review, as it involved 

comparing a symbiotic versus no intervention (Nandhini, 2016). We were unable to identify any 

ongoing trials involving carbohydrate supplementation of human milk in preterm infants (Table 4.2). 

Table 4.2 Characteristics of excluded studies 

Study excluded Reason for exclusion 

Nandhini 2016 Wrong intervention - symbiotic vs no intervention 

 

4.4.2 Risk of bias in included studies 

Please see the risk of bias graph and summary (Figure 4.2; Figure 4.3) for details. 

 

Figure 4.2 Risk of bias graph for carbohydrate supplements: review authors’ judgements about each 

risk of bias item presented as percentages across all included studies. 
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Figure 4.3 Risk of bias summary for carbohydrate: review authors’ judgements about each risk of bias 

item for each included study. 

Allocation 

Random sequence generation was performed using odd or even file numbers; therefore, we 

judged this as high risk. In addition, although unequal allocation of two controls to one case, as was 

done in this trial, may be scientifically desirable (Hey, 2014), study authors did not report how this 

was done by using odd and even file numbers. We also judged allocation concealment as high risk 

because caregivers were not blinded, and the allocation sequence was therefore easy to predict. 

Blinding 

This trial was not blinded, as study authors stated, “care providers were not blinded to an 

infant’s protocol”. We judged blinding of participants and personnel as high risk as knowledge of the 

allocated intervention was not concealed from clinicians nor participants. We judged blinding of 

outcome assessors as unclear risk owing to insufficient methodological detail. 
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Incomplete outcome data 

Study authors clearly reported reasons for withdrawals and drop-outs and provided the missing 

numbers for each group. One reason given for missing numbers in each group was transfer to other 

departments. However, numbers transferred differed between groups, and study authors did not report 

why infants were transferred as this potentially could be related to study outcomes. Study authors also 

reported no comparison of baseline characteristics between included and excluded participants. It is 

unclear whether researchers used an intention-to-treat approach, as they included four participants lost 

from both groups in the analysis and excluded the 13 randomised infants who were transferred. We 

judged attrition bias to be at unclear risk owing to insufficient methodological details. 

Selective reporting 

We viewed no protocol. However, we included in the results section all outcomes mentioned 

in the methods section. We judged this to be of low risk. 

Other potential sources of bias 

We judged this as high risk owing to the publication of two reports for the same trial that 

reported different methods and different numbers of included infants. We were unable to reproduce 

the reported analyses from published data.  

4.4.3 Effects of interventions 

Summary of the main comparison: carbohydrate supplementation versus no supplementation 

are presented in Table 4.3 
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Table 4.3 GRADE Summary of findings table - Carbohydrate 

Carbohydrate supplementation compared to control in preterm infants 

Patient or population: preterm infants 
Setting: tertiary neonatal units of Alzahra and Shahid Beheshti Hospital in Iran 
Intervention: carbohydrate (prebiotic) supplementation 
Comparison: no carbohydrate (prebiotic) supplementation 

Outcomes Anticipated absolute effects* (95% CI) Relative effect 
(95% CI) 

№ of participants 
(studies) 

Certainty of the 
evidence 
(GRADE) 

Comments 

Risk with control Risk with carbohydrate 
supplementation 

Growth/Weight at day 30 Mean weight 
1542.4 g 

Mean weight increased by 
160.4 g 
(12.4 to 308.4) 
. 

- 75 (1 RCT) ⊕⊝⊝⊝ 
Very lowa,b,c 

No other data were reported 
on growth except for weight 
at day 30. 

Neurodevelopmental 
outcomes 

- - - - - No data were reported for this 
outcome in the included 
trial. 

Duration of hospital stay - - - 75 
(1 RCT) 

⊕⊝⊝⊝ 
Very lowa,b,c 

The trial reported data on 
duration of hospital stay 
using median (range) for the 
prebiotic-supplemented and 
unsupplemented groups as 
16 (9 to 45) (95% CI 15.34 
to 24.09 days) and 25 (11 to 
80) (95% CI 25.52 to 34.39 
days), respectively. We 
have reported this outcome 
in the text of the review. 

Feeding Intolerance 560 per 1000 358 per 1000 
(202 to 644) 

RR 0.64 
(0.36 to 1.15) 

75 
(1 RCT) 

⊕⊝⊝⊝ 
Very lowa,b,c 

Study authors defined feeding 
intolerance as "gastric 
residue, i.e. the presence of 
milk in the stomach two 
hours after completion of 
feeding". However, another 
reported outcome was 
"requiring cutting off milk", 
which was like our pre-
specified definition of 
feeding intolerance, i.e. 
resulting in cessation or 
reduction in enteral feeding. 
Thus, we used "requiring to 
cut off milk" in the analysis 
of feeding intolerance. 

Necrotising enterocolitis 220 per 1000 40 per 1000 
(4 to 293) 

RR 0.18 
(0.02 to 1.3) 

75 
(1 RCT) 

⊕⊝⊝⊝ 
Very lowa,b,c 

Definition was suspected NEC, 
which was based on clinical 
assessment 

*The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI). 
 
CI: confidence interval; RCT: randomised controlled trial; RR: risk ratio. 

GRADE Working Group grades of evidence 
High certainty: we are very confident that the true effect lies close to that of the estimate of the effect. 
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different. 
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect. 
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect. 

aDowngraded one level for risk of bias: the trial lacked methodological details and caregivers were not masked.                                                                                                                                                                                                                                                                                                                                                          

bDowngraded one level for indirectness: we did not get any response from study authors for clarification on dosage, frequency, and duration of administration of the intervention.                                                                                                                                                                                                                  

cDowngraded two levels for serious imprecision: small sample size, few events, and wide CIs.
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Growth - Weight 

Weight at day 30 

One randomised controlled trial including 75 infants contributed data (Armanian, 2014). 

Prebiotic supplementation of human milk led to an increase in weight at day 30 compared with 

unsupplemented human milk (MD 160.4 grams, 95% CI 12.4 to 308.4 grams; one RCT, N = 75 infants; 

very low-quality evidence). We downgraded the evidence for risk of bias, as methodological 

information provided was insufficient for judgement of the risk of bias, participants and events were 

few, and CIs were wide (Fig. 4.4). 

 
 

Figure 4.4 Analysis comparison III: Carbohydrate supplementation versus no supplementation. 

Outcome 1: Growth - Weight. 

 

Feeding intolerance 

Armanian (2014) contributed data providing no clear evidence that prebiotic supplementation 

increased the risk of feeding intolerance (RR 0.64, 95% CI 0.36 to 1.15; one RCT, N = 75 infants; very 

low-quality evidence). We downgraded the evidence for risk of bias as methodological information 

was insufficient for judgement of risk of bias and participants and events were few (Fig. 4.5). 

 
 

Figure 4.5 Analysis comparison III: Carbohydrate supplementation versus no supplementation. 

Outcome 2: Feeding intolerance. 
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Necrotising enterocolitis 

One trial reported data on the incidence of necrotising enterocolitis (Armanian, 2014), which 

showed no evidence of a clear difference in risk between prebiotic-supplemented and unsupplemented 

groups (RR 0.2, 95% CI 0.02 to 1.3; one RCT, N = 75 infants; very low-quality evidence). We 

downgraded the quality of evidence for risk of bias as methodological information was insufficient for 

judgement of risk of bias, participants and events were few, and CIs were wide (Fig. 4.6). 

 
 

Figure 4.6 Analysis comparison III: Carbohydrate supplementation versus no supplementation. 

Outcome 3: Necrotising enterocolitis. 

 

Duration of hospital stay 

One trial reported on duration of hospital stay (Armanian, 2014), noting that the prebiotic-

supplemented group had a shorter hospital stay than the unsupplemented group. The median (range) 

length of hospital stay was 16 (9 to 45) days (95% CI 15.34 to 24.09) and 25 (11 to 80) days (95% CI 

25.52 to 34.39), respectively. We downgraded the evidence for risk of bias to very low quality as 

methodological information was insufficient for judgement of risk of bias, patients and events were 

few, and CIs were wide. Study authors also reported on sepsis, IVH, patent ductus arteriosus, time to 

full feeds, and death, which were not among our pre-defined outcomes. However, they provided no 

data for any of our other pre-specified primary or secondary outcomes, including long-term growth, 

body mass index, body composition, and neurodevelopmental and cardio-metabolic outcomes. We 

were unable to conduct our pre-specified subgroup analysis owing to insufficient data. 

4.5 Discussion 

Summary of main results 

We identified one trial for inclusion in this review (Armanian, 2014). In this trial, the prebiotic-

supplemented group showed an increase in mean weight at 30 days of age and shorter length of hospital 

stay compared to the control group. Study authors provided no evidence of a clear difference in the 
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risk of feeding intolerance and necrotising enterocolitis (NEC) between intervention and control 

groups. Except for weight at day 30, no data were available for assessment of effects of carbohydrate 

supplementation on short- and long-term growth, body mass index (BMI), body composition, and 

neurodevelopmental and cardio-metabolic outcomes. 

Overall completeness and applicability of evidence 

The only trial included in this review is limited in applicability because it was conducted among 

a small sample of preterm infants in Iran. However, the outcomes assessed are common to all preterm 

infants. This trial shows that prebiotic carbohydrate supplementation of human milk may be feasible 

in developing countries. 

Quality of the evidence 

The included trial had a high risk of selection and performance bias owing to quasi-

randomisation and lack of blinding of caregivers. In addition, two reports of this trial were inconsistent 

regarding methods and numbers of included infants, and we were unable to reproduce analyses of 

findings for NEC and weight at day 30 as reported in the publication. The overall quality of evidence 

for outcomes assessed according to GRADE was very low owing to insufficient methodological 

details, high risk of bias, small sample size, few events, and variable precision. 

Potential biases in the review process 

The comprehensive search strategy, use of appropriate search terminology, and lack of 

language restriction in this review minimised bias and increased the likelihood of identifying all 

relevant articles. Additionally, involvement of multiple authors in the review process, to independently 

screen records for inclusion and extract data for analysis, limited the introduction of bias into the 

review. However, there is always potential for publication bias. Unfortunately, we were unable to 

create funnel plots and evaluate this potential risk because we included only one trial in the review. 

Agreements and disagreements with other studies or reviews 

To the best of our knowledge, this is the only systematic review covering this topic, and our 

previous review found no trials eligible for inclusion.  

4.6 Authors’ conclusions 

Implications for practice 
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The only included trial shows very low-quality evidence of the effects of prebiotic carbohydrate 

supplementation of human milk in preterm infants and provided no data on the short- and long- term 

health benefits and harms of digestible carbohydrate supplementation of human milk in this population. 

Therefore, we are unable to make any clinical suggestions based on the single included trial. 

Implications for research 

Currently, we have found little evidence to support or refute the practice of carbohydrate 

supplementation of human milk in preterm infants. If further trials seek to examine prebiotic or 

digestible carbohydrate supplementation done as a component of multi-nutrient fortification, trialists 

should assess the optimum concentrations of carbohydrate supplements, adverse effects, as well as 

short- and long-term growth and health benefits for preterm infants. 

4.7 Plain language summary 

Carbohydrate supplementation of human milk to promote growth in preterm infants 

Review question 

Does addition of extra carbohydrate to human milk fed to preterm infants compared with no 

additional carbohydrate improve growth, body fat, obesity, heart problems, high blood sugar, and brain 

development without causing significant side effects? 

Background 

Not enough carbohydrate intake in preterm infants may result in poor growth and development. 

Breast milk is the best food for preterm infants but feeding them only breast milk may be nutritionally 

inadequate. Adding carbohydrate to breast milk may help. However, not enough data can be found 

assessing the benefits and harms of adding carbohydrate to breast milk to promoting growth in preterm 

infants. 

Study characteristics 

We found one trial involving 75 preterm infants with very low-quality evidence on the effects 

of adding extra prebiotics (a type of carbohydrate) to human milk in preterm infants. A second 

publication by the same study authors reported different methods regarding blinding and randomisation 

of the trial. Study authors confirmed that these publications describe the same trial but have not yet 

clarified which method is accurate. We were unable to reproduce the analyses from the data presented. 

The search is up to date as of February 2018. 
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Key results 

Prebiotic carbohydrate supplementation increased the mean weight of preterm infants at day 

30 and resulted in a shorter hospital stay compared with control. No evidence shows a clear difference 

in the risk of feeding intolerance or necrotising enterocolitis between the prebiotic-supplemented and 

unsupplemented groups. No other data were available to show the effects of adding extra carbohydrate 

to human milk on short- and long-term growth, body fat, obesity, brain development, and heart 

problems. 

Conclusions 

Evidence on the short- and long-term effects of adding extra carbohydrate to human milk in 

preterm infants is lacking. This systematic review found very low-quality evidence on the effects of 

adding prebiotic carbohydrate to human milk in preterm infants, along with uncertainties about 

methods and analysis. The single trial included a small sample of Iranian preterm infants, and so the 

evidence may be considered as not generalisable. However, the outcomes assessed are common to all 

preterm infants, and the trial shows that adding prebiotic carbohydrate to human milk is possible in 

developing countries. Further research is needed to assess the benefits and harms of different types and 

concentrations of carbohydrate supplementation for preterm infants fed human milk. Currently, 

digestible carbohydrate supplementation in preterm infants is provided as a component of multi-

nutrient human milk fortification. Hence, we do not plan to publish further updates of this review. 

Differences between protocol and review 

The original protocol was published in 1997 and formed the basis of the last version of this 

review, written in 1999. This update aligned review outcomes with those of the Cochrane Review titled 

“Multi-nutrient fortification of human milk for preterm infants” (Brown, 2016). We added body mass 

index and measures of body composition to growth parameters of the primary outcome. We also 

included new secondary outcome measures such as long-term measures of cardio-metabolic health 

(e.g., insulin resistance, obesity, diabetes, hypertension). We added ‘Summary of findings’ tables and 

GRADE recommendations, which were not included in the original protocol. 
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5.1 Summary of chapter contents 

Chapters 5 presents the protocol for a non-Cochrane systematic review which aims to 

synthesize data from published and unpublished animal experiments on the effects of macronutrient 

(protein, fat, and carbohydrate) supplements in preterm and small-for-gestational-age animals. 

Following the write-up and publication of the protocol in the International Prospective Register of 

Systematic Reviews (PROSPERO), chapter 6 presents our findings as published with the following 

modifications: 

• Exclusion of the abstracts as required by the University of Auckland (2016) Guide to 

theses and dissertations.  

5.2 Context and rationale 

Preterm and SGA infants are at increased risk of postnatal growth restriction. Postnatal growth 

restriction is largely attributed to inadequate nutrition in the form of protein and energy deficits, 

especially during the early postnatal period (Embleton, et al.; Cooke, 2001; Freitas et al., 2016). Early 

macronutrient supplementation given to improve postnatal growth and neurodevelopmental outcomes 

may increase the risk of long-term adiposity, metabolic and cardiovascular disease (Ong et al., 2015). 

Research from animal studies supports the association between early life nutrition and long-

term risk of metabolic dysfunction (Berry, 2012; Langley-Evans et al., 1996; Patterson et al., 2010; 

Tarry-Adkins & Ozanne, 2011). Furthermore, animal studies have reported sex-specific differences in 

the impact of early nutritional interventions on metabolic outcomes. For example, a study in rats has 

shown an association between maternal nutritional status and sex-specific changes in insulin action in 

the offspring (Maloney, et al., 2011), while in neonatal lambs, supplementation with a milk fortifier 

showed sex-specific effects on pancreatic function (Jaquiery et al., 2016). 

The basis of these sex differences is unclear, and the findings are not consistently observed 

between different animal models and between different species (Aiken & Ozanne, 2013). Thus, this 

systematic review aims to evaluate the available evidence for sex differences in the long-term effects 

of macronutrient supplementation in preterm and/or SGA animals. The results could inform the design 

of new clinical trials to assess sex-specific nutritional supplements with the aim of improving long-

term health outcomes of preterm and SGA infants. 
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5.3 Review questions 

1. Does supplementation with macronutrients compared with no supplementation of food fed 

to preterm and/or small-for-gestational-age (SGA) animals alter growth, body composition, 

neurodevelopmental, and cardio-metabolic outcomes after weaning? 

2. Do the effects of macronutrient supplementation differ in males and females? 

5.4 Methods 

5.4.1 Search strategy 

The sources to be searched will include MEDLINE via PubMed, Web of Science, BIOSIS and 

EMBASE. We will also search reference lists of included studies, reference lists of relevant reviews, 

and researchers familiar with the topic and known by authors listed on this protocol will be contacted 

to ascertain their knowledge of other studies (published or ongoing) meeting our inclusion criteria. 

Similarly, first, and last authors of included studies will also be contacted as needed. There will be no 

language restrictions and only studies with full-text publication and using original data will be 

included. 

Human disease modelled. 

Faltering postnatal growth is a common occurrence worldwide in preterm (<37 weeks 

gestation) and small-for-gestational-age (birth weight below the 10th percentile for gestational age) 

infants. Early macronutrient supplementation given to improve postnatal growth and 

neurodevelopmental outcomes may increase the risk of long-term adiposity, metabolic and 

cardiovascular disease. However, later, and sex-specific outcomes following postnatal macronutrient 

supplementation are not always reported. 

5.4.2 Inclusion and exclusion criteria 

Animal population 

Inclusion criteria: Any mammal other than human born preterm and/or SGA. 

Exclusion criteria: Any mammal not born preterm and/ or SGA, animals other than mammals, 

and studies involving human subjects. 

Intervention/exposure 
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Inclusion criteria: 

Studies where macronutrient supplements are given with the intention to alter later growth, 

development, or metabolic outcomes. Supplements in any dose, frequency, or route of administration 

will be considered. Supplementation may be started any time between birth and weaning and outcomes 

must be reported after weaning. We will include studies reporting the following comparisons: 

1. Parenteral formulation A versus parenteral formulation B with different macronutrient 

composition. 

2. Any unsupplemented animal feed (the feed may be milk or non-milk based) versus the 

same animal feed supplemented. 

3. Milk feeds (mother’s own or donor/foster) versus milk or non-milk-based feed of 

different macronutrient composition. 

4. Supplemented milk (mother’s own or donor/foster) versus non milk-based feed. 

5. Enteral feed A versus enteral feed B with different macronutrient type. 

Exclusion criteria: 

Studies utilising supplements other than of macronutrients, e.g., studies reporting the effects of 

feeding with variations in the composition of micronutrients (including sodium, potassium, calcium, 

phosphorous, vitamins, other minerals, amino acids, fatty acids). We will exclude studies that assess 

the timing of the introduction of nutrition (early versus delayed feeding); that compare different 

compositions of the same macronutrient (e.g., different types of lipids or proteins); studies whose 

outcomes focus on gastrointestinal development rather than growth and neurocognitive development; 

studies that do not report outcomes after weaning. 

Comparator/control. 

Inclusion criteria: 

Preterm and/or SGA mammals receiving unsupplemented animal feeds or enteral/parenteral 

feeds with lower amounts of macronutrients compared to the intervention group. 

Type of study 

Inclusion criteria: 

Randomised and quasi-RCTs. 



 

139 

Exclusion criteria: 

Cohort studies without controls, studies where group allocation is not randomised or quasi-

randomised, in vitro studies, and studies reporting none of our specified outcomes. 

Other selection criteria or limitations applied. 

Inclusion criteria: No language restriction, studies published up to search date, and studies 

with full-text publications and using original data. 

Exclusion criteria: reports not assessing any of our predefined outcomes, double publications. 

5.4.3 Outcome measures 

Inclusion criteria: 

Primary outcomes: 

The co-primary outcomes (both are equally important in assessing evidence for long-term 

effects of macronutrient supplementation) will be cognitive impairment and metabolic risk (including 

metabolic, growth, and cardiovascular risk outcomes). 

1. Cognitive or learning impairment is defined as below -1 standard deviation (SD) on 

standard developmental or cognitive tests as defined by trialists. 

2. Metabolic risk: includes any of the following (all as defined by trialists) 

a. Metabolic outcomes 

• Elevated plasma triglyceride concentrations 

• Reduced high-density lipoprotein (HDL) concentrations 

• Elevated low-density lipoprotein (LDL) concentrations 

• Elevated fasting plasma glucose concentration 

• Increased insulin resistance 

• Impaired glucose tolerance 

• Increased proportion with type 2 diabetes  

b. Growth outcomes 
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• Increased proportion overweight and obese  

• Increased fat mass or fat mass percentage 

3.  Cardiovascular risk outcomes 

• Increased blood pressure (systolic, diastolic, mean) 

• Impaired flow-mediated vasodilatation 

Secondary outcomes: 

1. A composite measure of death or impairment (any of cerebral palsy, blindness, 

deafness, gross motor dysfunction, psychomotor dysfunction, cognitive or learning impairment). 

2. Components of the composite 

• Death – early or later death up to the time of follow-up and cause of death 

• Cerebral palsy (any cerebral palsy, as defined by trialists) 

• The severity of cerebral palsy (none, mild, moderate, severe – as defined by trialists) 

• Cognitive or learning impairment (none, mild (≤ 1 SD below test mean), moderate (≤ 2 

SD below test mean), severe (≤ 3 SD below test mean), or as defined by trialists) 

• Visual impairment (none, mild, moderate, severe; as defined by trialists) 

• Deafness (none, mild, moderate, severe; as defined by trialists) 

• Motor dysfunction (none, mild, moderate, severe; as defined by trialist) 

• Measures of psychological/behavioural well-being – as defined by trialist 

• Measures of psychomotor dysfunction (e.g., hyperactivity, grip strength, or as defined 

by trialist) 

3. Growth outcomes 

• Weight (raw data and z scores) 

• Length/height (raw data and z scores) 

• Head circumference/width (raw data and z scores) 

• Weight for length (weight/length, ponderal index, body mass index) 
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• Postnatal growth restriction as defined by trialist 

• Body composition (fat mass, fat-free mass, lean mass, or other measures as defined by 

trialists) 

4. Cardiovascular risk outcomes 

• Blood pressure (systolic, diastolic or mean) 

• Flow-mediated vasodilatation 

• Measures of sympathetic and parasympathetic tone, e.g., heart rate variability or as 

defined by trialist. 

• Cardiac size and structure 

• Measures of vascular stiffness, e.g., pulse wave velocity or as defined by trialist 

5. Metabolic outcomes 

• Proportion overweight/obese as defined by trialist 

• Proportion with type-2 diabetes as defined by trialist 

• Plasma triglyceride concentrations 

• HDL concentrations 

• LDL concentrations 

• HDL: LDL ratio 

• Fasting blood glucose concentrations 

• Insulin concentrations 

• Insulin resistance as defined by trialist 

• Glucose tolerance as defined by trialist. 

6. Bone outcomes 

• Bone mineral content 

• Volumetric bone mineral density 

• Number of fractures 
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7. Brain outcomes 

• Whole brain growth, white matter and grey matter volumes, and volumes of individual 

brain regions 

• Brain maturation measured using magnetic resonance imaging (MRI) (white matter 

tracts, measures of diffusivity, myelination, surface folding) 

• Functional brain imaging  

• Histological measures of brain structure and maturation 

8. Nutrition outcomes 

• Altered feeding tolerance 

• Altered intake (protein, energy) 

• Altered appetite 

Exclusion criteria: 

Articles not assessing any of the predefined outcomes. 

5.4.4 Study selection and data extraction. 

Two authors will independently extract data such as source details, study eligibility, study 

design, animal characteristics, intervention and control details, and outcomes. Conflicts in the data 

extraction process will be resolved by discussion or referral to a third author. 

Prioritise the exclusion criteria 

Title and abstract screening - 1) not an animal study; 2) not involving non-human mammals 

born preterm or SGA; 3) not a randomised or quasi-randomised controlled trial; and 4) not using 

relevant intervention, i.e., no macronutrient supplements. 

Full text ‒ same as for title and abstract screening but additional exclusion criteria will be: 5) 

no predefined outcomes reported and 6) no post-weaning outcomes reported. 

Methods for data extraction 

Two authors will independently extract data such as source details, study eligibility, study 

design, animal characteristics, intervention and control details, and outcomes. Conflicts in the data 

extraction process will be resolved by discussion or referral to a third author. A data extraction form 
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will be developed before data gathering to enable two authors to independently extract information 

from tables, text, and figures. We will extract data from graphs using online software such as 

WebPlotDigitizer. Additionally, we will contact authors by e-mail in case of missing data or to obtain 

raw data of graphs if needed. 

Data to be extracted: study design 

• Number of experimental groups 

• Number of animals in experimental and control groups 

• Number of animals excluded in each group with reasons 

• Type, timing, and duration of intervention  

• Research centre/farm settings, season, temperature, humidity, food, lighting 

• Method of group allocation (randomisation/quasi-randomisation) 

• Date of study and duration of follow-up 

• Sponsorship 

Data to be extracted: animal model 

• Species and strain or breed 

• Gestational age at birth 

• Postnatal age at start of the intervention 

• Birth weight 

• Weight at start of the intervention 

• Weaning weight and age 

• Sex 

Data to be extracted: intervention of interest 

Type and composition of the intervention tested, dose, frequency, route, age at start, and 

duration of supplementation. 

Data to be extracted: primary outcomes 
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We do not plan to initially restrict the methods and units of measurement used by authors in 

assessing any of our primary or secondary outcomes. All primary and secondary outcomes will be 

collected and categorised into the periods of infancy, juvenile (before puberty), puberty, young adult, 

and older adult. The co-primary outcomes will be extracted as dichotomous data, n (%).  Where the 

outcome is reported as continuous data, it will be extracted and recoded into dichotomous variables if 

possible, using our definitions. 

Data to be extracted: secondary outcomes 

Secondary outcomes: 

1. The composite measure of death or impairment (any of cerebral palsy, blindness, 

deafness, gross motor dysfunction, psychomotor dysfunction, cognitive or learning impairment) will 

be extracted as dichotomous data, n (%). 

2. Components of composite measure 

• Death – early or later death up to the time of follow-up and cause of death: dichotomous, 

n (%) 

• Cerebral palsy (any cerebral palsy, as defined by trialist): dichotomous, n (%) 

• The severity of cerebral palsy (mild, moderate, severe – as defined by trialist): 

categorical, n (%) 

• Cognitive or learning impairment (none, mild (≤ 1 SD below test mean), moderate (≤ 2 

SD below test mean, severe (≤ 3 SD below test mean), or as defined by trialist): categorical, n (%) 

• Visual impairment (none, mild, moderate, severe; as defined by trialists): categorical, 

n (%) 

• Deafness (none, mild, moderate, severe; as defined by trialist): n (%) 

• Motor dysfunction (none, mild, moderate, severe; as defined by trialist): categorical, n 

(%) 

• Measures of psychological/behavioural well-being, e.g., anxiety, or as defined by 

trialists: dichotomous, n (%) 

• Measures of psychomotor dysfunction (e.g., hyperactivity, grip strength or as defined 

by trialist): dichotomous, n (%) 

3. Growth assessments 
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• Weight: continuous, mean (SD) and z scores 

• Length/height: continuous, mean (SD) and z scores 

• Head circumference/width (raw data and z scores), continuous, mean (SD) 

• Weight for length (weight/length, ponderal index, body mass index), continuous, mean 

(SD) 

• Postnatal growth restriction as defined by trialist: dichotomous, n (%) 

• Body composition (fat mass, fat-free mass, lean mass, or other measures as defined by 

trialist): continuous, mean (SD) 

4. Cardiovascular risk outcomes 

• Blood pressure: n (%) for categorical data or mean (SD) for continuous data 

• Flow-mediated vasodilatation: continuous, mean (SD) 

• Measures of sympathetic and parasympathetic tone, e.g., heart rate variability: n (%) or 

continuous, mean (SD) 

• Cardiac size and structure: continuous, mean (SD) 

• Measures of vascular stiffness, e.g., pulse wave velocity or as defined by trialist: 

continuous, mean (SD) 

5. Metabolic outcomes 

• Proportion overweight and obese as defined by trialist: dichotomous, n (%) 

• Proportion with type-2 diabetes as defined by trialist: dichotomous, n (%) 

• Plasma triglyceride concentrations: dichotomous, n (%) or continuous, mean (SD) 

• HDL concentrations: dichotomous, n (%) or continuous, mean (SD)   

• LDL concentrations: dichotomous, n (%) or continuous, mean (SD) 

• HDL: LDL ratio: dichotomous, n (%) or continuous, mean (SD) 

• Fasting blood glucose concentrations: dichotomous, n (%) or continuous, mean (SD) 

• Insulin concentrations: dichotomous, n (%) or continuous, mean (SD) 
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• Insulin resistance: dichotomous, n (%) or continuous, mean (SD) 

• Glucose tolerance as defined by trialist: dichotomous, n (%) or continuous, mean (SD) 

Where median and interquartile ranges are reported, we plan to estimate the respective mean 

and standard deviation using Wan’s formulas (Wan et al., 2014). 

1. Bone development 

• Bone mineral content: continuous, mean (SD) 

• Volumetric bone mineral density: continuous, mean (SD) 

• Fractures: dichotomous, n (%) or continuous, mean (SD) 

2. Brain development 

• Whole brain, white matter and grey matter volumes and volumes of individual brain 

regions: continuous, mean (SD) 

• Brain maturation measured using MRI (white matter tracts, measures of diffusivity, 

myelination, surface folding) or as defined by trialist: continuous, mean (SD) 

• Functional brain imaging as defined by trialist: dichotomous, n (%) or continuous, mean 

(SD) 

• Histological measures of brain structure and maturation: dichotomous, n (%) or 

continuous, mean (SD). 

3. Nutrition 

• Altered feeding tolerance: dichotomous, n (%) or continuous, mean (SD) 

• Altered intake (milk, energy): dichotomous, n (%) or continuous, mean (SD) 

• Altered appetite: dichotomous, n (%) or continuous, mean (SD) 

5.4.5 Risk of bias and/or quality assessment. 

Assessment tools specific for pre-clinical animal studies include SYRCLE’s risk of bias tool 

and the Collaborative Approach to Meta-Analysis and Review of Animal Data from Experimental 

Studies (CAMARADES) checklist for study quality. We will use SYRCLE’s risk of bias tool and 

GRADE. Two review authors will independently assess the quality of the evidence for the following 

outcomes considered to be important for clinical decision-making (co-primary outcomes ‒ cognitive 
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or learning impairment and metabolic risk, secondary outcomes ‒ composite measure of death or 

impairment, weight and length/height, blood pressure, and insulin resistance) 

Method for risk of bias and/or quality assessment 

Two authors will independently assess the risk of bias for each study using the criteria outlined 

in SYRCLE’s Risk of Bias tool. Conflicts will be resolved by discussion or referral to a third author. 

5.4.6 Strategy for data synthesis. 

Planned approach 

For all outcome measures, we plan to perform quantitative synthesis in the form of a meta-

analysis wherever possible. We will perform a meta-analysis when at least two studies use the same 

type of intervention and same outcome measure. Where this is not feasible, we will undertake a 

qualitative analysis in the form of a critical interpretive synthesis of the available evidence on 

participants/subgroups, interventions, comparators, outcomes, differences in settings, study design and 

execution, and possible effects on outcomes.  

Effect measure 

We will calculate RRs with 95% CIs for dichotomous data using the numbers of events in the 

control and intervention groups of each study. We will calculate mean differences (MDs) between 

treatment groups where outcomes are measured in the same way for continuous data. We will report 

95% CIs for all outcomes and in instances where outcomes from studies are the same, but different 

methods have been used to collect the data, or outcomes are from different species, we will assess 

SMD. Where statistically significant differences are identified, we will also report risk differences. 

Effect models 

Due to the inherent diversity in animal studies, e.g., from varying populations and 

methodological conditions, a fixed-effect model will not be appropriate for meta-analysis. We will use 

the random-effects model to combine data because it assumes that the intervention effects estimated, 

although different across studies due to differences between studies, are related. 

Heterogeneity 

We will assess statistical heterogeneity using the Chi² test and the I² statistic. Where an I² 

measurement is >50% and the P-value is low (< 0.10) we will consider it to indicate substantial 

heterogeneity (Higgins, 2019). We will explore possible explanations where substantial heterogeneity 

is detected, through sensitivity and subgroup analyses. 
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Other 

We will correct for multiple uses of the control group (e.g., where more than two groups are 

compared and the same control group is used more than once) by dividing the number of animals in 

the control group by the number of comparisons made with the control group. We will correct for 

multiple testing by using the Bonferroni correction if applicable 

5.4.7 Subgroup analyses 

We will perform the following subgroup analyses: Sex (male vs. female), preterm birth 

categories (early preterm < 88% term gestation vs. late preterm 88% to < 92.5% term gestation), size 

for gestational age of the animal (<25th percentile versus <10th percentile versus <3rd percentile), 

timing of the supplement (from birth versus from start of enteral feeding versus in first half of period 

until weaning versus in second half of period until weaning), duration of supplementation (≤0.5 versus 

>0.5 of the period from birth to weaning), type of supplement, (protein versus carbohydrate versus 

lipid versus multicomponent and their interactions), type of animal feed (milk-based versus non-milk-

based), species and groups of species, e.g., rodents, ruminants. 

5.4.8 Sensitivity 

We will conduct sensitivity analyses by examining only those trials considered to have a low 

risk of bias for allocation concealment and randomisation. 

5.4.9 Publication bias 

Publication bias will be assessed through visual inspection of a funnel plot if there are enough 

studies (10 or more trials) to make such an inspection valid. We will statistically assess for funnel plot 

asymmetry by performing the Egger’s test. 
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6.1 Introduction 

Preterm and small-for-gestational-age infants are at increased risk of postnatal growth 

restriction and of adverse short and long-term developmental and health outcomes (Ehrenkranz, 2010; 

Ehrenkranz et al., 2006; Lapillonne & Griffin, 2013). Postnatal growth restriction results from a 

complex interplay of several factors but is largely attributed to inadequate nutrition in the form of 

protein and energy deficits, especially during the early postnatal period (Embleton et al., 2001; Freitas 

et al., 2016). Macronutrient supplements are commonly given to infants born small to improve 

postnatal growth and neurodevelopmental outcomes. However, they may increase the risk of long-

term adiposity, metabolic and cardiovascular disease (Ong et al., 2015).  

Animal studies have supported an association between early life nutrition and long-term risk 

of metabolic dysfunction (Berry, 2012; Langley-Evans et al., 1996; Patterson et al., 2010; Tarry-

Adkins & Ozanne, 2011). Furthermore, some have reported sex-specific differences in the impact of 

early nutritional interventions on later outcomes. For example, low protein diets in pregnant rats are 

associated with a higher risk of hypertension in male than in female offspring (Kwong et al., 2000; 

Langley-Evans et al., 1996; Woods et al., 2005). Another study, which fed methyl-deficient diets to 

female rats three weeks prior to conception and during the first five days of gestation, noted sex-

specific changes in insulin action in the offspring (Maloney et al., 2011), while in neonatal lambs, 

nutritional supplementation with a milk fortifier showed sex-specific effects on later pancreatic 

function (Jaquiery et al., 2016).  

However, the basis of these sex differences in response to early life nutritional insults is 

unclear, and the findings are not consistently observed between different animal models and different 

species (Aiken & Ozanne, 2013). There is a paucity of data from clinical studies regarding sex 

differences in the short- and long-term effects of early-life nutritional interventions. We aimed to 

systematically evaluate the available evidence from randomised or quasi-randomised studies on the 

long-term effects of early macronutrient supplementation in preterm and/or growth-restricted or SGA 

animals, and whether these differ between sexes. The results of this review were intended to inform 

the design of new clinical trials to improve the long-term health outcomes of preterm and SGA infants 

by providing appropriate sex-specific macronutrient supplements. 

6.2 Methods 

The pre-specified methods in this review were registered with PROSPERO as 

CRD42018100581 at ttps://www.crd.york.ac.uk/prospero/display_record.php?RecordID=100581.  
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6.2.1 Search strategy  

We searched Embase, Medline, and BIOSIS via OvidSP and Web of Science for studies 

published from the commencement of the databases to April 19, 2019, with no restrictions on the date 

of publication, language, and type of study (Appendix V).  We identified relevant MeSH terms in each 

database’s thesaurus but used the same keywords (Appendix V) for all searches and applied a published 

animal filter (de Vries et al., 2014). We also searched reference lists of publications identified for 

inclusion in this review, conducted a forward search using Google Scholar's "cited by" feature, and 

emailed researchers familiar with nutritional experiments in animal studies to ask about additional 

published or ongoing studies meeting our inclusion criteria. We removed duplicates of identified 

publications using EndNote (version X8.2, Clarivate Analytics, PA, USA) and Covidence [2018 

Computer program] (Veritas health innovation, Melbourne, Australia). 

6.2.2 Study selection   

Two reviewers (EA and LL) independently screened titles and abstracts and then all available 

full-text versions of studies identified for inclusion. We resolved discrepancies by discussion or with 

a third author (JEH). We considered for inclusion published and unpublished randomised and quasi-

randomised studies involving the provision of supplemental macronutrients to preterm and/or SGA 

animals (non-human mammals) with the intention of altering long-term growth, developmental, or 

metabolic outcomes. Inclusion criteria were: (i) started supplementation any time between birth and 

weaning and reported outcomes after weaning; (ii) included any of the following dietary comparisons: 

(a) any unsupplemented animal feed (the feed may be milk or non-milk based) versus the same animal 

feed supplemented;  (b) parenteral formulation A versus parenteral formulation B with different 

macronutrient compositions; (c) maternal milk feeds (mother's own or donor/foster) versus non-milk 

based feed of different macronutrient composition; (d) supplemented milk (mother's own or 

donor/foster) versus non-milk based feed; (e) enteral feed A versus enteral feed B with different 

macronutrient type; and (iii) assessed any of our pre-defined outcomes including co-primary cognitive 

or learning impairment and metabolic risk and secondary outcomes (composite measure of death or 

impairment, growth, metabolic, cardiovascular, bone, brain, and nutritional outcomes) (Appendix VI).  

We excluded studies that: (i) utilised supplements other than macronutrients, e.g., studies 

reporting the effects of feeding with different amounts of micronutrients (including sodium, potassium, 

calcium, phosphorous, vitamins, other minerals); (ii) assessed the timing of the introduction of 

nutrition (early versus delayed feeding); (iii) compared different compositions of the same 

macronutrient (e.g., different types of lipids or proteins); and (iv) reported none of our pre-specified 
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outcomes (Appendix VI) or no post-weaning outcomes or outcomes involving gastrointestinal 

development only. 

Full text of one non-English (Chinese) study identified for inclusion in the systematic review 

was translated using Google scholar. 

6.2.3 Data extraction 

We developed a data extraction form prior to two reviewers (EA and LL) performing 

independent data extraction. We extracted data such as general study characteristics (author details, 

publication year, study design), animal characteristics (species/strain, sex, preterm/SGA birth 

definition, method of preterm/SGA birth induction, gestational age, birth weight), setting (research 

centre/farm, season, date of study, inclusion/exclusion criteria, source of funding, conflicts of interest), 

sample size calculation, intervention, and outcomes. We resolved discrepancies by discussion or with 

a third author (JEH). Where data were presented graphically, we extracted it using WebPlotDigitizer 

4.1 (https://apps.automeris.io/wpd/).  

6.2.4 Risk of bias analysis 

Two reviewers (EA) and (LL) independently assessed risk of bias of individual studies for all 

ten domains of SYRCLE's risk of bias tool (sequence generation, baseline characteristics, allocation 

concealment, random housing, blinding (performance and detection bias), random housing, incomplete 

outcome data, selective outcome reporting, and other sources of bias). Reviewers did not assess 

publications of which they were authors. Discrepancies were resolved by discussion or with a third 

author (JH). We attempted to contact authors of all studies included in this review, as all failed to report 

important details on randomisation, blinding, and on other domains of SYRCLE’s risk of bias. Only 

two authors responded (Berry et al., 2016; Blat et al., 2012) 

6.2.5 Quality of evidence 

We used GRADE for assessment of quality of evidence for key outcomes: cognitive or learning 

impairment; metabolic risk; a composite measure of death or impairment; weight; length/height; blood 

pressure; insulin resistance and presented the findings using GRADEpro GDT Guideline Development 

Tool.  
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6.2.6 Statistical analysis 

Meta-analyses were performed when at least two studies used the same type of intervention 

(e.g., high protein diet) and/or outcome measure. We categorised the data by the age of outcome 

assessment into the following groups: infancy, juvenile, puberty, young, and older adult (Appendix 

VII). Where assessments were carried out at multiple time points within a particular age group, we 

only used results from the last time point. We performed separate meta-analyses for each age group 

but included the results of the last time point (oldest age) from each study in the overall summary effect 

for the outcome (Peters & Mengersen, 2008). For studies with one control group and more than one 

treatment group, we compared each intervention being tested with the control group but divided the 

number of animals in the control group by the number of intervention groups for each comparison to 

avoid counting control animals more than once (Higgins et al., 2008). We obtained total data for studies 

where male and female data were only reported separately for the same intervention and outcome by 

combining sample sizes, means and standard deviations of males and females in the intervention and 

control groups using the RevMan calculator [Review Manager Version 5.1 (RevMan, 2014)].  

We summarised the results using random-effects models as data from the included studies were 

based on different preterm/SGA animal populations. Because authors used different animals and 

different scales of measurement for the same outcome, we employed the standardised mean difference 

with units of standard deviations and 95% CIs to estimate effect sizes throughout the meta-analyses. 

We assessed statistical heterogeneity using the Chi² test and the I² statistic and considered an I² 

measurement of >50% and a P-value <0.10 to indicate substantial heterogeneity (Higgins 2019). 

We performed subgroup analyses using Cochran’s Q test and Higgins’ I2 to investigate the 

effect of macronutrient supplementation in preterm/SGA animals of different ages and in each sex. 

Due to insufficient data, we were unable to undertake other pre-planned subgroup analysis in: preterm 

birth categories (early preterm (<88% term gestation) versus late preterm (88% to < 92.5% term 

gestation)), size for gestational age of the animal (<25th percentile versus <10th percentile versus <3rd 

percentile), timing of the supplement (from birth versus from start of enteral feeding versus in first half 

of period until weaning versus in second half of period until weaning), duration of supplementation 

(≤0.5 versus >0.5 of the period from birth to weaning), type of supplement, (protein versus 

carbohydrate versus lipid versus multicomponent and their interactions), type of animal feed (milk-

based vs. non-milk-based), and species and groups of species, e.g., rodents, ruminants. We had also 

planned to conduct sensitivity analyses by including only those studies considered to have a low risk 

of bias for allocation concealment and randomisation. However, we were unable to do this as most of 

the included studies were judged to have an unclear risk of bias. We planned to create funnel plots for 

the assessment of publication bias, but this was not possible due to insufficient data. We set statistical 
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significance of the effect sizes at a P-value of <0.05. All analyses were done using Review Manager 

Version 5.1 (RevMan, 2014). 

6.3 Results 

6.3.1 Study selection 

The database search yielded 5935 publications, while forward and backward citation search 

yielded an additional nine, and the search for additional studies suggested by co-authors yielded 32 

additional publications. After title and abstract screening, 72 publications met the inclusion criteria 

and were retrieved for full-text review.  Of these, 60 publications were excluded, mostly because they 

reported the wrong intervention, wrong animal population or lacked post-weaning outcomes (Fig. 6.1). 

A total of 12 publications (eight studies) were identified for inclusion in this review (Berry et al., 2016; 

Blat et al., 2012; Boubred et al., 2016; Coupé et al., 2011; Delamaire et al., 2012; Fang et al., 2018; 

Intapad et al., 2012; Morise et al., 2011; Qiu et al., 2004, 2005; Sarr et al., 2011; Wang et al., 2018). 

Two of these which were available only in abstract form were excluded as they did not report useable 

data (Fang et al., 2018; Intapad et al., 2012). One further study did not report the number of animals 

per group for each outcome and was excluded from the meta-analysis Wang et al., 2018). Thus, we 

based the qualitative synthesis on six studies and the meta-analyses on five studies (Berry et al., 2016; 

Blat et al., 2012; Delamaire et al., 2012; Qiu et al., 2004; Sarr et al., 2011) (Fig. 6.1). 
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Figure 6.1 Flowchart of the study selection process of the animal review. 
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6.3.3 Description of the included studies 

Of the six studies included in this review, the authors of five had no conflicts of interest to 

declare, while one study did not comment on conflicts of interest. Funding was provided by public 

institutions for all six studies.  

The animal populations included Sprague-Dawley rats (three studies) (Delamaire et al., 2012; 

Qiu et al., 2004; Wang et al., 2018), cross-bred piglets (two studies) (Blat et al., 2012; Sarr et al., 2011), 

and sheep (one study) (Berry et al., 2016). Two studies (Berry et al., 2016; Wang et al., 2018) used 

preterm animals, and four used SGA animals (Table 6.1). One study used exclusively male rats 

(Delamaire et al., 2012), another used only female rats (Qiu et al., 2004), while the remaining studies 

used animals of both sexes. 

Macronutrient supplementation was done mostly with high protein formulae (Blat et al., 2012; 

Delamaire et al., 2012; Sarr et al., 2011), but multi-nutrient (Berry et al., 2016) and lipid based DHA 

supplements were also used (Wang et al., 2018). Two studies were four-armed (three interventions), 

with sufficient, excess, and enriched DHA groups in one study (Wang et al., 2018) and low protein, 

high protein, and high energy groups in another study (Qiu et al., 2004). The low protein group was 

excluded from this review. Supplementation commenced between birth and the end of the first 

postnatal week in all studies and lasted until the end of the species-specific conventional weaning 

period for all included studies except for one study in sheep where supplementation occurred only 

during the first two weeks postnatally (Berry et al., 2016) (Table 6.1). The comparator group received 

standard diet (the composition of which was not well described) in four studies (Blat et al., 2012; 

Delamaire et al., 2012; Qiu et al., 2004; Sarr et al., 2011), water as a control supplement in one (Berry 

et al., 2016) and normal saline in one (Wang et al., 2018). 
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Table 6.1 Characteristics of animal studies included in the systematic review 
 

Author and 
year 

Species/strain Preterm/SGA 
Birth 

induction 
method 

Animal sex 
    Birth weight (kg)   
         (mean ± SD)                                                
Intervention          Control 

Gestational 
age at birth 
(TG) (days) 

Intervention 
Duration of 

supplementation          
Outcomes 

Berry et al.( 
Berry et al., 

2016) 
Sheep (n = 60) Preterm 

IM 
dexamethaso

ne sodium 
phosphate on 
days 135 and 

136 

Males and 
females 

4.84 ± 0.81                                    
(n=27) 

4.75 ± 0.81                                     
(n=33) 

137 (147) 
Multicomponent 

ewe milk 
supplement 

Day 1 to 22 after 
birth 

Growth, metabolic 
and cardiovascular 

           

 Blat et al.(Blat 
et al., 2012) 

Cross-bred pigs 
(Pietrain x (Large 

White x Landrace)) 
(n = 44) 

Term SGA # 
Males and 
females 

0·99 ± 0·072                                          
(n = 13)  

0.98 ± 
0.108                                     

(n = 13) 
# 

HP formula 
powder 

Day 7 to 28 after 
birth 

Growth, metabolic 
and genetics 

           
 Delamaire et 
al.(Delamaire 
et al., 2012) 

Rats Sprague-
Dawley    

      (n = 28) 
Term SGA # Males  # # 22 (22-23) 

HP formula 
powder 

Day 6 to 20 after 
birth 

Growth, metabolic 
and meal patterns            

 Qiu et al.( Qiu 
et al., 2004) 

Rats Sprague-
Dawley        

  (n = 32) 

Term SGA Spontaneous Females 
0.005 ± 0.0004                         

(n = 16) 

0.005 ± 
0.0005                                           
(n = 8) 

# 

Different doses 
of protein and 

energy - HP and 
high energy 

groups 

Birth to 21 days 
Growth and 
metabolic            

 Sarr et 
al.(Sarr et al., 

2011) 

Cross-bred pigs 
(Pietrain x (Large 

White x Landrace)) 
(n = 34) 

Term SGA # 
Males and 
females 

0.94 ±0.082                                            
(n = 17) 

0.91 ± 
0.082                                      

(n = 17) 
# 

HP formula 
powder 

Day 2 to 28 after 
birth 

Growth, metabolic 
and genetics 

     
    

   

Wang et 
al.(Wang et 
al., 2018) 

Rats Sprague-
Dawley      
(n = #) 

Preterm 
Cesarean 

section 

Males and 

females 
# # 21 (22-23) 

Different doses 
of DHA – 
sufficient, 

enriched, excess 
and  deficient 

groups 

Day 1 to 21 after 

birth 

Growth, cognitive 
learning, and 

memory 

IM = intra-muscular; SD = standard deviation; TG = term gestational length given by authors; HP = high protein; DHA = docosahexaenoic acid; #: information was missing or not reported in a useable format in the 
publication      
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None of the included studies provided data for our co-primary outcome measures (cognitive or 

learning impairment and metabolic risk) or the composite secondary measure of death and impairment. 

All six studies reported on growth in weight. One study provided data on cardiovascular risk outcomes 

as blood pressure measures (Berry et al., 2016) and five studies contributed data on metabolic 

outcomes (Berry et al., 2016; Blat et al., 2012; Delamaire et al., 2012; Qiu et al., 2004; Sarr et al., 

2011). Only one study assessed the effects of macronutrient supplementation on cognitive and learning 

impairment and is reported as a narrative as it did not provide data that could be included in the meta-

analysis (Wang et al., 2018) (Table 6.1).  

6.3.4 Risk of bias in included studies 

Due to poor reporting of methodological details, we judged most of the domains as unclear risk 

of bias (Fig. 6.2). None of the studies reported on methods used to implement randomisation, allocation 

concealment, blinding, random housing, and random outcome assessment. Using a single characteristic 

(birth weight), four studies reported similarities between the treatment groups at baseline (Berry et al., 

2016; Blat et al., 2012; Delamaire et al., 2012; Sarr et al., 2011). Two studies were judged to have high 

selective reporting bias due to the authors failing to adequately report specific outcomes (Delamaire et 

al., 2012; Qiu et al., 2004). Only one study reported the methods and assumptions used in the sample 

size calculation (Blat et al., 2012). 
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Figure 6.2 Review authors’ judgements of the ten individual items used in assessing risk of bias for each 

included study. Expressed as a) percentages in graph and b) a summary. 

  

a 

b 
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6.3.5 Effects of macronutrient supplementation versus no supplementation 

Growth and body composition 

All six included studies reported post-weaning weight. In the pooled meta-analyses, five studies 

(Berry et al., 2016; Blat et al., 2012; Delamaire et al., 2012; Qiu et al., 2004; Sarr et al., 2011) of 124 

animals (44 sheep, 50 pigs, and 30 rats) contributed weight data while two studies (Berry et al., 2016; 

Qiu et al., 2004) of 55 animals (43 sheep and 12 rats) contributed length data. Overall, there was no 

evidence of a clear difference between the macronutrient supplemented and unsupplemented groups 

for weight (SMD 0.33, 95% CI -0.39, 1.06; 5 studies, n = 124 animals, I² = 71%, very low-quality 

evidence) (Fig. 6.3a) or length (SMD 0.23, 95% CI -0.31, 0.77; 2 studies, n = 55 animals, I² = 0%, 

very low-quality evidence) (Fig. 6.3b). Between-study heterogeneity was substantial among studies 

contributing data on weight. 

 

Figure 6.3 The effect of macronutrient supplementation vs. no supplementation on a) overall weight 

and b) overall length. Forest plots showing standardised mean differences with 95% CIs. 

Note: We included results of the last time point (oldest age) from each study in the overall summary 

effect for each outcome 

 

One study which was excluded from the meta-analysis reported that pubertal rats born preterm 

and supplemented with enriched and sufficient amounts of DHA fatty acids had higher body weights 
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(232.5 ± 4.5 g and 228.4 ± 4.3 g, respectively) compared with unsupplemented pups (206.2 ± 3.9 g) 

(Q. Wang et al., 2018).  

Subgroup analysis showed that the effect of supplementation was different at different ages (p 

= 0.02 for interaction).  Macronutrient supplementation significantly increased weight in juvenile rats 

(SMD 2.13, 95% CI 1.00, 3.25; 1 study, n = 24, P = 0.02) but not in other age groups (Fig. 6.4). 

Heterogeneity was substantial across the subgroups and within the subgroup of young adults. There 

were no other significant subgroup differences in weight and length).  

 

Figure 6.4 The effect of macronutrient supplementation vs. no supplementation on weight at different 

ages. Forest plot comparing different age groups with standardised mean differences and 95% CIs. 
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Metabolic Outcomes 

Three studies of 58 animals (30 rats and 28 pigs) evaluated the later effects of macronutrient 

supplementation on serum leptin (Blat et al., 2012; Delamaire et al., 2012; X. Qiu et al., 2004). Overall, 

there was no evidence of a clear difference between the macronutrient supplemented and 

unsupplemented groups in serum leptin (SMD 0.17, 95% CI -1.07 to 1.42; 3 studies, n = 58 animals I² 

= 79%). However, there were significant differences in the effects of macronutrient supplements on 

serum leptin concentrations at different ages and in age and sex subgroups, and also significant 

heterogeneity (age, P = 0.007, I² = 71%, age and sex P = 0.02, I² = 65%). Serum leptin concentrations 

were reduced in macronutrient supplemented young adult female rats (SMD; 95% CI; -1.13; -2.21, -

0.05; 1 study, n= 16) but increased in supplemented older adult male rats (SMD; 95% CI; 1.31; 0.12, 

2.51; 1 study, n = 14) compared with the unsupplemented group (Fig. 6.5).  

Regarding other metabolic outcomes, two studies of 38 animals (14 rats and 24 pigs) assessed 

effects on serum lipids (Delamaire et al., 2012; Sarr et al., 2011), while one study of 27 sheep, one 

study of 26 pigs, one study of 38 sheep, and two studies of 63 animals (37 sheep and 26 pigs) 

assessed effects on fat mass index [fat mass (kg)/(crown-rump length + hindlimb length (m))2] 

(Berry et al., 2016), homeostatic model assessment of insulin resistance (HOMA-IR) (Blat et al., 

2012), insulin sensitivity (Berry et al., 2016), fasting insulin concentrations and fasting plasma 

glucose concentrations (Berry et al., 2016; Blat et al., 2012) respectively (Fig. 6.6). There were no 

significant differences overall between the macronutrient supplemented and unsupplemented groups 

for serum lipids (plasma triglycerides: SMD 0.37, 95% CI -0.51 to 1.25; 2 studies, n = 38 animals, I² 

= 41% (Delamaire et al., 2012; Sarr et al., 2011); total cholesterol: SMD 0.35, 95% CI -0.45 to 1.16; 

1 study, n = 24 animals) (Sarr et al., 2011) or fat mass index (SMD 0.32, 95% CI -0.45 to 1.08; 1 

study, n=27 sheep) (Berry et al., 2016) (Fig. 6.6).  There were no differences between groups for 

HOMA-IR (SMD -0.17, 95% CI -0.94 to 0.60; 1 study, n = 26 pigs, low-quality evidence), insulin 

sensitivity (SMD -0.26, 95% CI -0.64 to 0.12; 1 study, n = 38 sheep), fasting insulin concentrations 

(SMD 0.24, 95% CI -0.66 to 1.15; 2 studies, n = 63 sheep, I² = 68%), or fasting plasma glucose 

concentrations (SMD 0.43, 95% CI -0.34 to 1.20; 2 studies, n = 63 sheep, I² = 56%) (Fig. 6.7). 
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a. Serum leptin: overall 

                                                                                                                                                                                                                                                                                            
b. Age subgroups 

 

c. Sex subgroups 

 

d. Age and sex subgroups 

 

Figure 6.5 The effect of macronutrient supplementation vs. no supplementation on serum leptin a) 

overall; b) age subgroups; c) sex subgroups; d) age and sex subgroups. 
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a. Triglyceride 

 
      b. Cholesterol 

 

c. Fat mass index 

 
 

Figure 6.6 The effect of macronutrient supplementation vs. no supplementation on a) serum 

triglycerides; b) serum cholesterol; and c) fat mass index. Forest plots showing standardised mean 

differences with 95% CIs. 
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       a. HOMA-IR 

         

       b. Insulin sensitivity (hyperglycaemic clamp method) 

 

      c. Fasting insulin concentrations 

      

         d. Fasting plasma glucose concentrations 

        

Figure 6.7 The effect of macronutrient supplementation vs. no supplementation on a) HOMA-IR; b) 

insulin sensitivity; c) fasting insulin concentrations; and d) fasting plasma glucose concentrations. 

Forest plots showing standardised mean differences with 95% CI. 
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There were no other significant subgroup differences observed for any metabolic outcomes 

except for serum leptin as described above (Fig. 6.8). 

a. Fasting plasma glucose – age subgroups 

 

 

b. Fasting plasma glucose – sex subgroups 

 

 

c. Fasting plasma glucose – age and sex subgroups 

 

 

d. Insulin sensitivity – sex subgroups 
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e. Insulin sensitivity – age and sex subgroups 

 

 

f. Fasting insulin concentrations – age subgroups 

 

 

g. Fasting insulin concentrations – sex subgroups 

 

h. Fasting insulin concentrations – age and sex subgroups 

 

Figure 6.8 The effect of macronutrient supplementation versus no supplementation for: fasting plasma 

glucose concentrations in a) age b) sex c) age and sex subgroups; insulin sensitivity in d) sex e) age and 

sex subgroups; and fasting insulin concentrations in f) age g) sex h) age and sex subgroups. Forest plots 

showing standardised mean differences and 95% CIs. 
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Blood pressure 

One study of 21 sheep evaluated the later effects of macronutrient supplementation on blood 

pressure (M. J. Berry et al., 2016). There was no evidence of a clear difference between the 

macronutrient supplemented and unsupplemented groups in mean arterial (SMD -0.14, 95% CI -1.42 

to 1.15; 1 study, n = 21 sheep, I² = 50% very low-quality evidence), diastolic (SMD -0.02, 95% CI -

1.08 to 1.03; 1 study, n = 21 sheep) or systolic blood pressure (SMD -0.39, 95% CI -1.28 to 0.50; 1 

study, n = 21 sheep) (Fig. 20).  There were no significant subgroup differences in the effect of 

macronutrient supplementation on blood pressure. 

 

Figure 6.9 The effect of macronutrient supplementation versus no supplementation on diastolic, systolic 

and mean blood pressure. Forest plots showing standardised mean differences with 95% CIs. 

 

Cognitive or learning impairment 

One study of rats investigated spatial learning and memory (Wang et al., 2018). This study 

found using the Morris water maze test that pubertal pups born preterm and supplemented with 

sufficient and enriched DHA had improved spatial learning and memory while those supplemented 

with excess or no DHA had delayed spatial learning and memory. No subgroup analyses were reported. 

Nutrition   

Two studies of 38 animals (14 rats and 24 pigs) (Delamaire et al., 2012; Sarr et al., 2011) 

assessed the effects of macronutrient supplements on energy intake and one study of 14 rats (Delamaire 

et al., 2012) assessed effects on appetite. There was no evidence of a clear difference between 

macronutrient supplemented and unsupplemented animals in energy intake (SMD 0.16, 95% CI -0.48, 

0.80; 2 studies, n=38 animals, I² = 0%) or appetite which was evaluated by feeding time (SMD -0.20, 

95% CI -1.25, 0.85; 1 study, n= 14 rats), meal size (SMD 1.10, 95% CI -0.05, 2.25; 1 study, n= 14 

rats), speed of ingestion (SMD 0.66, 95% CI -0.43, 1.74; 1 study, n= 14 rats) and inter-meal interval 

(SMD -0.39, 95% CI -1.45, 0.68; 1 study, n= 14 rats) (Fig. 6.10).   
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a. Overall energy intake  

 
 

 

b. Overall appetite    

 

 

Figure 6.10 The effect of macronutrient supplementation versus no supplementation on a) overall 

energy intake b) overall appetite. Forest plots showing standardised mean differences and 95% CIs. 

 

No data were available to assess the co-primary outcomes of cognitive or learning impairment 

and metabolic risk, or the secondary outcomes the composite measure of death or impairment and bone 

growth. We were unable to assess publication bias due to lack of data (<10 included studies) and 

sensitivity analysis was not performed because the included studies ranged from low to very-low-

quality (Table 6.2). 
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Table 6.2 GRADE Summary of findings table for macronutrient supplementation vs. no supplementation in preterm and small-for-gestational age animals 

Outcomes Anticipated absolute effects* (95% CI)  Relative 

effect 

(95% CI)  

№ of participants  

(studies)  

Certainty of the 

evidence 

(GRADE)  

Comments 

Risk with no 

supplementation 

Risk with Macronutrient 

supplementation 

Cognitive/learning impairment No data - - - - - 

Metabolic risk No data - - - -  

Composite measure of death 

and impairment 

No data - - - - - 

Growth: weight  -  SMD 0.33 higher (0.39 lower 

to 1.06 higher) 

-  124 

(5 RCTs)  
⨁◯◯◯ 

VERY LOW a,b,c 

 

Growth: length  -  SMD 0.23 higher (0.31 lower 

to 0.77 higher) 

-  55 

(2 RCTs)  
⨁◯◯◯ 

VERY LOW a,c 

 

HOMA Insulin Resistance 

(HOMA-IR)  

-  SMD 0.17 higher (0.94 lower 

to 0.6 higher) 

-  26 

(1 RCT)  
⨁⨁◯◯ 

LOW a,c 

 

Blood pressure: mean arterial 

blood pressure  

-   SMD 0.14 higher (1.42 lower 

to 1.15 higher) 

-  21 

(1 RCT)  
⨁◯◯◯ 

VERY LOW a,c,d 

 

*The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).  

 

CI: Confidence interval; SMD: Standardised mean difference  

GRADE Working Group grades of evidence 

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect 

Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different 

Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect 

Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect  
 

a All studies lacked methodological details making it impossible to adequately judge risk of bias. Downgraded one level.  
b Substantial heterogeneity among studies estimating the population mean difference. Downgraded one level.  
c Few animals and wide CIs. Downgraded two levels.  
d Moderate heterogeneity. Downgraded one level  
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6.4 Discussion 

To the best of our knowledge, this is the first study to systematically review and meta-analyse 

data from studies assessing later effects of macronutrient supplements fed between birth and weaning 

to animals born small. From six studies using different animal species with low to very-low-quality 

evidence, macronutrient supplementation of preterm and SGA animals 1) increased weight in juvenile 

rats but not overall 2) decreased serum leptin concentrations in young adults and increased leptin 

concentrations in older adults but showed no effect overall 3) had no overall effect on insulin 

sensitivity, fasting insulin concentrations, fasting plasma glucose concentrations, and mean arterial, 

systolic, or diastolic blood pressure and 4)  improved spatial learning and memory. There were 

insufficient data to reliably assess sex-specific and long-term health effects.   

Our meta-analyses showed increases in weight among juvenile rats in the macronutrient 

supplemented group, but this increase was not seen in adulthood. This may reflect the limited data 

available, and/or the lack of repeated measurements in the same studies at different ages. However, it 

is also possible that the shorter-term effects of macronutrient supplements on weight were obscured at 

later ages by the many other factors that influence weight at older ages including contemporaneous 

diet, energy expenditure, and genetics.  

The observed increase in weight among juvenile rats in the macronutrient supplemented group 

could be due to increases in fat mass rather than lean mass. One study reported that body composition 

following macronutrient supplementation was not changed (Berry et al., 2016). However, most studies 

included in this review reported weight alone, without other growth measures such as length/height 

and body composition. Since body fat rather than total weight is a key predictor of later metabolic risk, 

and non-invasive measures such as weight for length as an estimate of adiposity and body composition 

as measured with DEXA or MRI are now widely available, future nutrition studies should use these 

parameters rather than bodyweight alone as key outcomes.  

We found no overall effect of macronutrient supplements on serum leptin concentrations, but 

the effects seen appeared to vary with the age and sex of the animal, being lower in young adult females 

and higher in older adult males. Leptin is secreted into the circulation by white adipocytes and regulates 

food intake, body weight, and energy expenditure, amongst other functions (Kelesidis et al., 2010; 

Tang-Christensen et al., 1999). Since leptin is influenced by nutritional intake (Havel et al., 1999), it 

has been hypothesised that early nutrition may influence serum leptin concentrations which in turn 

may alter the risk of obesity in later life (Djiane & Attig, 2008; Palou et al., 2011; Sarr et al., 2012; 

Vickers & Sloboda, 2012).  In humans and other animals, for instance, leptin intake from mother’s 

milk or as a supplement during lactation alters serum leptin concentrations in infancy and changes 



 

172 

subsequent susceptibility to the development of obesity (Palou & Picó, 2009; Picó et al., 2007; Sánchez 

et al., 2008; Savino et al., 2013).  Interestingly, these effects appear to be sex-specific. For example, 

prenatal calorie restriction resulted in hyperleptinemia in male and female rats, which enhanced leptin 

sensitivity and protected against obesity in males but initiated early leptin resistance in females (Shin 

et al., 2012). The studies included in our review that reported serum leptin concentrations did not 

perform the experiments in males and females simultaneously, and they compared exposure to a high 

protein diet with standard diet following prenatal maternal undernutrition. Nonetheless, the limited 

data included suggest that macronutrient supplements given between birth and weaning may also alter 

later leptin concentrations in ways that differ by age and sex.  

We found no association overall between early macronutrient supplementation and other 

metabolic outcomes including serum lipids (triglycerides and total cholesterol), fat mass index, 

HOMA-IR, insulin sensitivity, fasting insulin concentrations, fasting plasma glucose concentrations,  

and mean arterial, systolic or diastolic blood pressure in animals born small. Although our findings are 

from limited data, they are consistent with studies of human cohorts born preterm that found no 

associations between higher protein and energy intakes and serum lipids (triglycerides, HDL 

cholesterol, and cholesterol) in adults (Suikkanen et al., 2018) and systolic or diastolic blood pressure 

in adolescents (Ludwig-Auser et al., 2013).  Similarly, at six years, a follow-up study of 239 preterm 

infants (randomised to fortified versus unfortified human milk and preterm formula versus unfortified 

human milk), also found no differences in mean arterial, systolic or diastolic blood pressure, and no 

differences in fat mass index between the groups, although there was a significant increase in fat-free 

mass index in the unfortified breastmilk group (Toftlund et al., 2018). By contrast, a study using 

nutrient-enriched diet in term SGA infants beyond the weaning period reported increases in fat mass 

in later childhood (Singhal et al., 2010). These findings from randomised trials suggest that early 

macronutrient supplementation may not be associated with later cardio-metabolic risks, as has been 

suggested from observational studies (Ludwig-Auser et al., 2013). However, of the four studies that 

reported metabolic outcomes, we noted substantial variation in choice of metabolic outcomes, and this 

lack of standardisation precludes meaningful comparison of data between studies and species.  

The only study not included in the meta-analyses investigated cognitive outcomes after 

supplementation with DHA in preterm rats. It is therefore not possible to distinguish the effects of the 

macronutrient supplement (fat) from any specific effects of DHA that may or may not apply to 

supplementation with other lipids. DHA is essential for neural membrane and glial cell development 

in preterm infants (Sauerwald et al., 2012). The study included in this review fed varying doses of 

DHA to preterm rats (Wang et al., 2018) and the authors reported improved spatial learning and 

memory in preterm pubertal rats fed sufficient (100 mg/kg/d) and enriched doses (300 mg/kg/d) of 
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DHA supplementation, although excess supplementation (800 mg/kg/d) was associated with delayed 

spatial learning and memory. These findings suggest a dose-dependent effect of DHA on cognitive 

outcomes. However, findings across randomised trials assessing the cognitive benefits of DHA 

supplementation in infants born small have been inconsistent, and the optimal intake of DHA for this 

group of infants is still unknown (Robinson & Martin, 2017). A recent systematic review of 

randomised trials in preterm infants examining the effects of LCPUFA-supplemented formula 

compared with standard formula found no cognitive benefits of supplementation at 12 and 18 months 

(K. Moon et al., 2016).  However, doses of DHA tested in five of the seven studies included in the 

review were below or around the median concentration of DHA (~ 0.3%) in human milk worldwide 

(Brenna et al., 2007), and therefore are likely to be too low to influence functional outcomes. Daily 

doses of 1-1.5 % of total fatty acid as DHA are recommended to emulate in utero accretion and to 

compensate for early deficits occurring between birth and discharge in preterm infants (Lapillonne & 

Jensen, 2009; Makrides & Kleinman, 2015).  

This review has several strengths. Firstly, the review was designed to address clinically relevant 

questions, pertinent to the long-term health and well-being of infants born small. Secondly, to reduce 

bias, we prepared and registered the protocol for this review a priori. Thirdly, we used a systematic 

process to retrieve, review, and extract data for the analysis. 

This review also has some limitations. Although our search strategy was comprehensive and 

devoid of language restrictions, we were able to include only six eligible studies, and no data were 

available for some important outcomes: co-primary cognitive or learning impairment and metabolic 

risk; a composite measure of death or impairment, and bone growth. The limited data may be for 

several reasons. Our inclusion and exclusion criteria may have excluded many studies, and the studies 

included in the review only followed up on the animals for limited periods. Animal studies are 

particularly important because unlike human studies they can be used to investigate adult outcomes 

after early interventions over shorter timeframes, but in this review, only three out of six included 

studies reported outcomes after puberty.  

Assessment of the features of cognitive impairment in animal studies can be difficult, and this 

may have contributed to the lack of data for this important outcome. Infants born small are vulnerable 

to nutritional deficits and subsequent development of neurocognitive impairments, and nutritional 

supplements have been introduced into clinical practice in large part to improve cognitive outcomes 

(Schneider & Garcia-Rodenas, 2017). Nevertheless, since this is a primary clinical concern, future 

animal studies of the effects of early nutritional supplements should consider how neurological 

outcomes might be measured, potentially including imaging to assess brain growth as well as 

assessment of behaviour and cognitive skills.  



 

174 

Animal studies have not addressed our pre-specified clinically relevant questions concerning 

sex-specific and long-term effects of early postnatal macronutrient supplementation in infants born 

small. A systematic review conducted on the same topic in humans yielded 44 studies including 4,812 

babies (Lin et al., 2019). This suggests that the effects of nutritional supplementation have been 

assessed directly in humans in the absence of data from animal studies. Thus, arguably, answers to our 

clinical question might be more appropriately sought in long-term follow-up of previously conducted 

randomised trials in humans rather than in undertaking more animal studies. We found limited data on 

sex-specific effects which emphasises the need for adequate power and separate reporting of outcomes 

for males and females. 

We found substantial heterogeneity between studies and subgroups, particularly in the meta-

analyses on weight and serum leptin concentrations, where there were the most included studies. The 

heterogeneity could be due to the combination of studies with different animals and interventions and 

because of the different mechanisms underlying the experimental growth restriction induced in 

different studies which may impact differently on the potential for postnatal accelerated growth and/or 

metabolic outcomes. The appropriateness of combining studies with different types of animals (sheep, 

rats, and pigs) and interventions in the meta-analysis is debatable, although others have deemed this 

valid in animal studies (Rongen et al., 2015). Despite our pre-planned subgroup analyses, the origin of 

the heterogeneity was unable to be further investigated due to insufficient data.  

Sensitivity analyses based on study quality to determine the robustness of our findings also was 

not possible as all the studies were judged to be of low to very-low-quality. It is well-recognised that 

research methods in animal studies are often inadequately reported (Kilkenny et al., 2010), and this 

was consistent with our findings in that none of the included studies reported details on randomisation, 

allocation concealment, random housing, blinding, and random outcome assessment as required by the 

SYRCLE’s risk of bias tool (Hooijmans et al., 2014). Randomisation, for instance, contributes to the 

internal validity of a study (Hirst et al., 2014) and we had planned to include only randomised studies. 

However, with no information on the randomisation techniques used, it was impossible to judge their 

validity and to draw conclusions about causal relationships from the included studies. The value and 

credibility of systematic reviews partly depend on the quality of the included studies. Therefore, it is 

important that the conduct and reporting of experimental animal studies adhere to the same rigour as 

RCTs (Muhlhausler et al., 2013; Schulz et al., 2010) to reduce bias in results. 

High-quality animal studies can provide valuable data on aetiology and help to elucidate 

underlying biological mechanisms of human diseases. In this review, we aimed to assess the long-term 

and sex-specific effects of macronutrient supplementation in preterm and small-for-gestational-age 

animals, with the intent to inform the design of new clinical trials to assess sex-specific nutritional 
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supplementation of babies born small. Although we identified many nutritional supplement studies, 

very few met the eligibility criteria for this review and the data were limited with low to very-low-

quality evidence. We found some long-term effects of macronutrient supplements on growth, 

metabolism, and neurodevelopment, but no sex-specific effects. Future animal studies should adhere 

to existing guidelines for reporting methodological details, e.g., the Animal Research: Reporting of In 

Vivo Experiments (ARRIVE) guidelines (Kilkenny et al., 2010), use clinically relevant nutritional 

supplement regimes, and assess clinically relevant life-long and sex-specific effects. However, 

considering the very large number of human studies on this topic, long-term follow-up of these studies 

may be more appropriate. 

6.5 Conclusion 

We conclude from this review that long-term sex-specific effects of early macronutrient 

supplementation remain uncertain. Limited low to very-low-quality evidence shows that macronutrient 

supplements may increase weight in juveniles, have sex-specific effects on serum leptin concentrations 

in adults, and improve spatial learning and memory in pubertal rats. The preclinical research 

community should consider developing standardised outcome measures for use in nutritional studies, 

and any future studies of the effects of early nutritional supplements in preterm or SGA animals should 

adhere to reporting guidelines and report outcomes pertinent to clinical practice. 
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Chapter 7. Effect of maternal diet in women with gestational diabetes 

mellitus on infant outcomes: A protocol for a cohort study  

 

7.1 Introduction 

Gestational diabetes mellitus (GDM) is defined by the World Health Organization (WHO) as 

“carbohydrate intolerance resulting in hyperglycaemia or any degree of glucose intolerance with onset 

or first recognition during pregnancy, usually from 24 weeks gestation onwards” (WHO, 2013, p. 20). 

Attempts at establishing the diagnostic criteria for GDM began over 40 years ago (O’sullivan & 

Mahan, 1964). However, it has been impossible to obtain consensus on the definition, screening and 

diagnostic criteria, and management of GDM among international experts (Buchanan & Kjos, 1999; 

Hunter & Milner, 1985; Jarrett, 1993; Moynihan et al., 2012). This conundrum impacts accurate 

estimations of the prevalence of the disease. GDM prevalence is reported to have increased by more 

than 30% in the last two decades with estimates ranging from <1–28% in 173 countries (Jiwani et al., 

2012; Mak et al., 2018). In New Zealand (NZ), 9% of pregnancies were diagnosed with GDM in 2015, 

i.e., one in every 11 pregnant women (NZ Ministry of Health, 2017).  

Gestational diabetes mellitus (GDM) poses short- and long-term health risks for the mother 

and her offspring as well as substantial economic burden to society. Maternal short-term consequences 

of GDM may include increased risk of prolonged labour, induction of labour, operative birth, vaginal 

lacerations, postpartum haemorrhage (Kamana et al., 2015; Tan et al., 2009), preeclampsia (Bhat et 

al., 2010; HAPO, 2008), gestational hypertension (Prakash et al., 2017) and post-partum depression 

(Byrn & Penckofer, 2015; Hinkle et al., 2016; Nicklas et al., 2013). Long-term health risks include 

type-2 diabetes, cardiovascular, i.e., hypertension and ischaemic heart disease (Daly et al., 2018; 

Hopmans et al., 2015), metabolic disease (O’Higgins et al., 2017; Sodhi & Nelson, 2018; Stuebe et al., 

2011), and breast cancer (Park et al., 2017). Adverse short-term health outcomes for the infant may 

include increased risk of being born large for gestational age, birth trauma such as shoulder dystocia, 

clavicle fractures and nerve palsy (HAPO, 2008; Kamana et al., 2015), neonatal hypoglycemia with 

risk of brain injury and childhood developmental delays (Esakoff et al., 2009; Ornoy et al., 2015), 

hyperbilirubinemia, polycythaemia (Kamana et al., 2015), and respiratory distress syndrome (Prakash 
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et al., 2017). Regarding the long-term effects in children, results from observational studies are 

conflicting. While there is some evidence that offspring exposed to maternal GDM have a higher risk 

of Autism Spectrum Disorders (Wan et al., 2018; Xiang et al., 2015), childhood obesity, metabolic 

syndrome, type-2 diabetes, and cardiovascular disease (Ornoy et al., 2015; Pettitt et al., 1993; Tam et 

al., 2008), other studies did not find a clear association between maternal GDM and obesity in offspring 

between ages seven to 14 years (Gillman et al., 2003; Tam et al., 2008).  

Data on the economic costs of GDM is sparse. However, in Italy, the cost per treatment of a 

GDM woman on an outpatient basis was 8.5 times more than in normal pregnancies, i.e., €370.6 

compared to €43.7. Inpatient and delivery costs were €1601.6 and €1150.3 for normal women and their 

infants, and €1835.0 and €1407.7 for GDM women and their infants. The overall economic burden at 

the national level was reported as €44.8 million in 2014 (Meregaglia et al., 2018). 

Considering the dire statistics of increasing GDM prevalence, adverse health outcomes, and 

high healthcare costs, effective management that reduces the inordinate effects of the disease for the 

offspring is imperative. Maternal diet during pregnancy has been reported to influence fetal and 

childhood growth, food preferences, and long-term health (Barker & Thornburg, 2013; Hernandez & 

Brand-Miller, 2018; Uwaezuoke, 2015). For example, higher maternal fat intake at 32 weeks’ gestation 

was negatively associated with infant body composition (abdominal subcutaneous fat) at birth, one-, 

and five years of age, while maternal total protein intake was negatively associated with infant BMI z-

scores at three and five years of age (Brei et al., 2018). Maternal protein and fat intake during 

pregnancy assessed via an FFQ at 32 weeks was also found to be significantly associated with the 

child’s protein and fat intake at 10 years of age, although there was no association with adiposity (Brion 

et al., 2010). Concerning effects of maternal micronutrients, neonates of Asian mothers with 

inadequate 25(OH)D concentrations at 26 – 28 weeks’ gestation, for instance, have been shown to 

have higher abdominal subcutaneous adipose tissue volume compared to the control group with 

sufficient vitamin D concentrations (Tint et al., 2018). 

Currently, diet and lifestyle modification are the first-line therapy for women with GDM. 

However, the optimal diet needed to achieve normal maternal glycaemic concentrations and to improve 

perinatal outcomes for women with GDM remains elusive (American Diabetes Association, 2017; 

Canadian Diabetes Association Clinical Practice Guidelines Expert Committee et al., 2013; Metzger 

et al., 2007; NICE, 2015). A diet low in carbohydrates was initially recommended (ACOG Committee 

on Practice Bulletins-Obstetrics, 2018; Blumer et al., 2013) because it was thought to alleviate 

maternal postprandial glucose levels and help to prevent macrosomia (Hernandez et al., 2013). One 

concern of this approach is that high-fat diets often get substituted for low carbohydrate diets, which 

tend to worsen maternal insulin resistance and increase the transfer of nutrients to the fetus to promote 
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fetal fat accretion (Hernandez et al., 2013; Metzger et al., 2007; Sivan et al., 1998). Consistent with 

this, human and animal studies have shown that prenatal high-fat diets are associated with offspring 

adiposity, hepatic steatosis, and metabolic syndrome (Harmon et al., 2011; McCurdy et al., 2009; 

Schaefer-Graf et al., 2008). Consequently, there are no clear, specific guidelines on the optimal diet 

for GDM women (Hernandez & Brand-Miller, 2018). 

Several dietary approaches have been pursued in women with GDM, including RCTs 

comparing diets high in complex carbohydrate but low in fat to carbohydrate-restricted and high-fat 

diets (Hernandez et al., 2014). These studies have shown greater maternal adipose tissue insulin 

sensitivity, lower fasting blood glucose concentrations, and lower free fatty acid exposure to the fetus 

with the complex carbohydrate diet compared to the carbohydrate-restricted diet (Hernandez et al., 

2014, 2016). Yet, these pilot studies are limited by the short duration of the intervention (~three days 

and 10 weeks gestation respectively) and small sample sizes, making them inadequately powered to 

detect dietary effects on fetal growth and adiposity and pregnancy outcomes (Hernandez et al., 2014, 

2016).  

Evidence from systematic reviews has also been inconsistent. For instance, two systematic 

reviews of RCTs assessing the effects of low glycaemic index (GI) diets on maternal and infant 

outcomes in GDM women versus moderate/high GI diets reported the low GI diet to be associated 

with reduced insulin use and reduced birth weight compared to the control diets (Viana et al., 2014; 

Wei et al., 2016). A third systematic review, on the other hand, found no such effects of low GI diet 

on birth weight and insulin use (S. Han et al., 2017). These inconsistences are more likely due to 

differences in the classification of the GI diet. While some authors (Viana et al., 2014; Wei et al., 2016) 

grouped the same four trials included in the review as low GI diet, Han et al. (2017) grouped them in 

two categories as low or low-moderate GI diet. Hence, different trials with lower sample sizes and 

statistical power for the outcomes large-for-gestational-age (LGA) and insulin use were included in 

the latter review as compared to the two former reviews.  

Thus, no clear recommendations on the optimal diet in GDM have emerged from systematic 

reviews. However, a recent systematic review of RCTs assessing the effects of any nutrition 

intervention in GDM, i.e., modified diets including low GI, Dietary Approaches to Stop Hypertension 

(DASH), low carbohydrate, fat modification, soy protein enrichment, energy restriction, high fibre, 

ethnic diets, and individual behavioural recommendations compared to control diets found that 

modified diets in GDM improved maternal postprandial glycaemic control (pooled data from 18 RCTs 

and  >1,000 mothers), lowered infant birth weight, and decreased the risk of macrosomia (pooled data 

from 16 studies and over 800 infants) (Yamamoto et al., 2018). These findings confirm that dietary 

interventions can be effective in reducing maternal hyperglycaemia and the risk of macrosomia. 
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However, the evidence was low to very-low-quality, indicating that high quality and adequately 

powered studies are still needed to determine the optimal diet and assess the effects of maternal diet in 

GDM on perinatal outcomes.  

In NZ, recommendations for nutrient intake in women with GDM are based on limited evidence 

with no specifications provided for fat, protein, fibre, or micronutrients (NZ Ministry of Health, 2014). 

Thus, most dieticians (86%) use the general healthy eating guidelines for pregnant women and the 

Ministry of Health Screening, Diagnosis and Management of GDM guideline (79%) (Lawrence et al., 

2017). There is no published literature on the dietary exposures of GDM women in NZ, and the effects 

of maternal diet on perinatal outcomes in these women has not been examined. Therefore, this 

exploratory study among women with GDM in NZ aims to 1) describe their nutritional status at 36 

weeks’ gestation; and 2) describe associations between maternal diet/dietary patterns and infant size 

and body composition at birth, growth in early infancy, body size and composition at six months and 

infant feeding patterns at six months. 

7.2 Research questions 

1. Is maternal diet in pregnancy associated with infant appetitive feeding behaviour at six 

months of age? 

• Are the associations sex-specific? 

2.       Is maternal diet in pregnancy associated with infant growth, and body composition at 

birth and six-months of age? 

• Are the associations sex-specific? 

 

7.3 Objectives 

1.         To describe dietary patterns at 36 weeks gestation of women with GDM in NZ.   

2. To assess the relationships between maternal dietary patterns at 36 weeks’ gestation in 

women with GDM and:  a) Offspring size at birth and six months (weight, length, head circumference, 

weight for length, and skin-fold thicknesses);  b) Growth (change in z scores) from birth to 6 months; 

and c) Infant appetitive feeding behaviour at 6 months of age     
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7.4 Methods 

7.4.1 Study design and setting 

Nested cohort study using data from the TARGET Trial; a multicentre, stepped-wedge, cluster 

randomised controlled trial that compared the effects of tighter treatment targets for glycaemic control 

in women with GDM with less tight targets on maternal and infant outcomes. Details of the trial are 

described elsewhere (Crowther et al., 2018). Women with a singleton pregnancy were recruited from 

10 hospitals located throughout NZ if they had been diagnosed with GDM via an oral glucose tolerance 

test mid-pregnancy (≥22 weeks’ gestation). Women were not eligible if their baby had known major 

fetal anomaly. The Northern A Health and Disability Ethics Committee approved the study 

(14/NTA/163/AMO1). TARGET was registered with the Australian New Zealand Clinical Trials 

Registry Number- ACTRN 12615000282583. 

Participants 

For this nested cohort study, women with GDM who were recruited to the TARGET trial will 

be included if they had completed a questionnaire at 36 weeks gestation about their diet; consented to 

having data on sex, gestational age, and pregnancy outcomes collected after birth from case records; 

and participated in the follow-up assessments at six months after the birth on maternal diet, infant 

feeding, and measurements of infant body size.  

7.4.2 Outcomes and measures 

Maternal diet: Semi-quantitative FFQ (Sam et al., 2014) were administered at 36 weeks’ 

gestation. This self-administered, one-month recall questionnaire was completed by paper and pen or 

online and reflected dietary intake between 32- and 36-weeks’ gestation. The FFQ included questions 

on the use of dietary supplements, daily amounts of sugar added to beverages and foods, type and 

brand of breakfast cereals, table spread, oil, and milk, as well as the frequency and quantity of foods 

consumed. Food groups examined included dairy, eggs and meat, fish and seafood, bread, cereals and 

starches, fruits, vegetables, fast foods, beverages, sweets, baked goods, and miscellaneous. The FFQ 

was validated in a Dunedin population of 132 adults aged 30 ‒ 59 years in NZ (Sam et al., 2014). 

Validation was done by using Spearman rank correlations and Bland-Altman analyses to compare 

nutrient intakes from the FFQ and those from an 8-day diet record collected over 12 months and 

selected blood biomarkers. Agreement was high for most macronutrients (99% for protein, 103% for 

total fat) and reliability values were mostly between 0.60 and 0.80 (Sam et al., 2014).  
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Infant diet: The BEBQ was used to assess infant feeding behaviour (Llewellyn et al., 2011), 

while dietary patterns were assessed using an infant FFQ. The BEBQ is an 18-item infant questionnaire 

derived from the 35-item children’s eating behaviour questionnaire (CEBQ) which was designed and 

validated to measure eight scales of eating behaviour in children between the ages of 3-11 years 

(Wardle et al., 2001). The BEBQ comprises questions from four scales, i.e., ‘enjoyment of food’ (four 

questions), ‘food responsiveness’ (five questions), ‘slowness in eating’ (four questions), and ‘satiety 

responsiveness’ (five questions) (Llewellyn et al., 2011). The BEBQ and infant FFQs were 

administered to the mother at six months and required mothers to recall their baby’s feeding habits 

over the first few months after birth, particularly during the period of milk intake only. The infant FFQ 

included four sections. Sections 1 and 2 comprised questions on the type of milk fed and duration, 

problems with feeding, other fluids, and solids fed after birth until six months of age, as well as the 

age at starting solids with reasons. Sections 3 and 4 assessed the type, frequency, and quantity of milk 

and solids fed over the last four days. Solids assessed included cereals/carbohydrates, dairy foods, 

meat/protein, and vegetables and fruits. 

Infant growth and body composition: Standard anthropometric measures of weight (to the 

nearest kilogram using an electronic infant scale (SECA)), length (to the nearest centimetre using a 

neonatometer), head circumference (to the nearest centimetre using a measuring tape) and skinfold 

thickness (SFT) (to the nearest millimetre using a skinfold calliper) were made at birth and six months 

after birth by the research midwife. SFT is a valid measure for subcutaneous fat mass assessment in 

infants in large studies (Nevill et al., 2006; J C K Wells & Fewtrell, 2006) and two or more 

measurements were recorded for each of the six different sites including biceps, triceps, suprailiac, 

subscapular, abdominal, and thigh via a skinfold calliper for each infant. 

7.4.3 Analyses 

Dietary intake will be analysed using the NZ FOOD files-based Diet Cruncher software version 

1.6.0 (Way Down South Software, Dunedin, NZ) (Sam et al., 2014). Dietary components assessed will 

include total daily energy intake; total protein; fat (including saturated fatty acids, monosaturated fatty 

acids and polyunsaturated fatty acids (PUFA)); cholesterol; carbohydrates (sucrose, fructose, fibre); 

alcohol intake; and micronutrients (vitamin A, B12, D, folate, niacin, iron, zinc, iodine). We will 

exclude dietary data for women with more than 10 dietary items missing. Where 10 or fewer items are 

missing, we will assume that the item was never consumed by the study participant and we will give 

it a value of 0 (Northstone et al., 2008). We will also exclude implausible data with reported energy 

intakes <500 and >3,500 kcal/day (Rhee et al., 2015). 
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We will use dietary intake data from the FFQ and two a posteriori methods, i.e., PCA and RRR 

to derive the dietary patterns (Willett & Stampfer, 1986). We will use PCA to identify dietary patterns 

among the GDM population, and RRR to identify patterns that explain variations in our response 

variables weight, length, head circumference, weight for length, and skinfold thicknesses (Hoffmann, 

Schulze, et al., 2004b). These response variables will represent the infant outcomes of interest, growth, 

and body composition. For each method, factor loadings will represent correlations between each food 

group and the dietary pattern (DP), so that higher values will imply stronger correlations, positive 

values will indicate positive associations, while negative values will mean an inverse association 

between the food groups and the DP. We will consider food groups with absolute loading values over 

0.2 as contributing highly to the pattern (Newby & Tucker, 2004). We will compute DP scores for 

each study participant as a sum of the food intake variables weighted by the loadings generated by the 

method. DP scores will measure the degree to which the participant’s diet conforms to the pattern.  

We will use mean dietary pattern scores to examine linear associations with our outcomes 

growth and body composition and tertiles of the scores for nonlinear associations. A higher tertile will 

be equivalent to a higher pattern score and imply a greater degree of adherence to that pattern. We will 

examine trends across tertiles by using trend test for binary variables and then perform univariate and 

multivariate linear regression models using tertiles of the dietary score as ordinal predictors of infant 

outcomes. We will use the partial least squares procedure in SAS to analyse the dietary data with 

method options PCR and RRR, respectively. 

Skinfold thickness: We will use SFT to assess regional fatness, i.e., total, central, and peripheral 

(Wells & Fewtrell, 2006). We will consider total subcutaneous fat mass as the sum of all SFTs (biceps 

+ triceps + suprailiac + subscapular + abdominal + thigh); central subcutaneous fat mass as suprailiac 

SFT + subscapular SFT+ abdominal SFT; and peripheral subcutaneous fat mass as triceps SFT + biceps 

SFT + thigh SFT (Birmingham et al., 1993; Ketel et al., 2007).  

Anthropometrics: Birth weight data will be considered as continuous, i.e., birth weight z-

scores, or categorised as small-for-gestational-age (SGA), defined as sex-specific birthweight-for-

gestational age ≤10th percentile or LGA, ≥90th percentile (Kramer et al., 2001), or AGA, between 

10th to 90th percentile (Iams, 2010). We will use extracted data on sex, birth weight, and gestational 

age to identify infants as AGA/SGA/LGA and the Fenton-WHO growth reference charts will be used 

to assign percentiles and calculate z-scores for weight, length, head circumference, weight-for-length 

(WFL), at birth and six months, and SFT (Fenton & Kim, 2013a). Infant growth will be assessed as 

change in z -scores from birth to six months. 



 

183 

Covariates: We will consider adjusting our analyses for the following maternal characteristics: 

maternal age, race/ethnicity, parity, pre-pregnancy BMI, gestational weight gain, smoking status, total 

daily energy intake, glycaemic control or treatment group, and NZ deprivation index (NZDep). We 

will consider maternal age and total daily energy intake as continuous variables. We will divide 

ethnicity into the following categories based on Statistics NZ coding criteria: European, Māori, Pacific 

Peoples, Asian, Middle Eastern/Latin American/African, other ethnicity, and residual category and 

prioritise them to exclusive categories using the Department of Health recommendations (STATS NZ, 

2017). We will consider parity as nulliparous – no previous birth, and multiparous as more than one 

previous live birth. We will calculate pre-pregnancy BMI as kg/m2 as a continuous variable and as 

categorically as underweight <18.5, normal 18.5–24.9, overweight ≥25‒29.9, and obese ≥30 kg/m2 

(WHO, 2019). Smoking during pregnancy will be considered as dichotomous variables, i.e., smokers 

versus non-smokers. The NZDep scores combine nine variables (income, employment, income, 

communication, transport, support, qualification, owned home, and living space) from the 2013 census 

to reflect eight dimensions of deprivation. NZDep is a measure of the average degree of deprivation at 

meshblock level (Statistics NZ areas containing approx. 90 people) (Critchlow, 2019) reported in 

deciles, with 1 representing the least deprived 10% of areas in NZ and 10 indicating the most deprived 

10%.  

7.4.4 Statistical analysis 

We will analyse the data using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). We will 

report cohort characteristics using descriptive statistics with means and standard deviations for 

continuous variables, or median and inter-quartile ranges for skewed data or proportions with 

respective percentages for categorical variables. We will assess for normality of the data and where 

appropriate, we will log-transform to approximate normality. We will compare participants of the 

study with non-participants using the Student’s t-test for normally distributed data, the Mann-Whitney 

U test for non-normal data and the χ2 test for categorical data.  

The relationships between maternal nutrition-related variables and infant's diet, growth, and 

body composition will be assessed by bivariate and multivariate analyses. The dependent variables 

will be the infant's diet, growth z-scores (birth weight, weight, length, head circumference, WFL at 

birth and six months, AGA/SGA/LGA status) and skinfold thickness z-scores at six months. The 

independent variables of interest will be maternal dietary intake (protein, fat, carbohydrate), diet 

quality scores, and dietary patterns. We will assess the relationships between AGA/SGA/LGA and 

maternal dietary patterns using separate bivariate and multivariable logistic regression models with 

odds ratios and 95% CIs. We will also compute Pearson’s correlation for normally distributed data and 
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Spearman’s correlation for non-normal and categorical data. Independent maternal dietary intake 

variables (macronutrients) correlating significantly with infants’ diet, growth, and body composition 

will be selected for a stepwise multivariate linear regression analysis. We will initially adjust for other 

macronutrients with or without holding total energy constant. Subsequently, we will adjust all 

multivariate models using the above-mentioned covariates and the model for change in infant growth 

will also be adjusted for gestational age and WFL z-scores at birth. We will build the model 

successively by adding or removing variables based on their estimated coefficients and determine the 

most parsimonious model.  

We will assess issues of multi-collinearity among independent variables and goodness-of-fit 

and model assumptions for linear regression by examining graphs of residuals. We will perform 

subgroup analyses to determine sex-specific differences in the relationship between maternal diet and 

infant outcomes, and we will examine the data separately for boys and girls. We will use multiple-

imputation to handle missing data, and we will adjust for multiple comparisons using false discovery 

rate corrected p-values. We will perform all statistical tests as two-tailed and consider a p‐value < 0.05 

as statistically significant. 
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8.1 Introduction 

A healthy appetite is important for an infant’s optimal growth and long-term health. Appetite 

is defined as “the internal driving force for search, choice, and ingestion of food” (de Graaf et al., 

2004) and growing evidence suggests that maternal diet in the prenatal and early postnatal period may 

alter an infant’s appetitive feeding behaviour via a panoply of hormones, genes, and mechanisms 

including orosensory controls (Zeltser, 2018). Flavour, a major determinant of food preference, is 

essential in the development of infant appetitive feeding behaviour (Fildes et al., 2015; Freitas et al., 

2018). It is thought that the developing fetus is first exposed to flavour in utero via maternal dietary 

components in the amniotic fluid (Burgess-Champoux et al., 2006; Dominguez, 2013; Uwaezuoke, 

2015) and that the initial exposure may mould future dietary proclivities. For instance, infants of 

mothers who ate a variety of foods during pregnancy and breastfeeding are reported to be more tolerant 

of a wide array of flavours compared to their formula-fed counterparts (Beauchamp & Mennella, 

2011). Similarly, a cohort study in the UK has reported significant associations between maternal 

protein and fat intake at 32 weeks of gestation and the offspring's protein and fat intake at ten years of 

age (Brion et al., 2010).  

Infant appetitive feeding behaviour includes traits such as food responsiveness, slowness in 

eating, and satiety responsiveness, which contribute to variations in adiposity and weight gain in 

infants (DiSantis et al., 2011; Hurley et al., 2011). For instance, food responsiveness measured at three 

months of age is significantly associated with higher BMI z-scores from six to 15 months of age and 

higher weight gain between three and six months of age (Quah et al., 2015). By contrast, slowness in 

eating and satiety responsiveness is significantly associated with lower BMI z-scores at six months 

and with less weight gain between three and six months of age (Quah et al., 2015). Associations 

between adiposity, satiety responsiveness, and food responsiveness have also been reported among 

groups of children aged between three to five and 8 to 11 years (Carnell & Wardle, 2008).  

Although there is some evidence that maternal diet affects infant appetitive feeding behaviour, 

the effects are inconsistent, and it is unclear when abnormalities in appetitive traits begin to manifest 

and to what extent they persist (Zeltser, 2018). Women with gestational diabetes mellitus (GDM) are 

commonly overweight, at increased risk of developing type-2 diabetes and hypertensive disorders, and 

have large babies who are also at a higher risk of obesity and metabolic disease in later life (Daly et 

al., 2018; Prakash et al., 2017). However, we are not aware of any studies that have examined maternal 

dietary patterns in women with GDM and their relationship with appetitive traits of their offspring. 

Thus, our study aimed to investigate dietary patterns of women with GDM in late pregnancy, appetitive 

feeding behaviour in their infants, and the relationship between these. We hypothesised that 1) infants 
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of women with GDM would have obesity-related appetitive traits such as high food responsiveness 

and high enjoyment of food; 2) unhealthy maternal dietary patterns, high in energy-dense, nutrient-

poor discretionary foods, would be associated with higher food responsiveness, enjoyment of food, 

and higher general appetite in infants; and 3) healthy maternal dietary patterns, high in nutrient-dense 

foods such as fruits and vegetables, would be associated with higher satiety responsiveness and 

slowness in eating in infants. 

8.2 Methods 

8.2.1 Study design and setting 

This nested cohort study is a secondary analysis of data from the TARGET Trial, a multicentre, 

stepped-wedge, randomised trial that compared the effects of tighter treatment targets for glycaemic 

control in women with GDM with less tight targets on maternal and infant outcomes (Crowther et al., 

2018). Details of the trial protocol are described elsewhere (Crowther et al., 2018). Briefly, women 

with a singleton pregnancy and diagnosed with GDM by an oral glucose tolerance test ≥22 weeks’ 

gestation were recruited from 10 hospitals in New Zealand between 2015 and 2017.  The TARGET 

trial was approved by the Northern A Health and Disability Ethics Committee (14/NTA/163/AMO1). 

Participants gave written informed consent. TARGET was registered with the ACTRN 

12615000282583. No additional consent was required for the current study using anonymised data 

from the TARGET Trial, but the study was carried out in accordance with the principles of the 

Declaration of Helsinki and the University of Auckland Research Code of Conduct. 

Participants 

Women with GDM who were recruited to the TARGET Trial were included in this nested study 

with their infants if they had completed a food frequency questionnaire at 36 weeks’ gestation about 

their diet during the trial; had data on infant sex, gestational age at birth, and pregnancy outcomes; and 

had participated in the follow-up at six-months after birth.  

8.2.2 Outcomes and measures 

Maternal diet: Data on food consumption was collected from study participants via a self-

administered, one-month recall, semi-quantitative FFQ at 36 weeks’ gestation. The FFQ was a 

customised version of the 163-item semi-quantitative FFQ developed by Willett, (2012), with changes 

made to reflect local dietary habits as per the nationally-representative nutrition survey available at the 

time (Russell et al., 1999), and further informed by two focus groups of 21 adults aged 30-59 years in 
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New Zealand (Sam et al., 2020). The questionnaire comprised 65 questions of which 57 were grouped 

as dairy, eggs and meat, fish and seafood, bread, cereals and starches, fruits, vegetables, fast foods, 

beverages, sweets, baked goods, and miscellaneous ( Table 8.1). Food frequencies were measured on 

a six-point ordinal scale ranging from “never or less than once per month” to “4-6 times per day” (Sam 

et al., 2020).  

We excluded data from women with more than ten dietary items missing and assumed an item 

was never consumed for missing data where ten or fewer items were missing (Northstone et al., 2008). 

We also excluded implausible data with reported energy intakes <500 and >3,500 kcal/day (Rhee et 

al., 2015). 

Dietary patterns: Of the 65 food questions in the semi-quantitative FFQ, we used 57 to conduct 

the PCA, excluding items which were intended for cross-validation and items that were not food group 

based (Table 8.1). We converted the ordinal maternal dietary data to weekly frequencies of food 

consumption as follows: never or less than one month = 0, 1-3/month = 0.5, 1/week = 1, 2-4/week = 

3, 5-6/week = 5.5, 1/day = 7.0, 2-3/day = 17.5, 4-6/day = 35. To obtain a smaller set of variables that 

explained maximum variations in the dietary patterns of women with GDM, we performed PCA using 

the polychoric correlation matrix, which is more appropriate for ordinal data from Likert-type rating 

scales, and varimax rotation (Baglin, 2014). We used the PROC FACTOR, method=principal 

statement in SAS (Willett & Stampfer, 1986), and assessed the suitability of the maternal dietary data 

for PCA via the correlation matrix, Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy, and 

Bartlett’s sphericity test. KMO values range between 0 and 1, and values closer to 1 affirm the 

suitability of the data for PCA, while values <0.50 are unacceptable (Cerny & Kaiser, 1977; Kaiser, 

1974). We considered Bartlett’s p-value less than 0.05 as acceptable and indicating a significant 

difference between the observed correlation matrix and the identity matrix (Johnson & Wichern, 2007). 

We also assessed the reliability of the Likert-type scales used in the FFQ by evaluating the internal 

consistency of food items in each identified dietary pattern via Cronbach's coefficient alpha (α). We 

considered Cronbach's coefficient α values ≥0.70 as good (Hatcher, 1994) and removed food items 

with poor item-total correlations while assessing the effect of the rem oval on the reliability of the scale 
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Table 8.1 Summary of food groupings included in the dietary analysis 
 

Food groups Food items (65) from FFQ Examples of foods  Food items used in PCA (57) 

 Dietary supplement last month Dietary supplements taken over the last month Milk frequency 

 Sugar teaspoons/day Sugar added to beverages or food Ice cream 
 
Dairy Foods Milk frequency Cow, soy milk in hot drinks, cereals, creamed soups, etc. Yogurt 

 Ice cream Ice cream Low-fat cheese 

 Yogurt Yogurt Cheese 

 Low-fat cheese Cottage, ricotta, low-fat cheddar Cream-based dairy 

 Cheese Cheddar, edam, tasty, mozzarella, brie, camembert Bananas 

 Cream-based dairy Cream, sour cream, cream cheese Apples/pears 
 
Fruits Bananas Bananas Citrus fruit 

 Apples/pears Apples/pears Stone fruit 

 Citrus fruit Oranges, mandarins, grapefruit, lemons Berries 

 Stone fruit Apricots, plums, nectarines, peaches Dried fruit 

 Berries Fresh, frozen, or canned, e.g., strawberries, blueberries Other fruit 

 Dried fruit Raisins, sultanas, prunes Tomatoes 

 
Other fruit 

Kiwifruit, grapes, feijoa, pineapples, mango, rhubarb, Tamarillos, guava, 
pawpaw, melon 

Beans/legumes 

 
Vegetables Tomatoes Fresh, canned, tomato-based sauce Salad greens 

 Beans/legumes Green beans, runner beans, baked beans, Lentils, Chickpeas Other greens 

 Salad greens Lettuce, cucumber, celery, rocket Onions, leeks 

 
Other greens 

Broccoli, cauliflower, spinach, silver beet, cabbage, Brussel sprouts, 
bok choy, Chinese cabbage, watercress, Puha Potatoes, kumara, pumpkin 

 Onions, leeks Onions, leeks Other root vegetables 

 Potatoes, kumara, pumpkin Potatoes, kumara, pumpkin Other vegetables 

 Other root vegetables Carrot, beetroot, parsnip, turnips, yams Eggs 

 
Other vegetables 

Corn, mushrooms, asparagus, courgette, eggplant, Capsicum, peas, 
coleslaw Sausages 

 
Eggs, meat, etc. Eggs Eggs Salami, ham 

 Sausages Sausages and hotdogs,  Beef, pork, or lamb 

 Salami, ham Salami, ham luncheon, bacon, or other processed meat Meat pie 

 Beef, pork, or lamb Mince, roast, steak, stew, casserole, lasagne, frozen dinners, etc. Chicken/poultry 

 Meat pie Meat pie and two sausage rolls fried fish  Tuna/salmon 

 Chicken/poultry Chicken and other poultry Fried fish 

 Tuna/salmon Tuna, salmon, sardines, and mackerel, Other fish/seafood 

 Fried fish Battered fish, breaded fish, fish fingers High fibre cereals 

 Other fish/seafood Other fish and seafood Other cold breakfast cereals 
Breads, cereals, 
starches High fibre Cereals Porridge, muesli, bran flakes, all bran White bread 

 Other cold breakfast cereals Light ‘n’ tasty, special k, Weetabix Wholemeal 

 White bread Sliced, tortillas, pita, etc. Crackers 

 Wholemeal Sliced, tortillas, pita, etc. Pancakes 

 Crackers Crispbread, e.g., vita-wheat, crus-kits Brown rice 

 Pancakes Pancakes, waffles, sweet buns, scones White rice 

 Brown rice Brown rice/ wholemeal pasta Other pasta 

 White rice White rice/couscous Hot chips 

 Other pasta Spaghetti, Spirals, Instant noodles, Tinned Potatoes chips 
Fast foods Hot chips Hot chips/French fries Pizza 

 Potatoes chips Potato Chips, Crisps or Corn Chips International takeaway 

 Pizza Pizza/Hamburgers Low-calorie drink 

 
Intl Takeaway 

International Takeaway, e.g., Chinese, Thai, Japanese, Turkish, Indian, 
etc. Sweet drink 

Beverages Low-calorie drink Diet Coke, Coke, Sprite Alcoholic beverages 

 Sweet drink Sweet drinks, e.g., Sprite, Coke, Fruit juice, Raro, Cordial Water 

 Alcoholic beverages Alcoholic Beverages, e.g. Beer, Wine, Spirits Tea/Coffee 

 Water Water: Bottled, Sparkling, or Tap Chocolate 

 Tea/Coffee Tea/Coffee Sweets 
Sweets, baked good, 
Miscellaneous Chocolate Chocolate, Chocolate bars Biscuits 

 Sweets Sweets, Lollies Cake 

 Biscuits Biscuits Jams 

 
Cake 

Cake, Brownie, Slice, Croissant, Pie, Danish, Brioche, Milk Pudding, 
Muesli bars Nuts 

 Jams Jams, Preserves, Syrup, Honey Oils 

 Nuts Nuts (including peanut butter), seeds Fats 

 Oils 
Oils, e.g., Vegetable oil, Olive oil, Mayonnaise, Salad dressing, include 
frying Iodized salt 

 Fats 
Fats, e.g., butter or margarine, used as spreads or in cooking, 
excluding baking  

 Iodized salt At table and in cooking  

For cross-validation 
Milk type 

None, Full cream, or farmhouse, Standard or homogenized, Semi trim, 
trim, soy milk (regular/light), other milk  

 Fruit servings/day Fruit servings/day  
 Vegetable servings/day Vegetable servings/day  
 Breads/day Breads/day  
 Meat servings/week Meat servings/week  

  Fish servings/week Fish servings/week  
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(Field, 2009). We used eigenvalues >1, the breakpoint in the scree plot, and the interpretability of the 

components after varimax rotation to determine the number of components to retain (Cattell, 1966; 

Fransen et al., 2014; Kaiser, 1960). We used food items with absolute loading values of ≥0.3 to 

characterise the identified dietary patterns. We calculated weighted component scores as standardised 

variables and divided subjects into tertiles based on their scores for further analyses. Higher factor 

scores indicated the degree to which a woman’s diet adhered to the identified dietary pattern (Hatcher, 

1994).  

Infant feeding practice: Data on infant breastfeeding status and age of introduction of solid 

food were collected from mothers at six months postpartum by questionnaire. We defined exclusively 

breastfed infants as having received only breast milk and no other liquids or solid foods, except for 

prescribed medicines, and predominantly breastfed infants as having received breast milk together with 

other liquids (National breastfeeding advisory committee of New Zealand, New Zealand & Ministry 

of health et al., 2009; WHO, 2003).  

Infant feeding behaviour: Data were collected from mothers at six-months postpartum via a 

self-administered infant feeding behaviour questionnaire, based on the BEBQ (Llewellyn et al., 2011). 

The BEBQ was adapted from the validated Children's Eating Behaviour Questionnaire and modified 

for use in infants during the exclusive milk-feeding stage (Wardle et al., 2001). The BEBQ consists of 

18 items developed to measure general appetite and four specific appetitive traits: ‘enjoyment of food’ 

(four items), ‘food responsiveness’ (six items), ‘slowness in eating’ (four items), and ‘satiety 

responsiveness’ (three items) (Table 8.2). We measured general appetite with the question, ‘my baby 

had a big appetite’ and recorded maternal responses on a 5-point Likert frequency scale with response 

options of: ‘never’, ‘rarely’, ‘sometimes’, ‘often’, and ‘always’. We reverse-scored two items, i.e., “my 

baby became distressed while feeding” and “my baby finished feeding quickly”, calculated mean 

scores for each appetitive trait, and grouped appetitive scores as low (1 to ≤ 2.33), medium (>2.33 to 

≤3.66), and high (>3.66 to 5) (Vaus, 2002), with high scores indicating higher traits.   

Covariates: We considered the following covariates for each appetitive variable: continuous, 

i.e., maternal age and total daily energy intake, infant gestational age at birth, birth weight, weight and 

weight-for-length z-scores at six months, and age at introduction of solids; categorical i.e., prioritised 

ethnicity (European; Māori; Pacific Peoples; Asian; and Other), BMI (underweight < 18.5 kg/m2, 

normal weight 18.5 – 24.9 kg/m2, overweight ≥ 25 -29.9 kg/m2, and obese ≥ 30 kg/m2) (WHO, 2019); 

smoking (current smokers vs. non-smokers); parity (primiparous vs. multiparous); TARGET Trial 

treatment group (tighter vs. less tight glycaemic control); and infant breastfeeding status (exclusively 

breastfed, predominantly breastfed or formula-fed up to six months). 
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   Table 8.2 Summary of items included in the infant feeding behaviour questionnaire 
Scale Subscale Definition Original items 

Food approach eating 

behaviours 

Food 

Responsiveness 

Measures feeding in relation to how demanding the 

infant is and their responsiveness to environmental 

food cues. 

• If given a chance, my baby would always be feeding 

• Even when my baby had just eaten well, he/she was happy to 

feed again if offered 
 

• My baby could easily take a feed within 30 minutes of the last 

one. 
 

• My baby was always demanding a feed. 

• If allowed to, my baby would take too much milk. 

• My baby frequently wanted more milk than I provided. 

 Enjoyment of Food This refers to the infant’s general interest in milk 

and feeding, i.e., the extent to which eating is 

pleasurable. 

• My baby seemed contented while feeding. 

• My baby enjoyed feeding time. 

• My baby loved milk. 

• My baby became distressed while feeding. 

Food avoidance eating 

behaviours 

Satiety 

Responsiveness 

Measures the ease with which an infant perceives 

fullness. 

• My baby got full up easily. 

• My baby got full before taking all the milk I think he/she should 

have. 
 

• My baby found it difficult to manage a complete feed. 

 Slowness in Eating Measures the speed of feeding in infants during a 

meal. 

• My baby fed slowly 

• My baby finished feeding quickly. 

• My baby took more than 30 minutes to finish feeding 

• My baby sucked more and more slowly during a feed. 

    Adapted from Llewellyn et al., 2011 



 

192 

Variable selection was done based on parsimony and biological plausibility after inspection of 

models fitted to each appetitive variable using a stepwise, Max R square, forward and backward 

selection.  

NZDep reflects average degrees of socioeconomic deprivation at the mesh block level, using 

nine variables (income, employment,  communication, transport, support, qualification, owned home, 

and living space) combined from the 2013 census to reflect eight dimensions of deprivation (Atkinson 

et al., 2014; Critchlow, 2019). We divided the NZDep into quintiles with the first quintile representing 

the least deprived 20%, and the fifth quintile the most deprived 20%. We calculated total daily energy 

intake from the maternal FFQ data, while all other maternal covariates were assessed via trial entry 

questionnaires.  

8.2.3 Statistical analysis 

We conducted the data analyses using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). 

We assessed cohort characteristics, compared mother-child dyads with and without infant appetitive 

feeding data, and analysed maternal reports of their infant’s appetitive traits via means and standard 

deviations for continuous variables, median (inter-quartile range) for skewed data, and proportions 

with their respective percentages for categorical variables. We also assessed the normality of the data 

and relationships between the BEBQ subscales using Pearson’s product-moment correlation for 

normal data or Spearman correlation for skewed data. We interpreted correlation coefficients >0.80-

1.00 as strong, >0.50-0.80 as moderate, >0.20-0.50 as fair to weak, and 0.00-0.20 as negligible 

(Hatcher, 1994).  

We assessed relationships between maternal dietary pattern scores at 36 weeks’ gestation 

(independent variable) and BEBQ subscale scores (dependent variable) at six months of age using 

general linear models and adjusting for variables found to be associated with infant appetitive traits 

including infant sex, gestational age, birth weight, weight-for-age, weight-for-length, z-scores at six 

months of age, and the maternal covariates previously listed (Cooke & Wardle, 2005; Howard et al., 

2012; Mennella et al., 2001). In addition to the overall models, we conducted the analyses separately 

for infants of each sex and examined plots of residuals for evidence of normality, homoscedasticity, 

the constancy of variance, and outliers. Where residuals of dependent variables were not normally 

distributed, we explored Box-Cox power transformations to improve the curvilinearity.   
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8.3 Results 

8.3.1 Sample characteristics 

Of the 339 women with dietary data at 36 weeks’ gestation, eight women with 10 or more 

dietary items missing, and six with implausible energy values were excluded. A final sample of 325 

mothers were included in the dietary pattern analyses. Women in the cohort were similar to, i.e., fell 

within the 95% CIs for, all women who gave birth in New Zealand in 2017 for parity and 

socioeconomic status, but were slightly older, more likely to be overweight or obese, had an 

overrepresentation of Asian and underrepresentation of Māori ethnicities, and were less likely to smoke 

(Table 8.3). 

Of the 325 mothers with dietary data, 247 (76%) completed the infant appetitive feeding 

behaviour questionnaire. Those who completed the questionnaire were more likely to be of Asian and 

New Zealand European ethnicities, and to be in the lower socioeconomically deprived quintiles 

compared with those who did not (Table 8.3).  

At six months of age, 35 (14.2%) infants were exclusively breastfed, 152 (61.5%) were 

predominantly/partially breastfed, while 60 (24.3%) were exclusively formula-fed. The mean age at 

start of solids was 5.1 (SD 0.72) months. 

Overall, ‘enjoyment of food’ for infants in this cohort was negatively skewed. The majority of 

infants (92.3%) were reported to have high (scores >3.66 to 5) enjoyment of their milk and feeding 

times, 54.5% had a high general appetite, and 4.9% had high food responsiveness. Infants who had 

higher scores for ‘food responsiveness’ had higher general appetite (r=0.44, p <0.0001), and higher 

scores for ‘slowness in eating’ (r=0.21, p<0.0008). By contrast, infants who had higher scores for 

‘enjoyment of food’ had lower scores for ‘satiety responsiveness’ (r=−0.22, p<0.0006) and ‘slowness 

in eating’ (r=−0.22, p<0.0006) (Table 8.4).   
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Table 8.3 Characteristics of women and infants in the study cohort, those who did and did not respond 

to the infant feeding questionnaires, and all New Zealand births in 2017 
 

Characteristic All NZ births 
(n=59661) 

TARGET Cohort 
(n=325) 

Responders 
n=247 

Non-responders 
n=78 

P-value 
 

Maternal Mean or n SD or % Mean or n SD or % 
Mean 
or n SD or % Mean or n SD or %     

Age at study entry (years)  30.0*  32.4 2.8 31.1 1.8 31.6 5.1 0.11  
GA at study entry (weeks) N/A  31.2 1.9 32.6 4.7 31.1 2.2 0.80  
BMI at study entry (Kg/m2) N/A          
        Median     30.7  30.7 31.5  0.17  
        Interquartile range    27.3, 36.5 27.3, 35.3 26.4, 37.9   
BMI category (Kg/m2)           
< 18.5 - Underweight 1527 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.61  
18.5 – <25 - Normal 23985 42.4 34.0 10.5 25.0 10.2 9.0 11.5   
 25 - <30 - Overweight 16009 28.3 106.0 32.8 84.0 34.3 22.0 28.2   
 ≥ 30 - Obese 15008 26.5 183.0 56.7 136.0 55.5 47.0 60.3              
Ethnicity           
NZ European     26599 44.6 149.0 45.9 125.0 38.5 24.0 7.4 0.009  
Maori 14892 25.0 32.0 9.9 22.0 6.8 10.0 3.1   
Pacific  6008 10.1 35.0 10.8 21.0 8.5 14.0 4.3   
Asian 10602 17.7 105.0 32.3 75.0 23.1 30.0 9.2   
Other 1549 2.6 4.0 1.2 4.0 1.2 0.0 0.0              
Smoking status           
Smokers 7411 13.1 26.0 8.0 22.0 8.9 4.0 5.1 0.50  
Unknown 71 0.1 1.0 0.3 1.0 0.3 0.0 0.0              
Primiparity  22709 40.0 142.0 43.7 105.0 42.5 37.0 47.4 0.44             
NZDep at study entry            
1 - 2 -least deprived  8785 14.8 47.0 15.5 35.0 15.4 12.0 16.0 0.004  
3 - 4 9612 16.2 46.0 15.2 40.0 17.5 6.0 8.0   
5 - 6 10760 18.2 43.0 14.2 38.0 16.7 5.0 6.7   
7 - 8 13198 22.3 63.0 20.8 49.0 21.5 14.0 18.7   
9 - 10 - most deprived 16894 28.5 104.0 34.3 66.0 29.0 38.0 50.7              
Infant           
Boys 30733 51.2 158.0 48.6 126.0 51.0 32.0 41.0 0.12             
GA (weeks)            
      Median 39.0*   38.7  38.7  30.7  0.20  
      Interquartile range       38.1, 39.3 38.1, 39.3 27.3, 35.3              
Weight (g)  3410*  3316.0 497.0 3314.0 469.0 3325.0 582.0 0.87  
 Abbreviations: NZ, New Zealand; n, total number of participants; SD, standard deviation; N/A, not applicable; GA, gestational age; BMI, 
body mass index; NZDep, New Zealand Deprivation index; *median/mean values with no measure of spread data available; Data for all 
New Zealand births from the Ministry of Health, New Zealand; p-values compare responders and non-responders                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

 

Boys and girls had similar appetitive mean scores and showed a fair to moderate correlation 

between general appetite, food responsiveness to cues of feeding, and enjoyment of milk and feeding 

time. In girls but not boys, there was a negative relationship between satiety responsiveness and both 

food responsiveness and general appetite (Table 8.4). 
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Table 8.4 Infant appetitive trait scores and relationships between them. 
     

Appetitive trait   

 

Food 
response   

Enjoyment 
of food   

Slowness 
in eating   

Satiety 
response   

General 
appetite 

Overall  n Scores SD/IQR 
 

r p-values r p-values r p-values r p-values r 

Food responsiveness 247 2.37 0.75 1                 
Enjoyment of food* 247 4.50**  (4.25-4.75) -0.04 0.56 1       
Slowness in eating 247 2.42 0.77 0.21 0.0008 -0.22 0.0006 1     
Satiety responsiveness 247 2.42  0.71 -0.10 0.11 -0.22 0.0006 0.08 0.23 1   
General appetite* 246 4.00 (3.00-5.00) 0.44 < 0.0001 0.26 0.0002 -0.06 0.57 -0.24 < 0.0001 1 
Boys             
Food responsiveness 126 2.42 0.74 1         
Enjoyment of food* 126 4.00**  (4.00-4.75) 0.06 0.49 1       
Slowness in eating 126 2.44 0.76 0.23 0.01 -0.17 0.05 1     
Satiety responsiveness 126 2.39 0.71 -0.01 0.91 -0.21 0.02 0.15 0.10 1   
General appetite* 126 4.00**  (3.00-5.00) 0.39 < 0.0001 0.30 0.0007 -0.07 0.42 -0.10 0.28 1 
Girls             
Food responsiveness 121 2.32 0.75 1         
Enjoyment of food* 121 4.50**  (4.25-4.75) 0.04 0.68 1       
Slowness in eating 121 2.40 0.78 0.19 0.03 -0.19 0.04 1     
Satiety responsiveness 121 2.46 0.71 -0.20 0.03 -0.22 0.02 0.01 0.92 1   
General appetite* 121 4.00**  (3.00-4.50) 0.50 < 0.0001 0.19 0.04 -0.01 0.95 -0.41 < 0.0001 1 

Abbreviations: n, number of study participants; Scores are mean or median; SD, standard deviation; IQR, interquartile range; r, Pearson correlation coefficients; *r values are 
Spearman correlation coefficients; **Median values; Differences between boys and girls were tested via Wilcoxon Mann Whitney test; Missing: boys n=32, girls n=46 
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8.3.2 Maternal dietary pattern analysis 

Using the 57 food items in the FFQ (Table 8.1), the PCA analysis showed a correlation matrix 

with correlation coefficients mostly below r <0.6, a KMO of 0.75, and Bartlett’s sphericity test of 

<0.0001. We obtained 19 components with eigenvalues greater than 1 but retained three components 

based on the inflection point in the scree plot (Fig. 8.1), and the ease of interpretability of the 

components (Table 8.5). 

 

Figure 8.1 Scree plot showing eigenvalues for components identified using principal component 

analysis. 
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Table 8.5 Principal component loadings with 57 food items and varimax rotation (n=325) 
 

Food items  Junk Mixed Health-conscious       

Eigen values 7.55 5.76 2.82    

Variance explained (%) 13.25 10.11 4.95    

Cronbach's alpha 0.63 0.81 0.75    

Sweets 0.7784 -0.09413 0.00093    

Sweet drink 0.68524 -0.14676 -0.11837    

Pizza 0.65881 0.0264 0.04888    

Hot chips 0.65467 -0.07471 -0.02918    

Potato chips 0.65086 0.01468 0.02382    

Cake 0.64452 0.02012 0.08998    

Chocolate 0.64194 0.10337 -0.0833    

Pancakes 0.63916 -0.18644 0.30673    

Meat pie 0.59333 -0.06893 0.09492    

White bread 0.54007 -0.09515 0.12878    

Ice cream 0.52037 -0.12787 0.06492    

Salami, ham 0.49601 0.09004 -0.0138    

Other pasta 0.48815 0.09588 0.16456    

Alcoholic beverages 0.48437 0.13567 0.02714    

Jams 0.48428 0.14241 0.16824    

International takeaway 0.47992 -0.02581 0.16609    

Low-calorie drink 0.47251 0.10498 -0.20699    

Biscuits 0.46423 0.04862 0.08219    

Sausages 0.4092 0.09758 -0.01296    

Cream based dairy 0.36209 0.31882 -0.27366    

White rice 0.24776 0.00451 0.17852    

Other root vegetables -0.02101 0.59345 0.25889    

Cheese 0.09771 0.55337 -0.27023    

Other vegetables 0.08724 0.54455 0.11415    

Fats 0.15931 0.54185 -0.13184    

Potatoes, Kumara, Pumpkin 0.17126 0.52506 0.16414    

Oils -0.0822 0.48877 0.02815    

Other greens -0.09862 0.48502 0.35108    

Salad greens -0.13754 0.46863 0.30837    

Crackers 0.19862 0.46373 0.24556    

Nuts -0.03038 0.45836 0.10968    

Milk frequency -0.08818 0.43764 0.10419    

Water -0.05373 0.42659 -0.07426    

Wholemeal 0.12226 0.39859 0.17653    

Tomatoes 0.00763 0.37979 0.318    

Yoghurt -0.04549 0.36839 0.13624    
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Onions, leeks -0.12324 0.36068 0.35645    

Iodized salt -0.05264 0.31845 0.1389    

Tea/coffee -0.028 0.30626 -0.13268    

Beef, pork, or lamb 0.23454 0.30177 0.03514    

Berries 0.06803 0.29959 0.29684    

Chicken/poultry 0.08479 0.24285 0.13748    

Dried fruit 0.05971 0.22141 0.52613    

High fibre cereals 0.19444 0.18775 0.51751    

Brown rice -0.06661 -0.02483 0.51185    

Citrus fruit -0.02563 0.10971 0.50367    

Tuna/salmon 0.03411 -0.13517 0.4943    

Beans/legumes -0.24829 0.23166 0.48325    

Other fruit 0.05913 0.226 0.47951    

Other fish/seafood 0.18357 0.04758 0.47213    

Other cold breakfast cereals 0.24169 0.02485 0.4541    

Bananas 0.18327 0.08954 0.39626    

Apples/pears -0.06404 0.2736 0.38691    

Fried fish 0.34111 -0.20234 0.3848    

Eggs 0.04857 0.07098 0.32476    

Stone fruit 0.14093 0.16122 0.31243    

Low fat cheese 0.01441 0.24178 0.26376    

Loadings ≥0.3 highlighted 

              

The three components explained 28.3% of the total variation in food intake and were labelled: 

component 1 ‘Junk’ - loaded heavily on sweets, sweet drink, pizza, hot chips, potato chips, cake, 

chocolate, pancake, meat pie, white bread, ice cream, salami, other pasta, alcoholic beverages, jams, 

international takeaway, low caloric drink, biscuit, sausages, and cream based dairy; component 2 

‘Mixed’ - loaded on other root vegetables, cheese, other vegetables, fats, potatoes, kumara, pumpkin, 

other greens, salad greens, oils, crackers, nuts, water, tomatoes, wholemeal, yoghurt, onions, iodised 

salt, tea/coffee, beef/pork/lamb, chicken/poultry, and dried fruit; and component 3 ‘Health-conscious’ 

- loaded on high fibre cereals, brown rice, citrus fruits, tuna/salmon, beans/legumes, other fruits, other 

fish/seafood, other cold breakfast cereals, bananas, apple/pears, fried fish, eggs, and low-fat cheese 

(Fig. 8.2). Cronbach’s coefficient α values (95% CI) showed good internal consistency: Junk 0.63 

(0.57, 0.69); Mixed 0.81 (0.79, 0.84); and Health-conscious 0.75 (0.71, 0.79). Cronbach’s coefficient 

α values did not improve after removing cream-based dairy and alcoholic beverages in the Junk pattern 

(0.63 to 0.64), and tea/coffee in the mixed pattern (0.81 to 0.81). 
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Figure 8.2 Factor loadings of the identified dietary patterns after varimax rotation using principal 

component analysis. 

8.3.3 Associations between maternal dietary patterns and infant appetitive traits 

In the unadjusted analyses, for each standard deviation increase in the maternal ‘Health-

conscious’ dietary pattern, there was a decrease of 0.09 in the infant ‘enjoyment of food’ score. In 

multivariable regression analyses using the parsimonious model and adjusting for sex, birth weight, 

age at start of solids, predominantly breastfed, weight-for-age z-score at six months and NZDep at 

study entry, increasing scores in the ‘Health-conscious’ maternal dietary pattern was associated with 

decreased scores on ‘enjoyment of food’ in boys (β -0.24, 95% CI -0.36 to -0.11, p = 0.0003) but not 

in girls (β -0.02, 95% CI -0.12 to 0.08, p = 0.70, p = 0.004 for interaction). Independent and positive 

associations were also noted between the ‘Health-conscious’ pattern and ‘slowness in eating’ (β 0.13, 

95% CI 0.016 to 0.24; p=0.025). No other associations approached statistical significance (Table 8.6).
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Table 8.6 Associations between maternal dietary patterns and infant appetitive traits 

Appetitive trait n       Junk Mixed Health-Conscious 

  Overall Boys Girls Overall Boys Girls Overall   Boys 

    β 95% CI P-value Junk*sex β  95% CI β  95% CI β  95% CI P-value Mixed*sex β  95% CI β  95% CI β  95% CI P-value Health-conscious*sex β 

Unadjusted analyses                    
Food responsiveness 247 0.06 -0.11, 0.22  0.10 -0.13, 0.33 0.009 -0.23, 0.25 0.02 -0.08, 0.12  -0.01 -0.16, 0.13 0.04 -0.10, 0.18 0.08 -0.02, 0.19  0.05 
Enjoyment of food 247 -0.02 -0.14, 0.10  -0.09 -0.28, 0.11 0.05 -0.11, 0.20 0.02 -0.05, 0.10  0.03 -0.10,0.15 0.03 -0.07, 0.12 -0.09 -0.17, -0.01  -0.19 
Slowness in eating 247 0.006 -0.16, 0.17  0.01 -0.22, 0.25 -0.001 -0.25, 0.24 0.02 -0.08, 0.13  0.01 -0.14, 0.16 0.03 -0.12, 0.18 -0.06 -0.04, 0.17  0.06 
Satiety responsiveness 247 0.02 -0.14, 0.17  -0.01 -0.23, 0.20 0.05 -0.18, 0.27 0.01 -0.09, 0.11  -0.05 -0.19, 0.09 0.07 -0.07, 0.20 0.02 -0.08, 0.11  -0.04 
General appetite 246 -0.11 -0.36, 0.13  -0.09 -0.41, 0.24 -0.14 -0.51, 0.22 0.05 -0.10, 0.20  -0.06 -0.27, 0.15 0.14 -0.08, 0.36 -0.09 -0.25, 0.06  -0.04 
Adjusted analyses                    
aFood responsiveness 216 0.004 -0.17, 0.17 0.45 0.07 -0.16, 0.31  -0.08 -0.32, 0.17 0.03 -0.07, 0.13 0.70 -0.005 -0.15, 0.14 0.05 -0.09, 0.19  0.08 -0.03, 0.18 0.57 0.05 
bEnjoyment of food 216 0.05 -0.14, 0.23 0.37 -0.05 -0.35, 0.25 0.09 -0.13, 0.31 0.06 -0.02, 0.15 0.80 0.07 -0.07, 0.20 0.06 -0.05, 0.17 -0.01 -0.12, 0.10  < 0.01 -0.24 
cSlowness in eating 216 0.03 -0.14, 0.19 0.65 0.04 -0.20, 0.27 0.02 -0.23,0.26 0.01 -0.10, 0.11 0.44 -0.01 -0.16, 0.14 0.02 -0.13, 0.17 0.13 0.02, 0.24 0.85 0.12 
dSatiety responsiveness 216 0.01 -0.14, 0.16 0.84 -0.02 -0.23, 0.20 0.04 -0.18, 0.26 0.01 -0.09, 0.10 0.16 -0.07 -0.21, 0.08 0.08 -0.06, 0.21 0.008 -0.09, 0.11 0.21 -0.06 
eGeneral appetite 216 -0.19 -0.44, 0.07 0.89 -0.16 -0.51, 0.19 -0.20 -0.58, 0.19 0.08 -0.07, 0.23 0.23 -0.02 -0.24, 0.21 0.16 -0.06, 0.37 -0.07 -0.23, 0.09 0.88 -0.13 

β, unstandardised regression coefficients; CI, Confidence interval; aAdjusted for race;           
bAdjusted for maternal NZ Deprivation Index, infant birth weight z score and weight z score at 6 months of age, age at start of solids and predominantly breastfed  
cAdjusted for primiparity and race          
dAdjusted for infant gestational age at delivery         
eAdjusted for weight-for-age z score at 6-months, age at start of solids, and whether predominantly breastfed or not at 6 months of age 
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8.4 Discussion 

In a cohort of 325 women with GDM in New Zealand, we identified three distinct maternal 

dietary patterns, labelled as ‘Junk,’ ‘Mixed,’ and ‘Health-conscious’, that explained the most variation 

in food intake assessed at 36 weeks’ gestation. We found, as hypothesised, that most infants in our 

cohort had a high enjoyment of food score, although fewer than 5% had high food responsiveness. 

Additionally, we found that overall, the ‘health-conscious’ maternal dietary pattern was inversely 

associated with ‘enjoyment of food’ in boys but not in girls, and positively associated with ‘slowness 

in eating’ at six months of age. 

Several animal studies have examined the effect of maternal diet on feeding behaviour 

(Bellinger et al., 2004; da Silva et al., 2013) and neurobiological processes (Laureano et al., 2016; 

Thanos et al., 2018) controlling appetite in the offspring. However, to the best of our knowledge, this 

is the first study to assess the effect of third-trimester diet in women with GDM on a questionnaire-

based assessment (BEBQ) of infant appetitive feeding behaviour at six months of age. Our results 

suggest that a ‘Health-conscious’ maternal dietary pattern is associated with better appetitive control 

in infants at six months of age. Appetitive traits influence an infant’s weight gain (Russell & Russell, 

2018). In particular, while enjoyment of food is positively associated with a higher risk of overweight 

in childhood (Carnell & Wardle, 2007; Webber et al., 2009), slowness in eating is negatively associated 

(Webber et al., 2009). Therefore, our findings suggest that a ‘Health-conscious’ dietary pattern in 

women with GDM may potentially decrease the risk of later overweight/obesity of their offspring, 

particularly in boys (Dalrymple et al., 2020; Fletcher et al., 2017).  

The reason for these sex-specific associations is unclear. Sex differences are reported in the 

prevalence of obesity, with boys at a higher risk across all age groups (Ogden et al., 2012). 

Additionally, it has been reported in some studies that children eat fewer fruits, vegetables, and whole 

grains than recommended (Rush et al., 2019). Boys are reported to have higher preferences for meat, 

fish, poultry, and high-fat foods compared to girls who have a higher liking for fruits and vegetables 

(Caine-Bish & Scheule, 2009; Cooke & Wardle, 2005; Rodenburg et al., 2013). It would be interesting, 

therefore, to determine whether the maternal health-conscious dietary pattern predicts later dietary 

preferences, and particularly in boys. 

 Our findings provide new information about the dietary patterns of women with GDM in late 

pregnancy. Diet is the cornerstone in the management of women with GDM, yet few studies (Lawrence 

et al., 2020; Shin et al., 2015) have examined maternal dietary patterns in these women. A cohort study 

conducted in South Korea assessed dietary patterns via factor analysis using a three-day food record, 

although the timing of dietary data collection was unclear (Shin et al., 2015). Among the 166 women 
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with GDM, two dietary patterns were identified: a “carbohydrate and vegetable pattern” with high 

loadings of fruits, rice and cereals, fermented vegetables, vegetables, and meat and a “western pattern” 

characterised by poultry and eggs, fast food, deep-fried food, processed meat and seafood, snacks and 

desserts, coffee and other beverages, and seaweeds (Shin et al., 2015). While there are similarities 

between the ‘carbohydrate and vegetable pattern’ and ‘western pattern’ and our ‘Mixed’ and ‘Junk’ 

patterns, respectively, some diversity is to be expected from the differences across cultures and 

methodologies.  

A recent longitudinal cohort study assessed differences in dietary patterns between 280 women 

with GDM and 5104 without GDM in New Zealand from already established dietary patterns among 

the cohort (Lawrence et al., 2020; Wall et al., 2016). The authors reported four dietary patterns via 

PCA and using FFQ in the third trimester of pregnancy: ‘Junk,’ ‘Traditional/White bread,’ ‘Fusion 

Protein’ and ‘Health conscious’ (Lawrence et al., 2020; Wall et al., 2016). Their dietary patterns were 

comparable to the patterns defined in our study, supporting generalisability of the patterns among 

women with GDM in New Zealand. 

The three dietary patterns identified in our study explained only 23.8% of the variation in food 

intake which could be interpreted as indicating insufficient summarising of the dietary data or possibly 

that other unidentified phenomena may be present. However, while the regrouping of a large number 

of different food items, e.g., apples, pears, etc. from the FFQ into a single fruit group markedly 

improved the percentage of variability explained in our analyses, there was an inevitable trade-off in 

loss of detail. Thus, we chose not to regroup to reduce the food items as greater detail is reported to 

improve the precision by which dietary patterns estimate disease risk (McCann et al., 2001). 

Additionally, the total percent of variance explained by the dietary patterns in our study is consistent 

with similar studies conducted among pregnant (Thompson et al., 2010; Wall et al., 2016) and non-

pregnant women (Jayasinghe et al., 2019) in New Zealand, where the percentage of variance explained 

was 13.8% to 25%.  

This study has several strengths. Firstly, we used a standardised and validated psychometric 

measure, the BEBQ, to quantify appetitive traits in the infants and a FFQ that was adapted to be 

culturally appropriate for New Zealand. Secondly, the dietary patterns identified showed good internal 

consistency, which supports the reliability of the Likert-type scales used in the FFQ. Thirdly, we 

employed a prospective study design and began follow-up of the infants early postpartum, which will 

permit further analyses of changes in appetitive behaviour into adulthood in the future.  

Women in our study cohort may not be representative of the GDM population in New Zealand, 

as responders differed from non-responders in ethnicity and socioeconomic status. Other limitations 
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lie in methodologies used in collecting and analysing the maternal dietary and infant appetitive feeding 

behaviour data. Although the conduct and analysis of food diaries in large trials such as TARGET are 

deemed cost-prohibitive and time consuming compared to FFQs, food diaries involve real-time 

documentation of food consumption. Our sole reliance on maternal self-report of dietary intake and 

infant feeding behaviour, as opposed to observed measures of data collection, may have introduced 

recall and social desirability bias (Hebert et al., 1995; Naska et al., 2017; Thompson & Byers, 1994). 

However, the FFQ we used was shown to have acceptable to good validity when compared to the 

eight-day dietary record (Sam et al., 2020), and dietary patterns derived from PCA and food records 

are reported to be similar (Hu et al., 1999; Khani et al., 2004; Korkalo et al., 2019). Additionally, PCA 

is inherently subjective, with a tendency towards interpretation bias (Field, 2009; Moeller et al., 2007). 

However, given the similarities between our study dietary patterns and a prior study (Lawrence et al., 

2020), the likelihood of interpretation bias in this study appears low. Also, although we adjusted 

extensively for potential confounding factors, we cannot rule out the possibility of residual 

confounding. 

This exploratory study provides new insights into the relationships between maternal dietary 

patterns in women with GDM and the possible impact of maternal diet during pregnancy on the 

appetitive feeding behaviour of their infants. Although the ‘Health-conscious’ maternal dietary pattern 

was related to appetitive feeding behaviours in boys that might be expected to result in decreased 

obesity risk, it is not known whether these relationships persist, or have any relationship with later 

growth. Further assessment of these infants as they grow older, are introduced to diverse foods, and 

transition to independent feeding may help to ascertain long-term health implications. 

8.5 Conclusion 

Appetitive control in infants at high risk of later obesity may be affected by maternal dietary 

patterns during late pregnancy. We found evidence that among women with GDM, the ‘Health-

conscious’ maternal dietary pattern in the third trimester of pregnancy is associated with better 

appetitive control, particularly in boys, at six months of age. Since the risk of obesity is increased in 

the offspring of women with GDM, appropriate dietary advice in pregnancy may be a potential target 

for intervention and public health recommendations. 
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9.1 Introduction 

Gestational diabetes mellitus (GDM), defined as any degree of glucose intolerance in 

pregnancy (WHO, 2013), poses short- (Esakoff et al., 2009; HAPO, 2008; Kamana et al., 2015; Ornoy 

et al., 2015; Prakash et al., 2017), and long-term health risks (Ornoy et al., 2015; Tam et al., 2008; 

Wan et al., 2018; Xiang et al., 2018) and enormous economic cost to the mother, her offspring, and 

society (Kolu et al., 2012; Lenoir-Wijnkoop et al., 2015; Meregaglia et al., 2018). GDM is a growing 

public health challenge, and data from varied sources show an increasing prevalence of the disease. 

For instance, globally, an increase of more than 30% in the last two decades has been reported (Mak 

et al., 2018; Zhu & Zhang, 2016), and in New Zealand , 10% of pregnant women in a tertiary centre 

were diagnosed with GDM in 2018 (ADHB, 2018), with an annual increase of 13.9% between 2001 

to 2012 (New Zealand & Ministry of Health, 2014). Pivotal to the alleviation of the adverse effects of 

the disease in the pregnant mother and her offspring and the mainstay of treatment for GDM is maternal 

diet (Crowther et al., 2005; Landon et al., 2009; Martis et al., 2018). 

Maternal diet during pregnancy influences fetal and childhood growth as well as long-term 

health (Barker & Thornburg, 2013; Hernandez & Brand-Miller, 2018; Uwaezuoke, 2015). However, 

in women with GDM, there is a paucity of data on the effect of maternal dietary choices during 

pregnancy on the health outcomes of her offspring. Most studies have focused on assessing dietary 

patterns associated with maternal risk of GDM while the optimal diet needed to achieve maternal 

normoglycaemia and to improve perinatal outcomes and long-term health remains unclear (American 

Diabetes Association, 2017; Canadian Diabetes Association Clinical Practice Guidelines Expert 

Committee et al., 2013; Metzger et al., 2007; NICE, 2015). A recent dietary intervention study which 

comprised one-to-one counselling on diet and physical activity in women with GDM (n=133) in India 

has shown that participants who had higher healthy dietary scores in late pregnancy, i.e., higher intakes 

of whole grains, dairy, and dietary fibre had offspring with a lower risk of adverse neonatal outcomes 

including macrosomia (Anjana et al., 2019). However, this study only assessed outcomes at birth. 

Evidence from systematic reviews has been inconsistent. A systematic review of four trials 

involving 257 women with GDM found low glycaemic index (GI) diets to be associated with reduced 

infant birth weight, and no significant differences in the risk of macrosomia and small-for-gestational-

age infants compared to the controls (Viana et al., 2014). However, another systematic review of two 

RCTs involving 88 participants found no effects of a low GI diet on birth weight and macrosomia (Han 

et al., 2017). These inconsistencies may be due to differences in the classification of the GI diet. A 

further systematic review of 18 trials of modified diets involving over 1,000 women with GDM 

reported an improvement in maternal postprandial glycaemic control, decreased infant birth weight, 
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and a decreased risk of macrosomia with any modified diet (including low GI, Low CHO, DASH diet) 

compared to the control group (Yamamoto et al., 2018). These findings confirm that targeted dietary 

interventions can be effective in reducing maternal hyperglycaemia and the risk of macrosomia. 

However, the evidence was assessed as low to very-low-quality, indicating that further research is still 

needed to determine the optimal diet and assess the effects of maternal diet in GDM on perinatal 

outcomes, and on infant growth after birth.    

Assessing maternal diet in pregnancy is important for  assessing a population’s risk of disease 

(Toft et al., 2007), dietary exposure, and health outcomes (Alkerwi et al., 2012; Estaquio et al., 2009; 

Trichopoulou et al., 2003) but the best way to assess dietary patterns remains uncertain. Three main 

methods of dietary pattern analysis have been described, i.e., a priori, a posteriori, and hybrid methods. 

The a posteriori approach, e.g., PCA, derives dietary patterns empirically based on underlying 

interrelationships between the dietary components (Agnoli et al., 2019), whereas the hybrid approach, 

i.e., RRR, is similar to the a posteriori approach but driven by a priori knowledge of underlying 

biological pathways in the diet-health outcome relationship. Thus, RRR derived dietary patterns are 

linear functions of food intake variables that explain maximum variations in specific biological 

markers/response variables related to the disease or outcome of interest (Agnoli et al., 2019; Tucker, 

2010). In New Zealand, maternal dietary patterns in pregnancy in women with GDM have not yet been 

examined using RRR, and associations between their dietary choices in pregnancy and perinatal 

growth are unknown. Thus, we undertook this exploratory study of women with GDM in New Zealand 

to describe 1) dietary patterns at 36 weeks’ gestation using the PCA and RRR methods, and 2) the 

relationships between these patterns and infant size at birth and six months, and growth in early 

infancy. We hypothesised that as PCA and RRR analyse the dietary data in different ways, different 

dietary patterns would be derived, and that both methods would derive dietary patterns associated with 

infant growth, although patterns from the RRR would show stronger associations.   

9.2 Methods 

9.2.1 Study design and setting 

This is a cohort study nested with the TARGET Trial, a multicentre, stepped-wedge, 

randomised trial in women with GDM and singleton pregnancies that compared the effects of tighter 

treatment targets for glycaemic control with less tight targets on maternal and infant outcomes 

(Crowther et al., 2018). From 2015 to 2017, women diagnosed with GDM by an oral glucose tolerance 

test at ≥ 22 weeks’ gestation were recruited from 10 hospitals in New Zealand. Details of the trial 

protocol are described elsewhere (Crowther et al., 2018). The TARGET Trial was approved by the 



 

208 

Northern A Health and Disability Ethics Committee (14/NTA/163/AMO1) and registered with the 

ACTRN 12615000282583. 

Participants 

The inclusion criteria were pregnant women with GDM and their infants who had participated 

in the TARGET trial and for whom there were data for 1) diet at 36 weeks’ gestation, 2) infant sex and 

gestational age, 3) birth size-for-gestational-age and 4) infant measurements at six months after birth.  

9.2.2 Outcomes and measures 

Maternal diet: Details of the maternal dietary data collection have been previously described 

(not yet published). Briefly, dietary intakes during the previous month were estimated via self-

administered, semi-quantitative, and validated FFQ at 36 weeks’ gestation (Sam et al., 2020). The FFQ 

was based on foods available in New Zealand and adapted from the 163-item semi-quantitative FFQ 

developed by Willett, (2012). We excluded women with more than ten dietary items missing or 

implausible energy intakes <500 and >3,500 kcal/day (Rhee et al., 2015). Women with ten or fewer 

items missing were considered to have never consumed the food item (Northstone et al., 2008). 

Infant growth and body composition: Infant anthropometric measures were taken within 72 

hours of birth and at six months of age by a research midwife. Weight was measured using an electronic 

infant scale accurate to the nearest 10g; length with an infantometer to 0.1 cm; head circumference 

with a measuring tape to 0.1 cm; and SFT with skinfold callipers to 0.1 mm. Two measures of skinfolds 

were recorded for biceps, triceps, supra-iliac, subscapular, abdomen, and thigh. Where there was a 

difference of >0.4mm between the two measures, a third measurement was taken, and the median of 

the three measures was used; otherwise, the average of the two measurements was used in this analysis.  

We reported infant anthropometric variables as raw data and as age- and sex-specific z-scores 

using the lambda-mu-sigma values from Fenton-WHO growth reference charts for birth weight, length, 

and head circumference (Fenton & Kim, 2013a), and WHO Child Growth Standards for weight, height, 

head circumference, triceps, and subscapular skinfold thicknesses at six months (WHO, 2007). Where 

there was no appropriate growth reference data (biceps, thigh, abdominal, and supra-iliac skinfold 

thicknesses), we calculated standardised residuals as size conditional on length, stratified by sex 

(Johnson, 2015). We categorised birth weight ≤10th percentile as for small-for-gestational-age (SGA); 

≥90th percentile as LGA (Kramer et al., 2001); and between 10th to 90th percentile as AGA (Iams, 

2010). We calculated total subcutaneous fat mass as the sum of all SFTs, central subcutaneous fat mass 

as supra-iliac + subscapular + abdominal SFT, and peripheral subcutaneous fat mass as triceps + biceps 
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+ thigh SFT (Birmingham et al., 1993; Ketel et al., 2007). Body fat mass at birth was calculated using 

equations from Catalano et al. (1995) (Catalano et al., 1995) 

We computed early infant growth from birth to six months as conditional growth in weight, 

length, head circumference, and skinfold thicknesses, using residuals from linear regression models of 

each measure at six months on size at birth (Cameron et al., 2005; Johnson, 2015; Keijzer-Veen, Euser, 

et al., 2005).  

Covariates: The following variables were considered as potential confounders: maternal age, 

ethnicity, parity, body mass index (BMI), smoking status, TARGET Trial treatment group, and New 

Zealand deprivation index (NZDep) (Atkinson et al., 2014; Critchlow, 2019), and infant sex, and 

gestational age at birth. We also included total daily energy intake, calculated from the maternal FFQ 

as a confounding variable. We classified the variables as follows: continuous – age, total daily energy 

intake, BMI (calculated by dividing maternal weight closest to trial entry by maternal height squared), 

and infant weight and gestational age at birth; categorical – prioritised ethnicity (European; Māori; 

Pacific Peoples; Asian; and Other), and BMI (underweight < 18.5 kg/m2, normal weight 18.5 – 24.9 

kg/m2, overweight ≥ 25 -29.9 kg/m2, and obese  ≥ 30 kg/m2) (WHO, 2019); and dichotomous – 

smoking (current smokers versus non-smokers), parity (primiparous versus multiparous) TARGET 

Trial treatment group (tighter vs. less tight targets), and infant sex (male versus female). NZDep index 

scores were divided into quintiles with the lowest quintile representing the lowest deprivation, and the 

highest quintile the highest deprivation.   

9.2.3 Statistical analysis 

 We analysed the data using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). We assessed 

cohort characteristics using mean (standard deviation) for continuous variables, median (inter-quartile 

range) for skewed data, and proportions with their respective percentages for categorical variables. We 

assessed the normality of the data and applied the appropriate transformation to approximate normality 

as needed. We compared anthropometric data for boys and girls using the Student’s t-test for normally 

distributed data, the Mann-Whitney U test for non-normal data, and the χ2 test for categorical data.  

Dietary patterns: We used the 57 food items as predictor variables, while age at the start of 

solids (Castenmiller et al., 2019; Qasem et al., 2015; Schack-Nielsen et al., 2010), and infant 

breastfeeding status (exclusively breastfed, predominantly breastfed, never breastfed/formula fed to 

six months) were chosen as response variables due to their association with infant growth and body 

composition (Bell et al., 2017; de Beer et al., 2015; Gale et al., 2012; Malekzadeh et al., 2019; Rito et 

al., 2019). Dietary pattern analyses among women in this cohort was previously examined using PROC 
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FACTOR (unpublished). However, we have reanalysed it with the partial least squares discriminant 

analysis (PLS-DA) in SAS via PROC PLS with the option principal components regression (PCR) for 

PCA and RRR for reduced rank regression. To assess the robustness of our results, we randomly split 

the data into subsamples of which the training set was to be used in deriving the dietary patterns, while 

the test set was for validation. We performed the Van der Voets’ test to determine the number of factors 

to be extracted based on the minimum root mean predicted residual sum of squares (PRESS) (SAS 

Institute Inc, 2013). However, like a previous study (Jankovic et al., 2014), this yielded no dietary 

factors with sufficient predictive power to explain variations in the response variables based on 

PRESS. Thus, we extracted factors for both PCR and RRR based on the number of response variables 

and interpretability of the factors (Hoffmann et al., 2004a).  

We labelled principal components based on foods with absolute factor loadings ≥0.15 (Cudeck 

& O’Dell, 1994; Weikert & Schulze, 2016) and calculated weighted component scores by summing 

the product of the factor loading for each item to the standardised score of the item. We categorised 

subjects into tertiles of their dietary pattern scores so that women in the third tertile had the highest 

factor scores and the strongest association with the identified dietary pattern (Hatcher, 1994).  

We computed Pearson’s correlation for normally distributed and continuous data, Spearman’s 

correlation for non-normal and categorical data, and point biserial correlations between the response 

variables and the dietary patterns. We also performed multiple linear regressions to examine 

associations between the dietary pattern scores (continuous) and infant anthropometrics at birth and 

six months. Multivariable logistic regressions were used to estimate odds ratios and 95% CIs of 

associations between the dietary pattern scores (continuous or tertiles) and the risk of AGA/SGA/LGA. 

P-values for trends across tertiles were assessed by using continuous scores of the dietary pattern 

variables in all the analyses. All regression models were adjusted using the covariates mentioned 

above, and the most parsimonious model determined by adding or removing variables based on their 

estimated coefficients and p-values. In relation to associations with body composition measures we 

adjusted for infant birth weight in all the models. We assessed issues of multi-collinearity among 

independent variables, goodness-of-fit and model assumptions for both the linear and logistic 

regression analyses. Subgroup analyses examined the data separately for boys and girls. We adjusted 

for multiple comparisons using false discovery rate corrected p-values. We performed all statistical 

tests as two-tailed and considered a p‐value <0.05 as statistically significant.  
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9.3 Results 

9.3.1 Sample characteristics 

Of 339 women with GDM eligible for this nested cohort study, we excluded eight (2.4%) 

women with 10 or more dietary items missing, 6 (1.8%) with implausible energy values, and 43 

(12.6%) with missing infant anthropometric data, leaving a final analytic sample of 282 mother-infant 

pairs. Women in the study were between 21 and 44 years old. They were mostly overweight (34.8%) 

or obese (55.0%) at study entry, were of European (48.1%) or Asian (32.9 %) ethnicities, non-smokers 

(91.8%), and resided in more deprived neighbourhoods (52.7%) (Table 9.1). 

Table 9.1 Demographic characteristics and nutrient intakes of mothers in the cohort study at 36 weeks 

gestation (n=282) 

 

Characteristic Mean or n SD or %  

Maternal       

Age at study entry (years)  32.6 4.7  
GA at study entry (weeks) 31.1 1.8  
BMI at study entry (Kg/m2)    
                     Median         30.5   
     Interquartile range         27.3-35.3   
    

BMI category (Kg/m2)     
< 18.5 - Underweight  0 0  
18.5 – <25 - Normal 29 10.3  
 25 - <30 - Overweight 98 34.8  
 ≥ 30 - Obese 155 55.0  

    
Ethnicity     
NZ European     136 48.1  
Maori 25 8.8  
Pacific  25 8.8  
Asian 93 32.9  
Other 4 1.4  

    
Smoking status     
Smokers 23 8.1  
Unknown 1 0.3  

    
Primiparous  126 44.5  

    
NZDep at study entry     
1 - 2 -least deprived  43 16.3  
3 - 4 41 15.5  
5 - 6 41 15.5  
7 - 8 53 20.1  
9 - 10 - most deprived 86 32.6  

    
Abbreviations: SD, standard deviation; n, total number of participants; %, percentage; GA, gestational age; BMI, 
body mass index; NZDep, New Zealand Deprivation index 

 
 

 

 

Most infants were born AGA (84.1%), and there were fewer boys (~48%) than girls (Table 

9.2). Boys had larger head circumference and fat-free mass at birth compared to girls, who had more 



 

212 

fat mass. At six months, boys were heavier, longer, and had larger head circumference than girls (Table 9.2). Overall, eight (2.5%) mothers 

introduced solid foods before their infants were four months of age, 182 (56.0%) started solids at four to less than six months, while 42 (12.6%) started at 

six or more months. Thirty-six (12.1%) infants were exclusively breastfed, 188 (66.7%) were predominantly/partially breastfed, while 60 (21.3%) were 

solely formula-fed.   

Table 9.2 Anthropometric parameters of boys and girls at birth and six months 

          

Characteristic n  Boys Girls n P-value‡  
  Mean or n SD or % Mean or n SD or %    
At birth                 
GA (weeks)  158     167 0.13  
Median      38.5        38.6     
Range   37.6-39.2         38.1-39.2    
Size for GA (n, %) 158        
AGA  125 79.1 142 85 167 0.38  
SGA  11 7.0 8 4.8    
LGA  22 13.9 17 10.2             
Weight (g)  158 3355 545 3280 448 167 0.18  
Weight z score 158 0.17 1.03 0.18 0.9 167 0.98           
Length (cm)  157 51.1 2.5 50.6 2.6 166 0.13  
Length z score 157 0.57 0.98 0.6 1.1 166 0.83           
Head circumference (cm)*  157 34.9 1.5 34.5 1.5 166 0.01  
Head Circumference z score 157 0.47 0.97 0.35 1.02 166 0.31           
Skinfold thickness          
Subscapular (mm)  139     151 0.19  
Median  5.1 5.1    
Range  4.1-6.0 4.5-6.1    
Triceps (mm)  140     149 0.92  
Median  5.1 5.1    
Range                4.3-6.2  4.4-6.1    
Supra-iliac (mm) 140     146 0.58  
Median  4.1 4.2    
Range                3.3-5.2 3.5-5.0    
Biceps (mm)  140     150 0.07  
Median  4.2 4    
Range                3.5-5.0             3.4-4.6    
Abdominal (mm) 140     146 0.74  
Median   3.8 3.9    
Range                3.2-4.6             3.2-4.4  
Thigh (mm)  138   6.7 148 0.12  
Median   6.2 5.8-8.1    
Range                5.2-7.8      
Total subcutaneous fat (mm) 137     139 0.67  
Median   28.9 29.3    
Range                24.9-33.3           25.3-33.5    
Peripheral subcutaneous fat (mm) 138     146 0.8  
Median   15.8 15.9    
Range                13.8-18.0           14.2-18.2   
Central subcutaneous fat (mm) 139     141 0.51  
Median   13 13    
Range                11.1-15.4            11.4-15.5   
Fat mass (g)*  119     134 0.005  
Median   407 473    
Range                 312-549             394-565 
Fat-free mass (g)*  119     134  <.0001  
Median                     2948 2776    
Range                  2712-3166            2515-2969   
Percentage Fat mass*  119     134    <.0001  
Median   12 14.6    
Range  10.4-14.9 12.6-16.8    
Fat mass index (g/cm2) 119     134   
Median   0.15 19.0    
Range  0.12-0.21             9.15-0.22           
At 6-months         
Weight (g) 136 8324 1102 7800 1167 144 0.0001  
Weight z score 135 0.24 1.2 0.35 1.16 140     0.44           
Length (cm) 137 69.1 3.2 67.5 3.3 145   <.0001  
Length z score  136 0.45 1.47 0.51 1.27 141     0.72           
Head circumference (cm)  137 44.1 1.8 43.5 1.9 145 0.009  
Head circumference z score 136 0.47 1.48 0.84 1.42 141      0.04           
WFL z score 136 0.1  1.19      0.21 1.4 144 0.50           
Skinfold thickness          
Subscapular (mm)  135     139 0.54  
Median      7.3          7.7    
Range   6.4-8.5        6.3-9.2    
Subscapular z score  134 0.24  1.34     0.35   1.49 139 0.44           
Triceps (mm)  134     145 0.44  
Median       9.6         9.2    
Range   7.8-11.1     7.2-11.0     
Triceps z score  133 0.07   1.51       0.005    1.73 140 0.7           
Supra-iliac (mm) 128     142 0.12  
Median      7.5 8.2     
Range   6.1-9.6           6.3-10.3    
Biceps (mm)  132     141 0.58  
Median      7.1 6.9     
Range   5.9-8.4            5.5-9.0    
Abdominal (mm) 128     138 0.7  
Median      8.4 8.9    
Range   7.1-10.6 7.1-10.7    
Thigh (mm)  124     128 0.85  
Median       20 19.9    
Range   17.2-22.9 17.1-24.7    
Total subcutaneous fat (mm) 118     127 0.35  
Median       60.8 61.6    
Range   53.2-70.3  54.9-71.2    
Peripheral subcutaneous fat (mm) 126     137 0.82  
Median       23.9 25.6    
Range   20.8-27.9 20.9-28.7    
Central subcutaneous fat (mm) 123     128 0.23  
Median       37.3 37.5    
Range   32.0-42.2 32.9-42.4    
Values are mean ± standard deviation, n (%) or median (interquartile range); GA = gestational age;                                                                                                                                                                               
AGA = appropriate-for-gestational-age; SGA = small for gestational age; LGA = large for gestational age; WFL=weight-for-length; ‡P values are for 
comparison between girls and boys, evaluated using student t-test for continuous variables, Wilcoxon rank sum test for non-parametric data and the 
chi-square test for categorical variables 
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9.3.2 Dietary pattern analyses 

We retained three dietary patterns in the PCA and two in the RRR analyses based on interpretability and the percentage of variation explained. 

The three PCA dietary patterns were labelled as: ‘Health-conscious’ which was characterised by high intake of apples/pears, citrus fruit, tomatoes, 

beans/legumes, salad greens, other greens, onions, leeks, potatoes, kumara, pumpkin, other root, and other vegetables, chicken/poultry, tuna/salmon, high 

fibre cereals, other cold breakfast cereals, wholemeal/multigrain bread, crackers, oils, and iodised salt; ‘Junk/unhealthy,’ which was positively associated 

with high intake of ice cream, salami, ham, meat pie, other fish/seafood, white bread, white rice, other pasta, hot chips, takeaway, and oils, and inversely 

associated with yoghurt, cheese, no water, tea/coffee, and berries; and ‘Mixed,’ characterised by other fish/seafood, chocolate, biscuits, cake, and nuts, 

and inversely associated with low-fat cheese, cream-based dairy, pancakes, other pasta, and hot chips (Table 9.3).  

In the RRR analysis, two factors were retained as they explained the most variation in the responses and yielded the most interpretable results. The 

first RRR pattern was different from the PCA patterns as it was characterised by high intake of low-fat cheese, dried fruit, sausage, crackers, alcohol, and 

water, and oils, and inversely associated with salami, beef, pork, lamb, white bread, other pasta, pizza, and cake. We labelled this dietary pattern ‘Health-

conscious’. The second RRR dietary pattern which we labelled ‘Mixed’ was positively associated with ice cream, bananas, apples/pears, dried fruit, 

potatoes, kumara, pumpkin, fried fish, high fibre cereals, other cold breakfast cereals, brown rice, and jams, and inversely associated with pizza, takeaway, 

chocolate, fats, and iodized salt (Table 9.3). 

The PCA analysis explained a higher percentage variation in food intake (22.7% versus 3.8% in the RRR dietary patterns retained). In contrast, 

the percentage variation explained in the responses (age of introduction of solid food, and infant breastfeeding status) was higher for the RRR compared 

to the PCA dietary patterns (20.1% versus 2.1%, Table 9.3).  

 

Table 9.3 Factor loadings and percentage of variation explained by principal component analysis and               

reduced rank regression (n=282) 

Food item Principal component analysis Reduced rank regression 

 

Health-
conscious 

Junk Mixed 
Health-

conscious 
Mixed 

 

Milk frequency 0.123 -0.088 0.026 0.123 0.094   
Ice cream 0.036 0.178 0.084 -0.251 0.207  
Yoghurt 0.143 -0.215 -0.137 0.065 -0.055  

Low fat cheese 0.079 -0.095 -0.298 0.184 0.12  
Cheese 0.073 -0.22 -0.11 0.099 0.027  

Cream based dairy 0.043 0.122 -0.314 -0.063 0.07  
Bananas 0.098 0.008 -0.108 0.082 0.21  

Apples/Pears 0.185 -0.141 -0.025 0.102 0.247  
Citrus fruit 0.186 -0.072 -0.025 0.01 0.138  
Stone fruit 0.075 -0.15 -0.031 0.088 -0.11  

Berries 0.073 -0.162 -0.061 -0.052 -0.028  
Dried fruit 0.167 -0.084 -0.07 0.247 0.236  
Other fruit 0.137 -0.107 0.046 0.049 0.025  
Tomatoes 0.173 -0.094 -0.012 0.006 0.069  

Beans/Legumes 0.171 -0.099 -0.066 0.075 0.04  
Salad Greens 0.214 -0.024 -0.093 0.065 0.107  
Other Greens 0.211 0.007 -0.14 0.132 -0.007  
Onions, Leeks 0.213 0.06 -0.019 -0.03 0.078  

Potatoes, Kumara, Pumpkin 0.23 0.001 -0.067 -0.145 0.214  
Other Root Vegie 0.232 -0.029 0.052 0.035 0.031  

Other Vegie 0.191 -0.039 0.05 0.113 0.05  
Eggs 0.121 0.106 0.064 0.106 -0.099  

Sausages 0.055 0.104 0.012 0.166 0.077  
Salami, Ham 0.096 0.194 0.15 -0.176 0.134  

Beef, Pork or Lamb 0.137 0.131 0.111 -0.327 0.102  
Meat Pie 0.08 0.238 0.143 -0.22 0.04  

Chicken/Poultry 0.188 0.107 -0.033 -0.092 0.092  
Tuna/Salmon 0.177 0.099 -0.016 0.011 0.123  

Fried fish 0.142 -0.008 -0.047 0.121 0.186  
Other Fish/Seafood 0.15 0.174 0.163 -0.126 0.029  
High fibre Cereals 0.2 -0.009 -0.045 0.055 0.219  

Other Cold Breakfast Cereals 0.194 0.184 -0.033 0.137 0.274  
White bread 0.086 0.212 -0.006 -0.294 0.017  

Wholemeal/multigrain bread 0.159 0 0.083 0.045 -0.001  
Crackers 0.186 -0.092 -0.054 0.222 -0.017  
Pancakes 0.046 0.142 -0.378 -0.002 0.142  
Brown rice 0.144 0.142 -0.076 0.028 0.229  
White rice 0.064 0.291 -0.03 0 0.095  

Other Pasta 0.074 0.214 -0.337 -0.156 -0.04  
Hot chips 0.008 0.157 -0.22 0.112 0.029  

Potato chips 0.026 -0.048 0.044 -0.059 0.024  
Pizza 0.061 0.107 0.022 -0.212 -0.287  

 Takeaway 0.03 0.176 0.039 0.012 -0.232  
calorie drink -0.007 -0.072 0.041 0.02 -0.085  
Sweet drink -0.026 0.004 0.105 -0.148 -0.1  

Alcoholic beverages 0.012 0.017 -0.013 0.242 0.073  
Water 0.075 -0.184 0.067 0.211 -0.015  

Tea/Coffee 0.036 -0.178 0.134 -0.021 0.065  
Chocolate 0.059 0.094 0.152 -0.064 -0.15  

Sweets 0.021 0.078 0.15 -0.091 0.064  
Biscuits 0.107 0.046 0.192 -0.025 0.055  
Cake 0.085 0.244 0.255 -0.161 -0.048  
Jams 0.133 -0.081 0.108 0.128 0.206  
Nuts 0.133 -0.078 0.22 0.025 -0.06  
Oils 0.158 -0.156 0.14 0.153 0.025  
Fats 0.116 -0.148 0.1 0.03 -0.19  

Iodized salt 0.168 -0.08 0.125 -0.013 -0.261  
% variation explained in food items 12.27 5.59 4.69 1.97 1.79  
% variation explained in responses 0.45 1.33 0.56 11.72 8.38  

Exclusively breastfed 0.55 1.3 2.66 20.76 21.04  
Predominantly breastfed 0.45 0.45 1 0.17 26.89  

Never breastfed 0.29 3.3 3.32 14.91 17.03  
Age of introduction of solids 0.6 2.38 2.44 10.37 10.81  

Loadings > 0.15 and < -0.15 highlighted           
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Both dietary patterns from the RRR analysis but only the ‘Junk’ pattern from the PCA were 

significantly correlated with the response variables. The ‘Health-conscious’ pattern from the RRR 

analysis correlated positively with being exclusively breastfed (r=0.34, p <0.0001) and the age at the 

start of solids (r=0.32, p <0.0001), and negatively with being exclusively formula-fed (r= -0.30, 

p<0.0001). The ‘Mixed’ dietary pattern from the RRR analysis correlated positively with being 

predominantly breastfed (r=0.27, p <0.0001), while the ‘Junk’ pattern from PCA correlated negatively 

with age at the start of solids (r= -0.13, p=0.05), and positively with being exclusively formula-fed (r= 

0.14, p =0.02) (Fig. 9.1).  

Pearson correlation coefficients between our derived PCA and RRR dietary patterns generally 

showed no correlations. The only significant correlations were weak and between the PCA ‘Health-

conscious’ and RRR ‘Mixed’ patterns (r=0.14, p =0.02), and the ‘Junk/unhealthy’ dietary pattern and 

the RRR ‘Health-conscious’ pattern (r= -0.28, p <0.0001). No other significant correlations between 

the dietary patterns from both methods were observed.  

 

 
Figure 9.1 Pairwise Point Biserial and Pearson correlations between dietary patterns derived from the 

PCA and RRR methods and the response variables.  

Abbreviations: Health_conscious_R, and Mixed_R, are dietary patterns from the reduced rank 

regression analyses. 
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9.3.3 Dietary patterns and infant birth size-for- gestational-age 

In the univariate analyses, the RRR ‘Health-conscious’ dietary pattern scores were associated 

with higher odds of having AGA infants at birth (OR 1.45, 95% CI 1.13, 2.28 per standard deviation 

increase in the score, p <0.003) and lower odds of LGA infants (OR 0.58, 95% CI 0.39, 0.86, p = 

0.007). These associations persisted after adjusting for smoking status, NZDep, and gestational age at 

birth in the parsimonious model (OR 1.46, 95% CI 1.05, 2.03, p = 0.023 for AGA and OR 0.59, 95% 

CI 0.39, 0.88, p = 0.01 for LGA, Table 9.4). 

Additionally, using the highest tertile as the reference, the odds of having AGA infants after 

adjusting for gestational age at birth decreased for women in the lowest tertile of the RRR Health-

conscious dietary pattern (OR 0.26, 95% CI 0.10, 0.70, p = 0.023), while the association for LGA was 

no longer significant after adjusting for primiparity in the most parsimonious model. Furthermore, 

women in the lowest tertile of the ‘Health-conscious’ dietary pattern had reduced odds of having LGA 

boys (OR 0.16, 95% CI 0.03, 0.83, p = 0.03), but not girls (OR 2.74, 95% CI 0.63, 11.83, p = 0.18, p-

value for the interaction < 0.04) (Table 9.4). There were no significant associations between any of the 

maternal dietary patterns and the odds of having an SGA infant. 

9.3.4 Dietary patterns and infant anthropometrics 

In the unadjusted analyses, only the RRR dietary patterns showed significant associations with 

the infant anthropometric measures. Higher scores on the RRR ‘Health-conscious’ dietary pattern were 

associated with lower length z-scores at birth (β -0.13, 95% CI -0.25 to -0.01 per standard deviation 

increase in dietary pattern score, p = 0.03), and lower weight at six months of age (β -0.17, 95% CI -

0.31 to -0.03; p < 0.02) and lower conditional growth in weight from birth to six months (β -0.14, 95% 

CI -0.28 to -0.0003; p=0.05). In the adjusted analyses, higher scores on the RRR ‘Health-conscious’ 

dietary pattern remained associated with lower weight at six months of age after adjusting for ethnicity 

and infant sex in the parsimonious model (β -0.15, 95% CI -0.29 to -0.01 per standard deviation 

increase in dietary pattern score, p <0.04), and were also associated with lower fat free mass at birth 

in girls (β -0.06, 95% CI -0.11 to -0.001; p=0.04) but not boys (β 0.05, 95% CI -0.01 to 0.12; p=0.11, 

p = 0.002 for the interaction).  

In the unadjusted analyses, higher scores on the ‘Mixed’ RRR pattern were associated with 

lower conditional growth in peripheral subcutaneous fat mass from birth to six months (β -0.14, 95% 

CI -0.28 to -0.001; p=0.04) (Appendix X). This inverse associations persisted after adjusting for infant 

birth weight and NZDep (β -0.14, 95% CI -0.28 to -0.001; p=0.04).  
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In the adjusted analyses of the PCA dietary patterns, higher scores in the ’Health-conscious’ 

dietary pattern were associated with higher peripheral subcutaneous fat mass at birth in boys  (β 0.21, 

95% CI 0.03 to 0.39; p=0.03) but not girls (β -0.07, 95% CI -0.22 to 0.09; p=0.41, p = 0.03 for 

interaction) after adjusting for infant birth weight and NZ Dep. Higher scores on the ‘Mixed’ dietary 

pattern were associated with lower fat free mass at birth (β -0.05, 95% CI -0.09 to -0.01; p=0.02) after 

adjusting for infant birth weight, gestational age at delivery, sex, and maternal treatment group.  Higher 

scores on the ‘Junk/unhealthy’ dietary pattern were also associated with higher weight (β 0.16, 95% 

CI 0.01 to 0.30; p=0.03), weight-for-length (β 0.18, 95% CI 0.02 to 0.34; p<0.03), and peripheral 

subcutaneous fat mass (β 0.13, 95% CI 0.01 to 0.26; p<0.03) at six months of age after adjusting for 

birth weight and NZDep.  
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Table 9.4 Associations between birth-for-weight-gestational age and dietary pattern scores (n=282) 
       
  Principal component analysis Reduced rank regression     
 Health-conscious Junk Mixed Health-conscious Mixed     
 OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI     
AGA                         
Unadjusted 0.89 0.66, 1.20 0.87 0.65, 1.18 1.12 0.80, 1.58 1.45 1.05, 2.01 0.85 0.60, 1.18     
Adjusteda 0.89 0.66, 1.20 0.87 0.65, 1.18 1.12 0.80, 1.57 1.45 1.05, 2.01 0.82 0.58, 1.16     
SGA               
Unadjusted 0.88 0.52, 1.49 0.83 0.49, 1.41 0.97 0.59, 1.59 0.90 0.54, 1.49 1.45 0.84, 2.53     
Adjustedb 0.82 0.47, 1.43 0.75 0.41, 1.30 0.91 0.57, 1.46 0.83 0.46,1.47 1.43 0.76, 2.67     
LGA               
Unadjusted 1.26 0.89, 1.78 1.34 0.95, 1.89 0.86 0.56, 1.30 0.58 0.39, 0.86 1.02 0.69, 1.52     
Adjustedc 1.24 0.86, 1.79 1.32 0.88, 1.96 0.87 0.58, 1.32 0.59 0.39, 0.88 1.06 0.73, 1.56     
Tertiles of dietary pattern scores             
AGA               
Unadjusted - 
T1 1.11 0.52, 2.37 1.21 0.55, 2.67 0.83 0.38, 1.84 0.26 0.10, 0.70 1.75 0.80, 3.85     
T2 1.31 0.60, 2.87 0.94 0.43, 2.03 0.80 0.36, 1.78 0.25 0.10,0.66 1.45 0.68, 3.09     
T3 Ref  Ref  Ref  Ref  Ref      
Adjusted               
T1 1.11 0.52, 2.37 1.21 0.55, 2.67 0.83 0.38, 1.84 0.31 0.13, 0.74 1.90 0.86, 4.23     
T2 1.31 0.60, 2.87 0.94 0.43, 2.03 0.80 0.36, 1.78 0.45 0.18, 1.13 1.52 0.71, 3.28     
T3 Ref  Ref  Ref  Ref  Ref      
p-trend 0.79  0.63  0.66  0.01  0.05      
SGA               
Unadjusted - 
T1 1.23 0.40, 3.82 1.15 0.30, 4.40 1.96 0.48, 8.06 1.89 0.54, 6.70 0.35 0.09 - 1.37     
T2 0.68 0.19, 2.50 2.07 0.60, 7.14 2.76 0.71, 10.75 1.55 0.42, 5.68 0.73 0.24, 2.20     
T3 Ref  Ref  Ref  Ref  Ref      
Adjusted               
T1 1.44 0.43, 4.83 1.85 0.43, 7.80 1.81 0.41, 7.99 2.96 0.64, 11.79 0.36 0.09, 1.51     
T2 0.76 0.19, 3.00 2.76 0.78, 10.95 2.73 0.65, 11.46 2.48 0.60, 10.29 0.58 0.17, 2.02     
T3 Ref  Ref  Ref  Ref  Ref      
p-trend <0.0001  <0.0001  <0.0001  <0.0001  <0.0001      
LGA               
Unadjusted - 
T1 0.70 0.27, 1.83 0.72 0.28, 1.82 0.94 0.37, 2.38 3.27 1.13, 9.48  0.79 0.31, 2.00     
T2 0.79 0.31, 2.00 0.79 0.31, 2.00 0.76 0.29, 2.03 1.91 0.61, 5.91 0.70 0.27,1.83     
T3 Ref  Ref  Ref  Ref  Ref      
Adjusted               
T1 2.97 0.67, 13.13 0.82 0.32, 2.12 0.92 0.36, 2.35 1.14 0.07, 2.22 0.76 0.29, 1.94     
T2 2.09 0.60, 7.27 0.79 0.30, 2.10 0.75 0.28, 2.02 0.58 -0.56,1.73 0.72 0.27, 1.90     
T3 Ref  Ref  Ref  Ref  Ref      
p-trend 0.001  0.03  0.03  0.003  0.03      
Abbreviations: OR, odds ratio; CI, Confidence interval; AGA, appropriate-for-gestational age; SGA, small-for-gestational age; LGA, large-for-
gestational age;      
 T1-3, tertile 1-3; a Adjusted for infant gestational age at birth; b, CAdjusted for 
maternal primiparity and ethnicity in the most parsimonious models                                     
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Figure 9.2 Multiple linear regression standardised coefficients for associations between maternal dietary pattern scores and infant anthropometrics. 

Abbreviations: Head Circ, head circumference; PCA, principal component analysis; RRR, reduced rank regression. 

-1.0 -0.5 0.0 0.5 1.0

Weight 
Length 

Head Circ

Weight 
Length 

Head Circ

Weight 
Length 

Head Circ

Weight 
Length 

Head Circ

Weight 
Length 

Head Circ

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Mixed-RRR

Health-conscious-RRR

Mixed-PCA

Junk-PCA

Health-conscious-PCA

Birth Six months   Birth to six months

-1.0 -0.5 0.0 0.5 1.0

Total 
Peripheral

Central 

Total 
Peripheral

Central 

Total 
Peripheral

Central 

Total 
Peripheral

Central 

Total 
Peripheral

Central 

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Mixed-RRR

Health-conscious-RRR

Mixed-PCA

Junk-PCA

Health-conscious-PCA

Z
 s

c
o

re
s

S
u

b
c

u
ta

n
e

o
u

s
 f

a
t 

m
a

s
s

 Z
 s

c
o

re
s

Regression Coefficients and 95% CIs



 

219 

9.4 Discussion 

We have used both the PCA and RRR methods to assess relationships between maternal dietary 

patterns in pregnancy and infant growth in a prospective cohort of women with GDM in New Zealand. 

We identified five distinct dietary patterns in the third trimester. Three PCA patterns namely ‘Health-

conscious,’ ‘Junk/unhealthy,’ and ‘Mixed,’ explained variations in food intake, while two RRR 

patterns, ‘Health-conscious’ and ‘Mixed’ explained variations in the age at start of solids and infant 

breastfeeding status at six months of age. Our findings demonstrate associations between maternal diet 

in pregnancy and infant size at birth, early growth, and body composition. 

Currently, there is a lack of published data on relationships between maternal dietary patterns 

in pregnancy and infant birth size in women with GDM. However, associations between the RRR 

‘Health-conscious’ dietary pattern and higher odds for having AGA infants, lower odds for LGA 

infants, and lower weight at six months of age is consistent with the existing literature. Women 

adhering to the ‘Health-conscious’ dietary pattern in our study had a high intakes of low-fat cheese, 

dried fruit, crackers, and vegetable oils and low intakes of fats, processed and unprocessed animal 

foods, , carbohydrate rich foods, and foods high in salt and sugars. Dried fruits contain higher amounts 

of dietary fibre per ounce compared to fresh fruits, and although they contain a higher calorie content, 

this may have possibly been counteracted by the low consumption of carbohydrate foods in the dietary 

pattern of these women. Dietary fibre is reported to improve blood glucose levels (Karamanos et al., 

2014; Shen et al., 2013),  enhance satiety (Rebello et al., 2016), lower maternal weight gain, and 

decrease the risk of delivering LGA infants in women with GDM (Clark & Slavin, 2013; Hernandez 

& Brand-Miller, 2018). Thus, the high fibre foods together with the low intake of refined carbohydrate 

foods may have contributed to the lower odds of delivering LGA infants in these women.  

Interestingly, we found sex-specific associations between the maternal dietary patterns and 

infant growth and adiposity at birth. While higher scores on the RRR ‘Health-conscious’ dietary 

pattern were associated with lower fat-free mass at birth in girls, higher scores for the PCA ’Health-

conscious’ dietary pattern were associated with higher peripheral subcutaneous fat mass at birth in 

boys, but not in girls. Sex-specific effects of maternal diet in pregnancy on infant growth and body 

composition are rarely reported. However, boys are generally reported to grow faster than girls in 

utero, and therefore more likely to be more responsive to maternal diet in utero than girls (Di Renzo 

et al., 2007; Eriksson et al., 2010). The PCA ‘Health-conscious’ dietary pattern in this study was 
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mainly characterised by high intake of fruits, vegetables, poultry, fish, high fibre cereals, other cold 

breakfast cereals, whole grain bread, oils, and salts. It is possible that the higher intake of animal 

protein and carbohydrate rich foods in the PCA ‘Health-conscious’ dietary pattern contributed to the 

differences in adiposity observed in boys. We also found higher odds of having LGA boys among 

women in the highest tertiles of the ‘Health-conscious’ dietary pattern. As maternal protein intake is 

directly linked to fetal growth (Maslova, 2019), high consumption of foods rich in protein in these 

women may have contributed to this finding. Protein-rich dietary patterns, e.g., a ‘prudent pattern’ 

associated with dairy products, crackers, fruits, and meat in women without GDM are associated with 

high infant birth weight (Chia et al., 2019).   

Previously, studies conducted in animals (Bayol et al., 2007, 2008; Young, 2006)  and humans 

(Hu et al., 2020; Moon et al., 2013; Murrin et al., 2013; Zhu et al., 2017) have shown that mothers who 

ate ‘Junk/unhealthy’ diets high in fats and refined sugars during pregnancy were possibly predisposing 

their children to adverse short and long-term health outcomes. Our findings are consistent with these, 

as higher scores on the ‘Junk/unhealthy’ dietary pattern reflected higher intake of foods rich in 

saturated fatty acids, and refined carbohydrates, and less fruits, pulses, and whole grains, which may 

have contributed to the higher weight-for-age z-scores, higher weight-for-length, and higher peripheral 

subcutaneous fat mass at six months of age in the infants in our study.  

The mixed patterns from both the PCA and RRR methods reflected a low intake of meats and 

processed meats. However, consumption of fruits, fish, high fibre foods, and confectionary differed 

between the two patterns. While the Mixed-RRR pattern had a higher intake of fruits, fried fish, high 

fibre foods, and no intake of confectionary, the Mixed-PCA pattern had a higher intake of nuts and 

confectionary. It is possible that differences in the intake of highly processed carbohydrates 

contributed to the decrease in fat free mass associated with the PCA ‘Mixed’ dietary pattern. 

While the RRR method is criterion-related, i.e., dependent on the relationship between 

response variables and outcomes to be predicted, the PCA derives dietary patterns that epitomise food 

consumption in a population (Weikert & Schulze, 2016). Thus, the methods may not provide congruent 

results as shown in this study. Indeed, even the ‘Mixed’ patterns from both PCA- and RRR methods 

showed non-concordant food items. Additionally, the RRR method helps to identify pathways in the 

diet-outcome/disease relationship by eliciting associations between the diet and the selected response 

variable/biomarkers of interest (Hoffmann et al., 2004a). Thus, as expected, our study showed that in 

comparison with the PCA patterns, both RRR dietary patterns had stronger associations with the early 
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postnatal infant feeding practices selected as response variables. Women adhering to the ‘Ovo-lacto 

vegetarian’ dietary pattern were more likely to exclusively breastfeed, start solids at a later age, and 

less likely to exclusively feed formula to their infants, while women adhering to the ‘Mixed’ RRR 

dietary pattern were more likely to predominantly breastfeed. Interestingly, although the PCA method 

does not assume biological pathways, the ‘Junk/unhealthy’ dietary pattern was also associated with 

the response variables.  

We found that women adhering to the ‘Junk/unhealthy’ dietary pattern were more likely to start 

solids at an earlier age and to exclusively feed formula to their infants. The findings therefore suggest 

that firstly, maternal dietary preferences possibly inform infant feeding practices (Robinson et al., 

2007). This is important because childhood obesity is a growing concern particularly among offspring 

of women with GDM, and differential patterns in growth and body composition have been reported to 

occur in the first year of life and beyond due to the  mode of infant feeding (Gale et al., 2012). Secondly, 

it is clear from the results that the PCA method identifies eating patterns of a population that can be 

associated with the RRR response variables and the related outcome of interest. Hence in exploratory 

studies, both methods are potentially valuable and could both be employed for a comprehensive 

description of the diet-outcome relationship. 

Our employment of a validated FFQ to derive the dietary patterns used in identifying the diet-

growth relationships is a study strength. FFQ’s validated for a specific population and/or subgroup, as 

in this study, facilitates description of the dietary intake and allows for more precise estimates of 

relationships (Aoun et al., 2019; Willett, 2012). Further strengths of this study are the prospective 

assessment of associations between early dietary exposures and early infant growth, reducing the risk 

of recall bias, and study of an ethnically diverse cohort.  

The effectiveness of the RRR method relies on knowledge of the relevant response variables 

(Weikert & Schulze, 2016). Typically, RRR-related response variables have been biomarkers or 

nutrients (Hoffmann, Schulze, et al., 2004b; Weikert & Schulze, 2016), and biomarkers of infant 

growth and body composition are postulated to include IGF-1, adiponectin, leptin, and C-peptide 

(Brunner et al., 2015; Carlsen et al., 2015; Gale et al., 2012; Larnkjaer et al., 2012; Ong et al., 2009; 

Francesco Savino et al., 2005). However, since these biomarkers or infant nutrients were not available 

in our study, we used response variables related to the qualitative aspects of early infant feeding and 

reported to affect optimal infant feeding and growth. Additionally, these variables are controlled by 

the mother and therefore modifiable for optimum health outcomes. Furthermore, although fat mass 
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measured by the Catalano equations at birth as used in this study is not different from fat mass 

measured by air displacement plethysmography (Cauble et al., 2017), our reliance on skinfold 

equations to predict body composition may have introduced some bias towards the null as these 

equations have been reported to be unreliable in young New Zealand children (Asadi et al., 2020). 

Finally, although we adjusted for many covariates, we cannot rule out the possibility that unmeasured 

or residual confounding may still have occurred. 

Our study aimed to assess the impact of maternal diet in pregnancy in women with GDM with 

the intent to inform nutrition practice and to promote optimal health of the offspring. We found that 

the RRR ‘Health-conscious’ and ‘Mixed’ dietary patterns were associated with recommended infant 

feeding practices and higher odds for AGA, lower odds for LGA, lower weight at six months of age, 

lower fat-free mass in girls and lower growth in peripheral adiposity from birth to six months of age. 

The PCA ‘Junk/unhealthy’ dietary pattern was not associated with recommended infant feeding 

practices and showed associations for higher weight, weight-for-length, and peripheral adiposity in 

infants at six months of age. The ‘Health-conscious’ and ‘Mixed’ PCA dietary patterns were associated 

with increased odds of LGA and peripheral adiposity in boys, and lower fat-free mass, respectively. 

The associations indicate that maternal dietary choices in pregnancy among women with GDM may 

impact their offspring’s growth and have a broader relevance to obesity.  

9.5 Conclusions 

We have used the PCA and RRR methods to derive unique maternal dietary patterns in the 

third trimester of pregnancy in women with GDM. Our study suggests that promoting a healthier eating 

pattern in pregnant women with GDM may enhance infant feeding practices and contribute to 

optimising early infant growth and body composition. Additionally, our findings indicate possible sex‐

specific differences in early infant growth and body composition in response to maternal diet in 

pregnancy. Future studies need to examine the persistence of this effect and possible relationships with 

long-term metabolic diseases.  
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Chapter 10. Summary and future directions 

The period from conception to the age of two years is crucial for optimal lifelong growth, 

health, and neurodevelopment (Schwarzenberg et al., 2018). Suboptimal nutrition during this period is 

associated with adverse long-term health (Martorell, 2017; Victora et al., 2008). However, among 

infants born small and those of women with GDM who are already at risk of adverse long-term health, 

less is known about the later effects of early nutrition. Additionally, a few studies both in animals and 

humans have suggested that early nutritional supplementation may have different effects in boys and 

girls on growth (Lewis et al., 1989), cardiovascular (Kwong et al., 2000; Langley-Evans et al., 1996; 

Woods et al., 2005), metabolic (Jaquiery et al., 2016; Maloney et al., 2011) and neurocognitive 

outcomes (Lucas et al., 1998). These knowledge gaps led to the following key questions of this thesis: 

1) does early postnatal nutritional supplementation alter later growth, body composition, 

developmental, and cardio-metabolic outcomes in preterm and SGA infants and animals; 2)  Is prenatal 

nutrition in  women with GDM associated with infant growth, body composition, and appetitive 

feeding behaviour at birth and six months of age; and 3) do these effects differ by sex? 

10.1 Summary of findings 

10.1.1 Postnatal nutrition 

We investigated the long-term effects of macronutrient (protein, fat, carbohydrate) 

supplementation in infants and animals born small, with the intent to inform clinical practice and the 

design of new clinical trials to assess sex-specific nutritional supplementation of babies born small. 

We  found that protein supplementation of human milk in medically stable preterm infants increased 

early growth in weight, length and head circumference, but led to longer hospital stays compared to 

preterm infants not supplemented. Fat supplementation of human milk showed no evidence of an effect 

on short-term growth and health, while carbohydrate supplementation of human milk increased early 

weight but in both cases these findings were based on insufficient and unreliable data. In animals born 

small, the limited available evidence showed that macronutrient supplementation may affect aspects 

of later growth in weight, metabolism, and neurodevelopment. However, the evidence base of 

macronutrient supplementation in humans and animals was sparse, low- to very-low quality, and 

insufficient to assess our objectives about long-term and sex-specific effects. Additionally, the 
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included RCTs were from high and upper-middle-income countries which limits the generalisability 

of the findings.   

10.1.2 Prenatal nutrition 

 We described dietary patterns of women with GDM in NZ at 36 weeks’ gestation by 

categorising them into five (three PCA and two RRR) distinct dietary patterns. Although we had 

intended to assess relationships between these identified maternal dietary patterns and infant feeding 

patterns, this was changed to relationships with infant appetitive traits as data on infant feeding patterns 

were not available at the time of analysis. We found sex-specific differences in the associations 

between maternal diet in late pregnancy and infant appetitive feeding behaviour and growth at birth 

and six months. Specifically, higher adherence to 1) the PCA ‘Health-conscious’ dietary pattern was 

associated with increased odds of LGA and higher peripheral adiposity in boys at birth, and lower 

‘enjoyment of food’ in boys, but not girls and slowness in eating at six months of age; and 2) RRR 

‘Health-conscious’ dietary pattern was associated with lower odds of LGA, and lower fat-free mass at 

birth in girls. The PCA ‘Junk/Unhealthy’ dietary pattern was associated with higher weight, weight-

for-length, and peripheral adiposity at six months of age. The PCA ‘Mixed’ dietary pattern was 

associated with lower fat-free mass at birth while the RRR ‘Mixed’ dietary pattern was associated with 

lower conditional growth in subcutaneous fat mass from birth to six months of age. 

10.2 Discussion 

With technological advancements and marked improvements in neonatal care, preterm infants 

survive longer (Myrhaug et al., 2019). Thus, perinatal care is shifting to optimising long-term health 

outcomes instead of solely focusing on preventing mortality. Our findings show that long-term follow-

up of trials and experiments on the effects of early nutrition, one of the most modifiable factors that 

could impact long-term health in infants born small, is rare. Although long-term follow-up can be 

difficult with challenges of attritional loss, selection bias, and prohibitive costs, follow-up studies may 

nevertheless provide the means to attaining answers to lingering questions and lead to the formulation 

of evidence-based policies that could improve clinical practice. 

For example, in our systematic reviews of macronutrient supplementation in preterm infants, 

we found that protein supplementation of human milk increased early growth in weight, length and 

head circumference. Although rate of growth in hospital and in early infancy may be associated with 
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later neurodevelopmental outcomes (Meyers et al., 2019) we had no available data for these outcomes. 

A recent cohort study of very preterm AGA infants has associated gains in weight, length, and lean 

body mass during hospitalisation with a faster speed of processing at four years of age, while gains in 

fat mass from birth to four months corrected age was associated with higher blood pressure at four 

years of age (Pfister et al., 2018). Similarly, another study that tracked body composition of AGA 

preterm infants from birth to four years of age reported that  greater gain in fat-free mass from four 

months’ corrected age to four years was associated with higher IQ and processing-speed scores at four 

years of age, while higher percent body fat mass from term to four months corrected age was associated 

with lower working-memory performance at four years of age (Scheurer et al., 2018). These findings 

highlight the potential value of long-term follow-up studies and suggest the need for researchers to 

also assess the quality of growth, as not all weight gain in preterm infants is associated with later 

optimal development. 

Additionally, growth and metabolic outcomes were reported inconsistently across studies 

included in the systematic reviews. For instance, while some trials reported weight, length, and head 

circumference (Faerk et al., 2001; Polberger et al., 1989; Putet et al., 1987), one trial reported weight 

gain only without measures of body composition (Boehm et al., 1988a) and another included skinfold 

thickness (Greer & McCormick, 1988). In large decentralised trials, it is not logistically feasible or 

cost-effective to assess body composition via more accurate techniques such as DEXA or MRI 

techniques in infants (Demerath & Fields, 2014). Thus, to reduce heterogeneity in the data of 

systematic reviews and to facilitate meaningful conclusions, there is a need to establish a consensus 

on infant outcome measures to be reported as well as the most reliable alternatives to assessing body 

composition in large studies. This would build on the work already done to develop standard measures 

of growth and nutrition for in-hospital studies (Cormack et al., 2016). 

Suboptimal nutrition during the early phase of postnatal growth may result in detrimental long-

term health effects (Arslanoglu et al., 2019; Barker & Osmond, 1986; Ramel et al., 2016). The trials 

included in our systematic review of protein supplementation were conducted in the late 20th century 

when recommendations for protein intake were 3.0 - 4.0 g/kg/day for preterm infants ≤ 1800 g (Table 

1.1). Five of the included trials reported mean daily enteral protein intake within these recommended 

limits in the fortified group (3.0 – 4.2 g/kg/day), compared to the unfortified group (1.8 – 3.3 g/kg/day) 

(Boehm et al., 1988; Greer & McCormick, 1988; Polberger et al., 1989; Putet et al., 1987; Rönnholm 

et al., 1982) and in three of these trials, the reported infant growth rates reached or surpassed 
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recommended fetal rates of 15 g/kg/day for weight, 1.26 cm/week for length, and 0.80 cm/week for 

head circumference (Greer & McCormick, 1988; Polberger et al., 1989; Putet et al., 1987). Rönnholm 

et al. (1982) did not attain the recommended fetal growth in length and head circumference. They also 

found no significant differences in these growth parameters between the fortified and unfortified 

groups during the 6-week study period despite achieving mean protein intakes within the 

recommended limits. For fat supplementation, a mean enteral intake of 6.7 ± 0.9 g/kg/day in the 

fortified group vs. 5.7 ± 0.8 g/kg/day in the unfortified group, both within the recommended limits of 

4.0-9.0 g/kg/day (Table 1.1), resulted in no significant differences in weight, length, and head 

circumference. The preterm infants in that study had birth weight ≤ 1500 g and approximated fetal 

growth rates in weight and head circumference but did not attain the recommended length gain during 

the study period of 29.4 ± 5.4 days (Polberger et al., 1989). The only trial included in our systematic 

review of carbohydrate supplementation of human milk provided insufficient and unreliable evidence 

of the short- and long-term growth and health effects in preterm infants.  

Together, these findings mean that while fortification of human milk improved protein and fat 

intake and growth in preterm infants, recommended gains in length and head circumference were not 

always attained. It may be that the sample sizes (14 and 20) were too small or the study periods (4-6 

weeks) were not long enough to observe significant effects in length and head circumference 

(Polberger et al., 1989; Rönnholm et al., 1982). It is also possible that the actual intake of fat was not 

always adequate. Fat in human milk provides ~ 45% to 55% of the energy needs of preterm infants 

(Delplanque et al., 2015), and an optimal protein-energy ratio is required to promote lean tissue growth, 

which in turn is related to neurodevelopmental outcomes in preterm infants (Agostoni et al., 2010; 

Minarski et al., 2020; Pfister et al., 2018).  

In current practice, multi-nutrient rather than individual nutrient fortifiers are widely used, and 

the additional protein (1.2-2.2 g/100 ml) and fat (1.8-2.3 g/100 ml)  achieved by using some liquid-

based multi-nutrient fortifiers are greater than those achieved in the studies of individual nutrient 

fortifiers (0.4-1.0 g/100 ml protein and 1.0 g/100 ml fat) included in our review. However, the optimal 

macronutrient composition for multi-nutrient fortifiers is not yet clear. An RCT that compared multi-

nutrient fortifiers containing an additional 1.8 g vs 1.1 g/100 ml of protein given to preterm infants at 

≤ 30 weeks’ gestation observed a significant greater length gain in the higher protein group on day 28 

of the study. Infants in the higher protein group were also heavier with higher head circumferences 

than those in the lower protein group (Moya et al., 2012). In contrast, another RCT that also compared 
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multi-nutrient fortifiers providing 1.8 g/100 ml vs. 1 g/100 ml of protein to preterm infants born at 28–

32 weeks’ gestation found no significant differences in weight, length, head circumference, fat-free 

mass, and fat mass between the two groups despite achieving recommended mean protein intakes of 

4.2 ± 1.3 and 3.5 ± 0.93 g/kg/day in the high and standard protein groups respectively (Reid et al., 

2018). The differences in the study population may have contributed to the different study findings 

i.e., Moya et al. (2012) had ~ 50% of participants with birth weight <1000 g. Further high-quality and 

large RCTs are needed to help determine the optimal dose of macronutrients in fortifiers for preterm 

infants.  

Most of the studies included in the systematic reviews did not report sex-specific data, and so 

we were unable to address the question of sex-specific effects in any detail using this approach. 

However, our findings from the prenatal cohort studies are in accordance with other reports that 

suggest that girls may be less likely to benefit from the effects of additional early nutrition than boys 

(Christmann et al., 2017; Lucas et al., 1998; van den Akker et al., 2014). A recent cohort study among 

mostly overweight and obese non-diabetic women has shown that independent of maternal BMI and 

gestational weight gain, a dietary pattern rich in high sugary foods is associated with excessive fetal 

growth in biparietal diameter, head circumference, abdominal circumference, and femur length in 

boys, but not girls (Wrottesley et al., 2020). This is similar to our findings where higher scores on the 

‘Health-conscious’ dietary pattern was associated with higher odds for having LGA boys and higher 

peripheral subcutaneous fat mass at birth in boys but not in girls, and suggests that higher intake in 

pregnancy may affect boys more than girls. Boys and girls differ in their hormonal and genetic make-

up (Keller et al., 2019). However, human studies are often not specifically designed and powered to 

assess sex-specific effects (Institute of Medicine (US) Board on Population Health and Public Health 

Practice, 2012), and many animal studies use only males for reasons such as cost reduction (Amissah 

et al., 2019; Eliot & Richardson, 2016). Our findings highlight the need to specifically look for sex-

specific effects of early life interventions such as nutrition. Reporting sex-specific differences in 

response to interventional exposures may help elucidate underlying mechanisms and identify whether 

sex-specific interventions may be important in optimising later health. 

Mechanisms underlying the observed sex-specific differences in appetitive traits, growth, and 

body composition are unclear. However, plausible mechanisms could include biological and 

psychosocial effects through parental/caregiver influences (Keller et al., 2019). Our study findings 

suggest that maternal dietary patterns in pregnancy may influence their infant feeding practices during 
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the first 6 months, consistent with the growing body of evidence that associates caregiver/parental 

feeding practices with feeding behaviours later in childhood (Keller et al., 2019). Thus, it was not 

possible in our observational cohort study to separate the potential effects of maternal dietary exposure 

in utero and of later infant feeding practices on the sex-specific appetitive traits observed at six months 

of age. However, the various life course approach models include a cumulative model that focuses on 

the additive effect of exposures and is thought to have better predictive power to elucidate 

etiological factors (Ben-Shlomo & Kuh, 2002; Blane et al., 2007). Therefore, it is possible that a 

combination of the dietary exposure in utero and the later maternal infant feeding practices influenced 

the sex-specific effects that we observed. Nonetheless, our findings suggest that appropriate dietary 

intake during pregnancy has the potential to help promote later optimum health in the offspring, 

particularly in boys.  

Similarly, sex-specific differences in the patterns of fetal and infant growth are well established 

(Broere‐Brown et al., 2016; O’Tierney-Ginn et al., 2014). However, whether the sex-specific 

associations between maternal diet in pregnancy and growth and body composition at birth and six 

months in our study are primarily due to the sex-specific differences in nutritional needs and 

metabolism or to different responses to in utero dietary exposure, or a combination of these factors, 

cannot be determined from cohort studies that lack randomisation and are prone to bias from 

unmeasured confounding and potential competing exposures. For instance, we were unable to assess 

the influence of maternal postnatal diet through breast milk or infant nutrient intake from birth to six 

months on growth and body composition outcomes due to the unavailability of data. Randomized 

controlled trials would have been ideal for minimizing confounding and allowing causal inferences. 

However, RCTs in pregnant women that would require compliance with particular diets/foods or other 

behavioural changes over a long duration, say from pregnancy through to lactation, in a controlled 

manner could be challenging and affect the power to detect intervention effects (Kehoe et al., 2009).  

Our studies have several strengths. While the multi-nutrient human milk fortifier may exert its 

effects through the synergistic action of a complex combination of nutrients, suboptimal concentrations 

of individual nutrients during sensitive periods may play specific roles and adversely impact infant 

growth and development (Cheatham, 2019). For example, high early protein intake in infant formula 

is associated with later obesity risk in term babies (Koletzko, 2008). Thus, a potential strength of this 

collection of studies is that we assessed the effects of whole foods (prenatal nutrition cohort studies) 

as well as specific nutrients (postnatal nutrition studies). 



 

229 

We used a combination of empirical and theoretical methods to conduct dietary pattern 

analyses. Although both methods are based on the use of whole foods, empirical methods like the PCA 

identify foods consumed habitually by individuals in the population. Thus, the patterns derived may 

be used to inform dietary advice given during pregnancy (Ocké, 2013). However, unlike methods that 

combine the empirical and theoretical approach (RRR), dietary patterns determined solely from 

empirical methods may not always help identify diet-disease/outcome relationships of interest 

(Weikert & Schulze, 2016). From our use of both methods, we identified maternal habitual dietary 

choices that may be related to infant growth and body composition and may therefore be potential 

targets for intervention. Our findings suggest that both the PCA and RRR methods are potentially 

valuable and could be employed in exploratory studies for a comprehensive description of the diet-

outcome relationship. 

Our systematic reviews of postnatal macronutrient supplementation of human milk in preterm 

infants and animals born small were limited by the thin evidence base despite the extensive literature 

search. We sought to address concerns about the long-term benefits or harms, and sex-specific effects 

of the individual macronutrient components of fortifiers for preterm infants. Thus, the inclusion criteria 

were limited to trials that only provided protein, carbohydrate, or fat supplements individually. 

However, as fortification of individual nutrients of human milk is now superseded by multi-nutrient 

fortification, there were few available trials, all of which were old. Nonetheless, a recent systematic 

review of the effects of multi-nutrient fortification of human milk for preterm infants compared with 

unfortified human milk also reported similar findings, with insufficient data to address the long-term 

and adverse effects of fortification  even though they included more recent trials (Brown et al., 2020). 

This means that future trials on the efficacy and safety of multi-nutrient fortifiers for preterm infants 

must provide long-term and sex-specific data to help address concerns about the cardio-metabolic 

consequences of these early nutritional interventions. 

 The value of systematic reviews depends on the quality of the included studies (Murad et al., 

2014). Studies included in our systematic reviews had several risks of bias domains scored as ‘unclear,’ 

resulting in downgrading the quality of the evidence. The included trials failed to provide detailed 

information on random sequence generation, allocation concealment, and blinding of outcome 

assessors. Inadequate reporting of these study design components can bias intervention effect estimate, 

impact review conclusions, and flaw decisions made about the effectiveness of interventions in clinical 

practice (Savović et al., 2012). Although the lack of standards for reporting RCTs at the time of conduct 
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and publication of our included trials may have contributed to the low- to very low-quality evidence 

observed in our systematic reviews (Begg et al., 1996), authors of Cochrane systematic reviews rarely 

find high-quality evidence for health-related interventions (Conway et al., 2017; Fleming et al., 2016; 

Pandis et al., 2015). Downgrading the quality of evidence is frequently based on judgements of the 

risk of bias (Conway et al., 2017). However, making these judgements based on information from 

individual trials can be challenging.  For instance, the use of sequentially numbered, opaque, sealed 

envelopes for allocation concealment is normally allocated low risk of bias scores (Akl et al., 2019). 

However, trial authors often don’t provide all the required details for safeguarding the envelopes, often 

do not provide answers when contacted, and often cannot be contacted (Selph et al., 2014). For these 

reasons, it has been argued that central randomization should be the only study design allocated low 

risk of bias scores (Clark et al., 2016; Propadalo et al., 2019).  

Cochrane systematic reviews also only include RCTs or quasi-RCTs, which can prevent the 

inclusion of important studies or limit the generalisability of the evidence (Arditi et al., 2016). For 

instance, findings from our systematic reviews of the effects of macronutrient supplementation of 

human milk in preterm infants were limited only to medically stable preterm infants as RCTs don’t 

often include complex populations like the smallest and sickest preterm infants who may require more 

resources and have higher risk of morbidity (Peinemann et al., 2013). Nevertheless, data on the benefits 

and harms of fortifiers in this vulnerable subset of preterm infants is essential to providing optimal 

care. Methodology is available for systematic review of other kinds of studies such as case-control 

studies (Akl et al., 2019) which may allow inclusion of a broader range of evidence and thus enhance 

generalisability.   

10.2.1 Implications for clinical practice 

The smallest and largest infants in our care are at the highest risk of later obesity (Herring & 

Oken, 2011; Ou-Yang et al., 2020), and there is evidence to suggest that supporting optimal early 

growth, whether postnatal through nutritional interventions or prenatal through maternal dietary choice 

during pregnancy, may modify this risk. Although our systematic reviews of limited data from both 

humans and experimental animals showed that macronutrient supplementation of infants born small 

may increase both early and later growth and neurocognitive outcomes, the quality of the growth was 

often not reported and long-term health outcomes were not assessed. As fat-free mass and body fat are 

predictors of later neurodevelopmental and metabolic risk (Pfister et al., 2018; Scheurer et al., 2018), 
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future studies should report other growth measures such as length/height and body composition and 

repeat the measures at different ages to determine the persistence of effects in later life.  

We also found that maternal diet in late pregnancy is associated with infant appetitive feeding 

behaviour, growth and body composition at birth and six months of age. The empirical approach used 

for the dietary pattern analysis is based on the concept that individuals in the population consume foods 

habitually (Roberts et al., 2018). Thus, educational interventions may be based on supporting 

individuals to change their habitual behaviours rather than simply providing them with knowledge of 

healthy and unhealthy foods (Dalbo et al., 2017; Shohaimi et al., 2004; Story et al., 2008). This can be 

complex as dietary behaviour is influenced by several factors including access to and availability of 

foods, psycho-social, economic, and environmental factors (Turrell & Vandevijvere, 2015). Thus, a 

multi-pronged approach that intervenes at multiple levels of influence and targets women prior to 

pregnancy may be needed to enable behavioural change in food choices and to deliver long-term health 

benefits for the mother and infant (Allender et al., 2015). 

10.2.2 Recommendations for future research 

Future research studies should focus on: 

1. Designing  RCTs of isocaloric multi-nutrient fortifiers containing varying amounts of 

protein with long-term follow-up into adulthood and collect outcome data at standardised time points 

to delineate “critical or sensitive” periods to strengthen the evidence base for the later effects of early 

nutritional supplementation in infants born small.  

2. Designing new large and high-quality  RCTs with long follow-up and data collection 

at standardised time points to prove causal links and assess the persistence of any relationships between 

prenatal nutrition and infant appetitive feeding behaviour, growth, and development in infants of 

women with GDM.  

3. Investigating the role of early postnatal infant nutrient intake in the relationships 

between maternal diet in pregnancy of women with GDM and measures of offspring growth and 

adiposity. This may help provide insights into connections between prenatal and postnatal nutrition 

and later health outcomes. 
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4. Investigating the influence of maternal postnatal dietary intake during the period of 

breastfeeding in women with GDM on infant growth and body composition to determine the role of 

the postnatal nutritional environment on the offspring’s later health. 

5. Exploring relationships between offspring dietary patterns and maternal dietary 

patterns in pregnancy, as children’s dietary choices are thought to be largely influenced by their 

mothers. 

6. Conducting the studies included in the first five recommendations in low-to-middle 

income countries, as nutrition transition in these countries is reported to be contributing to the rising 

obesity and GDM rates. 

7. Reporting outcomes for all the above studies separately for each sex to further evaluate 

sexual dimorphism in the later effects of early nutrition and help identify underlying mechanistic 

pathways.   

8. Developing a consensus regarding the reporting of nutritional and infant outcome 

measures so that research can be reported in a consistent manner and findings combined for analysis. 

Currently, there is a paucity of published data on standardising the reporting of outcome measures in 

infants (Cormack et al., 2016), so an international consensus may be needed to facilitate the 

comparison of study findings across countries. 

10.3 Conclusion 

There is a growing body of evidence that there are important relationships between nutrition in early 

life and later health outcomes in infants born small or large. To enable the development of optimal 

early nutritional interventions and provide a clearer understanding of the underlying mechanisms 

involved, longitudinal studies and prospective controlled trials/experiments are needed that report 

standardised outcome measures including sex-specific data in animals and humans. Maternal dietary 

patterns during pregnancy in women with GDM are associated with their infants’ appetitive feeding 

behaviour, growth and body composition and may be potential targets for interventions aimed at 

improving offspring short- and long-term health. 
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Appendices 

Appendix I: Protein supplementation of human milk for promoting growth in 

preterm infants: A protocol for a systematic review 

Background 

Optimum nutrition that meets the special needs of preterm infants remains a challenge. To 

match intrauterine growth (“American Academy of Pediatrics Committee on Nutrition,” 1985), 

preterm infants require higher protein intake than term infants to accommodate their higher 

requirements for protein synthesis and growth (Agostoni et al., 2010; Hay & Thureen, 2010; 

Underwood, 2013). Failing to daily consume sufficient amounts of protein,  especially during the first 

few weeks of life can result in compromised growth (Freitas et al., 2016) and organ development, 

particularly of the brain and central nervous system (Agostoni et al., 2010; Claas et al., 2011; Ghods 

et al., 2011). To this end a nutritional intervention that seeks to counteract these deficits and improve 

the short and long-term health of preterm infants is needed.  

Breast milk as opposed to formula for the preterm infant has been associated with several 

benefits including: reduction in rates of late-onset sepsis (Schanler, Shulman, & Lau, 1999), 

necrotizing enterocolitis (NEC) (Sisk et al., 2007) and retinopathy of prematurity (Okamoto et al., 

2007). Other benefits include better feeding tolerance (Boyd, Quigley, & Brocklehurst, 2007), 

improved neurodevelopmental outcomes (Bertino et al., 2012), lower rates of metabolic syndrome 

(American Academy of Pediatrics, 2012) and low-density lipoprotein levels in adolescence (Bertino 

et al., 2012).  

Women who give birth preterm initially produce breast milk with higher amounts of protein 

than found in term mature milk. However, there are challenges in its use. Firstly, the protein content 

is inconsistent (Tudehope, 2013). It varies between mothers, decreases within a breastfeeding session 

and decreases after the first two weeks postnatally when it is particularly needed to support rapid infant 

growth (Hay, 2009; Su, 2014). Secondly, mothers of preterm infants face many difficulties that 

interfere with their establishment and maintenance of milk production. This limitation in breast milk 

supply may result in reliance on donor human milk from mothers who gave birth at term, and this 

contains insufficient protein to support the high protein requirements of the preterm infant (Schanler, 

Lau, Hurst, & Smith, 2005; Weber et al., 2001).  
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Finally, feeding preterm infants unfortified breast milk during neonatal admissions has been 

associated with inadequate growth (Brooke, Onubogu, Heath, & Carter, 1987; Su, 2014; Tonkin, 

Collins, & Miller, 2014), which in turn is associated with longer hospital stays, more infections and 

adverse short and long term developmental health outcomes  (Ehrenkranz, 2010; Ehrenkranz et al., 

2006; Lapillonne & Griffin, 2013)  

Thus, to meet the higher protein needs of rapidly growing preterm infants and to promote their 

optimum health, additional protein in the form of a fortifier may be added to expressed breast milk. 

Description of the intervention 

Protein fortifiers are usually commercially available and occur in liquid or powder forms. They 

may also contain additional micronutrients and electrolytes, comprise hydrolyzed or intact protein, and 

can be bovine or human milk based. They are mixed with human milk and fed enterally to the preterm 

infant once they begin to tolerate breast milk feeds (Di Natale, Coclite, Di Ventura, & Di Fabio, 2011; 

Ziegler, 2011).  

Protein fortification increases the concentrations of protein and potentially other micronutrients 

in expressed breast milk. It is typically administered as a fixed dose per unit volume of breast milk, 

also known as standard fortification  (Di Natale & Fabio, 2013), but the amount can be varied 

depending on the measured or estimated protein content of the breast milk to meet the infants’ needs 

(targeted fortification). 

Targeted fortification may be a more appropriate option because of the high variability of 

protein content in human milk. However, the feasibility of this approach is a matter of concern, 

considering the potential cost of manpower required to regularly analyze the individual breast milk 

composition prior to tailoring the protein supplement to meet the recommended intake (Rochow et al., 

2013, 2015).  

Adjustable fortification is an alternative to targeted fortification where the analysis of human 

milk is not needed. The infants’ protein intake is adjusted based on their metabolic response using 

BUN which normally mirrors protein intake. Periodic measurements of blood urea nitrogen are 

performed with the aim of maintaining concentrations between 9 and 14 mg/dL (3.2 to 5.0 mmol/L) 

while increasing the protein concentration to achieve required optimum levels (Arslanoglu, Moro, & 

Ziegler, 2006; Bhatia, 2016; Di Natale et al., 2011). 
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How the intervention might work 

Protein fortified human milk is expected to improve postnatal growth and development, in part 

through provision of essential amino acids and energy for tissue growth, and in part through its 

interaction with endocrine systems such as the insulin-like growth factor I (IGF-1) system.  IGF-1 

plays an important role in growth, body composition and cognition of preterm infants (Clemmons, 

2006; Hansen-Pupp et al., 2013; Socha et al., 2011).  At 30 weeks’ postmenstrual age there is a 

reciprocal relationship between IGF1 and dietary protein in preterm infants (Hansen-Pupp et al., 2011), 

and low protein levels are associated with low IGF I concentrations (Yeung & Smyth, 2003), and lower 

lean mass in childhood (Chiesa et al., 2008; Hellström et al., 2016; Lo et al., 2002). Therefore, the 

addition of protein to human milk is expected to raise IGF-1 concentrations, decrease fat mass 

accretion and limit the initial growth failure of preterm infants (Kim, 2016; Koletzko et al., 2005). 

Complications from protein fortification can occur. For example, fortifiers based on cow milk 

e.g. intact bovine protein have been associated with the development of allergy in preterm infants from 

very early contact with heterologous proteins (Srinivasan, Brandler, D’Souza, Millman, & Moreau, 

2010). Additionally, powdered fortifiers are non-sterile products with increased risk of bacterial 

contamination. This could predispose the preterm infant to sepsis (D’Netto et al., 2000; Reich, König, 

von Wiese, & Klein, 2010). Furthermore, acidified higher protein fortifiers have been shown to cause 

feeding intolerance and metabolic imbalances in preterm infants (Cibulskis & Armbrecht, 2015; 

Thoene et al., 2014), possibly due to their immature metabolic processes and reduced kidney function. 

Preterm infants are at increased risk of developing metabolic and renal tubular acidosis (Koletzko et 

al., 2005; Manz, Kalhoff, & Remer, 1997). Thus, fortifiers which have been acidified as a form of 

sterilization may have higher acid loads and result in maximal acid stimulation and decreased growth 

(Kalhoff et al., 1993; Kalhoff & Manz, 2001).  Finally, addition of liquid fortifiers to human milk may 

displace the volume of human milk and cause the infant to receive inadequate total volume of human 

milk (Underwood, 2013).  

Why it is important to do this review 

Protein fortification of human milk would help to increase protein intake in very preterm 

infants while retaining the benefits of feeding human milk. However, fortifiers are often expensive, 

their long-term benefits, if any, are uncertain, and their use has been associated with some adverse 
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effects (Thoene et al., 2014; Tonkin et al., 2014). It is imperative to ascertain the benefits and harms 

of their use in both the short and long term. 

Objectives 

To determine whether fortification of human milk with protein compared with unfortified human 

milk fed to preterm infants improves growth, body composition, cardio-metabolic and 

neurodevelopmental outcomes without significant adverse effects. 

Methods 

Criteria for considering studies for this review. 

Types of Studies 

Published and unpublished randomised and quasi-RCTs will be considered for inclusion in this 

review. 

Types of participants 

Preterm infants (<37 weeks gestation) receiving enteral feeding of human milk within a hospital 

setting. 

Types of Intervention 

Human milk with or without additional protein fortification. 

Types of outcome measures 

The primary and secondary outcomes for this review have been aligned with the outcomes of 

the Cochrane Review Multi-Nutrient Fortification of Human Milk for Preterm Infants (Brown, 

Embleton, Harding, & McGuire, 2016). 

Primary Outcomes 

1. Growth: Weight, length, head circumference, skinfold thickness (WHO, 1995), body mass 

index and measures of body composition (lean/fat mass) and growth restriction (proportion of infants 

who remain < 10th percentile for the index population distribution of weight, length or head 
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circumference) (Clark, Thomas, & Peabody, 2003). Growth parameters assessed from birth to hospital 

discharge, at or after 2 years’ corrected age, during adolescence and as adults will be included. 

2. Neurodevelopmental outcomes 

Neurodevelopmental outcomes after 12 months’ post term: neurological evaluations, 

developmental scores, and classifications of disability, including auditory and visual disability. We 

will define neurodevelopmental impairment as the presence of one or more of the following: non-

ambulant cerebral palsy, developmental quotient more than two standard deviations below the 

population mean, blindness (visual acuity < 6/60) or deafness (any hearing impairment requiring or 

unimproved by amplification) 

Secondary outcomes 

1. Duration of hospital admission 

2. Feeding intolerance that results in cessation or reduction in enteral feeding 

3. Necrotising enterocolitis (NEC) 

4. BUN concentrations 

5. Serum albumin concentrations 

6. Metabolic acidosis as defined by trialists. 

7. Long term measures of cardio-metabolic health such as insulin resistance, obesity, diabetes, 

and hypertension. 

Search Methods for Identification of Studies 

Electronic Searches 

We will search the Cochrane Neonatal Review Group’s Specialised Register, MEDLINE, 

EMBASE, CENTRAL, CINAHL and Web of Science from the beginning of the database to present. 

We will search for any evidence of ongoing or completed trials in Clinical trials.gov or current 

controlled trials. We will use a combination of the following key and text words: fortified food OR 

milk protein OR amino acid OR protein supplement* AND milk human OR breast milk OR human 

milk* AND infant premature OR premature birth OR preterm*.  We will also use “*” as a wild card 
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character where appropriate. American and English spellings will be searched for and the preterm 

period will refer to infants admitted at or soon after birth and remaining in neonatal admission until 

discharge home.  

Searching other resources 

We will search reference lists of included trials and known researchers in this clinical area will 

be contacted to identify any unpublished or ongoing research. No restrictions on language will be 

made. 

Data collection and analysis  

We will use the standard methods of the Cochrane neonatal review group. 

Selection of studies 

Two authors will carry out the study selection process independently as follows: 

Two review authors (EA and JB) will independently screen the titles and abstracts of the 

records identified by the searches. Conflicts will be resolved by discussion or by a third author (JH). 

Full text of all potentially relevant articles will be retrieved, and reports of the same study will be 

linked together. Full text articles will be assessed for inclusion or exclusion using the eligibility criteria 

by two reviewers (EA and JB) independently. Conflicts will be resolved by discussion or by a third 

author (JH). Investigators will be corresponded with as needed to clarify study eligibility and obtain 

missing results if possible. Covidence will be used in the study selection and data collection process. 

Data extraction and management 

A data extraction form will be developed prior to data gathering to enable two authors to 

independently extract information from the studies. Data such as source details, study eligibility, study 

design, participant characteristics, intervention and control details and outcome reports will be 

extracted. Conflicts in the data extraction and management process will be resolved by referral to a 

third author. The data will then be exported into Cochrane Collaboration’s statistical software, Review 

Manager 2013. 
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Appendix II: Search methods – Protein systematic review 

MEDLINE via PubMed 

(((((((((Dietary Protein[MeSH]) OR protein[tiab])) OR (((hydrolysate[tiab] OR 

hydrolys*[tiab] OR hydrolyz*[tiab])) NOT formula*))) AND ((((Milk, Human[MeSH]) OR 

breastmilk*[tiab])) OR (((human[tiab] OR breast[tiab] OR expressed[tiab] OR mother*[tiab] OR 

maternal[tiab] OR donor*[tiab])) AND milk*[tiab])))) AND ((((infant, newborn[MeSH] OR newborn 

OR neonate OR neonatal OR premature OR low birth weight OR VLBW OR LBW or infan* or 

neonat*) AND (randomized controlled trial [pt] OR controlled clinical trial [pt] OR randomized [tiab] 

OR placebo [tiab] OR drug therapy [sh] OR randomly [tiab] OR trial [tiab] OR groups [tiab]) NOT 

(animals [mh] NOT humans [mh])))))) 

Cochrane Central Register of Controlled Trials  

1 MESH DESCRIPTOR Milk, Human EXPLODE ALL AND CENTRAL:TARGET 

2 ((human OR breast OR expressed) NEAR2 milk*):TI,AB,KW AND CENTRAL:TARGET 

3 ((mother* or maternal or donor*) NEAR2 milk*): TI,AB,KW AND CENTRAL:TARGET 

4 #1 OR #2 OR #3 

5 (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth 

weight or VLBW or LBW) AND CENTRAL:TARGET 

6 MESH DESCRIPTOR Dietary Proteins EXPLODE ALL AND CENTRAL:TARGET 

7 ((protein or hydrolysate or hydrolys* or hydrolyz*) NOT formula*):TI,AB,KW AND 

CENTRAL:TARGET 

8 #6 OR #7 

9 #4 AND #5 AND #8 
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Appendix III: Search methods – Fat systematic review 

MEDLINE via PubMed 

1 lipids[MeSH] OR Fatty Acids, Omega-3[MeSH] OR Fish Oils [MeSH] 

2 fat[tiab] OR lipid*[tiab] OR "medium chain triglycerides"[tiab] OR MCT[tiab] OR 

microlipid[tiab] OR “Arachidonic Acid”[tiab] OR “Docosahexaenoic acid”[tiab] OR 

“Omega-3 Fatty acids”[tiab] OR “Omega-6 fatty acids”[tiab] OR “N-3 Fatty Acid”[tiab] 

OR “N-6 Fatty Acid” OR LCPUFA OR linolenate 

3 (Fish[tiab] OR "Cod Liver"[tiab] OR corn[tiab] OR safflower[tiab] OR soy[tiab] OR 

coconut[tiab]) AND Oil*[tiab] 

4 (PUFA[tiab] OR Fatty Acid*[tiab]) OR (Polyunsaturated[tiab] AND n-3[tiab]) 

5 (alpha-Linolenic OR Docosahexaenoic OR Docosahexenoic OR Docosahexaenoate OR 

Eicosapentaenoic OR Eicosapentanoic OR Timnodonic OR Icosapentaenoic OR Fatty 

Omega-3) AND Acid* 

6 1 OR 2 OR 3 OR 4 OR 5 

7 Milk, Human[MeSH] 

8 breastmilk*[tiab] 

9 ((human[tiab] OR breast[tiab] OR expressed[tiab] OR mother*[tiab] OR maternal[tiab] OR 

donor*[tiab]) AND milk*[tiab]) 

10 7 OR 8 OR 9 

11 ((infant, newborn[MeSH] OR newborn OR neonate OR neonatal OR premature OR low birth 

weight OR VLBW OR LBW or infan* or neonat*) AND (randomized controlled trial [pt] 

OR controlled clinical trial [pt] OR randomized [tiab] OR placebo [tiab] OR drug therapy 

[sh] OR randomly [tiab] OR trial [tiab] OR groups [tiab]) NOT (animals [mh] NOT 

humans [mh])) 

12 6 AND 10 AND 11 
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Cochrane Library 

1 MESH DESCRIPTOR Fish Oils EXPLODE ALL AND CENTRAL:TARGET 

2 MESH DESCRIPTOR Fatty Acids, Omega-3 EXPLODE ALL AND CENTRAL:TARGET 

3 MESH DESCRIPTOR Fatty Acids, Omega-6 EXPLODE ALL AND CENTRAL:TARGET 

4 MESH DESCRIPTOR Eicosanoic Acids EXPLODE ALL AND CENTRAL:TARGET 

5 MESH DESCRIPTOR Docosahexaenoic Acids EXPLODE ALL AND 

CENTRAL:TARGET 

6 MESH DESCRIPTOR Linoleic Acid EXPLODE ALL AND CENTRAL:TARGET 

7 (fat or lipid* or 'medium chain triglycerides' or MCT or microlipid or LCPUFA or linolenate) 

: TI,AB AND CENTRAL:TARGET 

8 ((Fish or 'Cod Liver' or corn or safflower or soy or coconut) NEXT Oil*) :TI,AB,KW AND 

CENTRAL:TARGET 

9 (('alpha linolenic' or arachidonic or docosahexaenoic or docosahexenoic or docosahexaenoate 

or eicosapentaenoic or eicosapentanoic or timnodonic or icosapentaenoic or 'fatty omega-

3' or 'Omega-3 Fatty' or 'Omega-6 fatty'or 'N-3 Fatty' or 'N-6 Fatty') NEXT 

acid*):TI,AB,KW AND CENTRAL:TARGET 

10 ((PUFA or Fatty Acid* or Polyunsaturated) NEXT n-3):TI,AB,KW AND 

CENTRAL:TARGET 

11 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 

12 MESH DESCRIPTOR Milk, Human EXPLODE ALL AND CENTRAL:TARGET 

13 ((human OR breast OR expressed) NEAR2 milk*):TI,AB,KW AND CENTRAL:TARGET 

14 ((mother* or maternal or donor*) NEAR2 milk*): TI,AB,KW AND CENTRAL:TARGET 

15 #12 OR #13 OR #14 

16 (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth 

weight or VLBW or LBW) AND CENTRAL:TARGET 
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17 #11 AND #15 AND #16 
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Appendix IV: Search methods – Carbohydrate systematic review 

MEDLINE via PubMed 

(((Dietary Carbohydrates[Mesh] OR Carbohydrate*[tiab] OR Glucans[Mesh] OR Sucrose[Mesh] 

OR glucan*[tiab] OR monosaccharide*[tiab] OR disaccharide*[tiab] OR 

oligosaccharide*[tiab] OR polysaccharide*[tiab] OR polycose[tiab] OR lactose[tiab] OR 

sucrose[tiab] OR corn syrup[tiab)) AND (((Milk, Human[MeSH] OR breastmilk*[tiab])) OR 

(((human[tiab] OR breast[tiab] OR expressed[tiab] OR mother*[tiab] OR maternal[tiab] OR 

donor*[tiab])) AND milk*[tiab]))) AND (((infant, newborn[MeSH] OR newborn OR neonate 

OR neonatal OR premature OR low birth weight OR VLBW OR LBW or infan* or neonat*) 

AND (randomized controlled trial [pt] OR controlled clinical trial [pt] OR randomized [tiab] 

OR placebo [tiab] OR drug therapy [sh] OR randomly [tiab] OR trial [tiab] OR groups [tiab]) 

NOT (animals [mh] NOT humans [mh]))) 

Cochrane Library 

1 MESH DESCRIPTOR Dietary Carbohydrates EXPLODE ALL AND CENTRAL:TARGET 

2 MESH DESCRIPTOR Sucrose EXPLODE ALL AND CENTRAL:TARGET 

3 MESH DESCRIPTOR Glucans EXPLODE ALL AND CENTRAL:TARGET 

4 (Carbohydrate* or glucan* or monosaccharide* or disaccharide* or oligosaccharide* or 

polysaccharide* or polycose or lactose or sucrose or corn syrup):TI,AB,KW AND 

CENTRAL:TARGET 

5 #1 OR #2 OR #3 OR #4 

6 MESH DESCRIPTOR Milk, Human EXPLODE ALL AND CENTRAL:TARGET 

7 ((human OR breast OR expressed) NEAR2 milk*):TI,AB,KW AND CENTRAL:TARGET 

8 ((mother* or maternal or donor*) NEAR2 milk*): TI,AB,KW AND CENTRAL:TARGET 

9 #6 OR #7 OR #8 AND CENTRAL:TARGET 

10 (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth 

weight or VLBW or LBW) AND CENTRAL:TARGET 

11 #5 AND #9 AND #10 
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Appendix V: Search methods – Animal systematic review 

# Embase <1980 to 2018 July 04> Search Statement Results 

1 macronutrient/ 7290 

2 ((macronutrient* or macro-nutrient*) adj5 (supplement* or fortif*)).ti,ab,kw. 153 

3 fortified food/ 647 

4 ((fortif* or supplement*) adj3 food*).ti,ab,kw. 11430 

5 caloric intake/ 54118 

6 ((calor* or energy) adj3 (intake* or in-take*)).ti,ab,kw. 44470 

7 diet supplementation/ or fat intake/ 122848 

8 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (supplement* or fortif*)).ti,ab,kw. 55221 

9 ((diet* or nutrition* or fat or fats or fatty or lipid*) adj2 (intake* or in-take*)).ti,ab,kw. 62704 

10 diet* adj2 energy.ti,ab,kw.  2732 

11 
omega 3 fatty acid/ or omega 6 fatty acid/ or fish oil/ or medium chain triacylglycerol/ or arachidonic acid/ or docosahexaenoic 

acid/ or linolenic acid/ or linoleic acid/ 
98692 

12 
(omega 3 or n-3 fatty or eicosapent* or fish oil* or omega 6 or n-6 fatty or arachidon* or docosahexen* or docosahexaen* or 

linolenic acid* or linolenate or linoleic or linoleate).ti,ab,kw. 
105285 

13 (medium chain adj1 (triacylglycerol* or triglyceride*)).ti,ab,kw. 2971 

14 cod liver oil/ or coconut oil/ or corn oil/ or soybean oil/ or safflower oil/ 14012 

15 ((cod liver or corn or safflower or soy* or coconut) adj1 (oil or oils)).ti,ab,kw. 16369 

16 
(((polyunsaturated or poly-unsaturated) adj1 fatty acid*) or PUFA or LCPUFA or icosapent* or timnodon* or lipid* or 

microlipid* or micro-lipid*).mp. 
729646 

17 carbohydrate diet/ or carbohydrate intake/ or exp carbohydrate/ 830854 
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18 (carbohydrat* adj1 (supplement* or intake* or in-take* or fortif* or diet*)).ti,ab,kw. 4173 

19 glucose intake/ or glucan/ or fructose/ 33008 

20 
(glucan* or monosaccharide* or disaccharide* or oligosaccharide* or polysaccharide* or polycose or lactose or sucrose or corn 

syrup or glucose or fructose).mp.  
288416 

21 protein intake/ or whey/ 40769 

22 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).ti,ab,kw. 33272 

23 protein hydrolysis/ or whey hydrolysis/ 5587 

24 (whey or protein* hydroly*).ti,ab,kw. 12215 

25 or/1-24 1843592 

26 small for date infant/ or Prematurity/ or Intrauterine growth retardation/ 121052 

27 (small adj3 (baby or babies or date or gestation*)).ti,ab,kw. 14376 

28 ((fetal or foetal or intrauterine or intra-uterine) adj1 growth adj1 (retard* or restrict*)).ti,ab,kw. 23465 

29 ((prematur* or preterm or pre-term) and (infan* or newborn or new-born or neonat* or baby or babies)).ti,ab,kw. 103525 

30 or/26-29 170675 

31 

exp animal experiment/ or exp animal model/ or exp experimental animal/ or exp male animal/ or exp female animal/ or exp 

juvenile animal/ or animal/ or mammal/ or therian/ or exp monotremate/ or placental mammals/ or exp marsupial/ or 

Euarchontoglires/ or exp Afrotheria/ or exp Boreoeutheria/ or exp Laurasiatheria/ or exp Xenarthra/ or primate/ or exp 

Dermoptera/ or exp Glires/ or exp Scandentia/ or Haplorhini/ or exp prosimian/ or simian/ or exp tarsiiform/ or Catarrhini/ or exp 

Platyrrhini/ or ape/ or exp Cercopithecidae/ or hominid/ or exp hylobatidae/ or exp chimpanzee/ or exp gorilla/ or exp orang 

utan/ 

5421620 

32 

(animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or 

chiroptera or bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or 

cats or felis or catus or feline or kitten or dog or dogs or canis or canine or canines or puppy or puppies or otter or otters or lutra 

or badger or badgers or cub or cubs or meles or fitchew or fitch or foumart or foulmart or ferrets or ferret or polecat or polecats 

or kit or kits or mustela or putorius or weasel or weasels or fox or foxes or vulpes or common seal or phoca or vitulina or grey 

seal or halichoerus or horse or horses or foal or equus or equine or equidae or donkey or donkeys or mule or mules or pig or pigs 

4727989 
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or swine or swines or hog or hogs or boar or boars or porcine or piglet or piglets or sus or scrofa or llama or llamas or lama or 

glama or cria or deer or deers or cervus or elaphus or cow or cows or bos taurus or bos indicus or bovine or bull or bulls or cattle 

or calf or calves or bison or bisons or sheep or sheeps or ovis aries or ovine or lamb or lambs or mouflon or mouflons or goat or 

goats or capra or caprine or chamois or rupicapra or leporidae or kid or kids or doeling or doelings or buckling or bucklings or 

lagomorpha or lagomorph or rabbit or rabbits or oryctolagus or cuniculus or laprine or bunny or bunnies or hares or leveret or 

leverets or lepus or rodentia or rodent or rodents or murinae or mouse or mice or mus or musculus or murine or woodmouse or 

apodemus or rat or rats or rattus or norvegicus or guinea pig or guinea pigs or cavia or porcellus or hamster or hamsters or 

mesocricetus or cricetulus or cricetus or gerbil or gerbils or jird or jirds or meriones or unguiculatus or jerboa or jerboas or 

jaculus or chinchilla or chinchillas or beaver or beavers or castor fiber or castor canadensis or sciuridae or squirrel or squirrels or 

sciurus or chipmunk or chipmunks or marmot or marmots or marmota or suslik or susliks or spermophilus or cynomys or 

cottonrat or cottonrats or sigmodon or vole or voles or microtus or myodes or glareolus or primate or primates or prosimian or 

prosimians or lemur or lemurs or lemuridae or loris or bush baby or bush babies or bushbaby or bushbabies or galago or galagos 

or anthropoidea or anthropoids or simian or simians or monkey or monkeys or marmoset or marmosets or callithrix or cebuella 

or tamarin or tamarins or saguinus or leontopithecus or squirrel monkey or squirrel monkeys or saimiri or night monkey or night 

monkeys or owl monkey or owl monkeys or douroucoulis or aotus or spider monkey or spider monkeys or ateles or baboon or 

baboons or papio or rhesus monkey or macaque or macaca or mulatta or cynomolgus or fascicularis or green monkey or green 

monkeys or chlorocebus or vervet or vervets or pygerythrus or hominoidea or ape or apes or hylobatidae or gibbon or gibbons or 

siamang or siamangs or nomascus or symphalangus or hominidae or orangutan or orangutans or pongo or chimpanzee or 

chimpanzees or pan troglodytes or bonobo or bonobos or pan paniscus or gorilla or gorillas or troglodytes).ti,ab. 

33 31 or 32 6377703 

34 33 not human/ 4766845 

35 25 and 30 and 34 1614 

Execute Searches in Ovid  
 

 

# Embase Classic <1947 to 1979> Search Statement Results 

1 macronutrient/ or caloric intake/ 1295 
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2 ((calor* or energy) adj3 (intake* or in-take*)).ti,ab,kw. 2061 

3 ((macronutrient* or macro-nutrient*) adj5 (supplement* or fortif*)).ti,ab,kw. 0 

4 ((fortif* or supplement*) adj3 food*).ti,ab,kw. 299 

5 diet supplementation/ or fat intake/ 1998 

6 diet* adj2 energy.ti,ab,kw.  74 

7 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (intake* or in-take*)).ti,ab,kw. 2485 

8 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (supplement* or fortif*)).ti,ab,kw. 2355 

9 
omega 3 fatty acid/ or omega 6 fatty acid/ or fish oil/ or medium chain triacylglycerol/ or arachidonic acid/ or docosahexaenoic 

acid/ or linolenic acid/ or linoleic acid/ 
4652 

10 
(omega 6 or n-6 fatty or omega 3 or n-3 fatty or eicosapent* or fish oil* or arachidon* or docosahexen* or docosahexaen* or 

linolenic acid* or linolenate or linoleic or linoleate).ti,ab,kw. 
4563 

11 (medium chain adj1 (triacylglycerol* or triglyceride*)).ti,ab,kw. 315 

12 coconut oil/ or cod liver oil/ or corn oil/ or safflower oil/ or soybean oil/ 2486 

13 ((cod liver or corn or safflower or soy* or coconut) adj1 (oil or oils)).ti,ab,kw. 2238 

14 
(((polyunsaturated or poly-unsaturated) adj1 fatty acid*) or PUFA or LCPUFA or icosapent* or timnodon* or lipid* or microlipid* 

or micro-lipid*).mp. 
52916 

15 carbohydrate diet/ or carbohydrate intake/ or exp carbohydrate/ 117081 

16 (carbohydrat* adj1 (supplement* or intake* or in-take* or fortif* or diet*)).ti,ab,kw. 268 

17 glucose intake/ or glucan/ or fructose/ 6002 

18 
(glucan* or monosaccharide* or disaccharide* or oligosaccharide* or polysaccharide* or polycose or lactose or sucrose or corn 

syrup or glucose or fructose).mp. 
39038 

19 protein intake/ or whey/ or protein hydrolysis/ 2851 

20 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).ti,ab,kw. 2851 
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21 (whey or protein* hydroly*).ti,ab,kw. 1256 

22 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 190169 

23 small for date infant/ or intrauterine growth retardation/ 695 

24 prematurity/ 10432 

25 (small adj3 (baby or babies or date or gestation*)).mp. 1801 

26 ((fetal or foetal or intrauterine or intra-uterine) adj1 growth adj1 (retard* or restrict*)).ti,ab,kw. 711 

27 ((prematur* or preterm or pre-term) and (infan* or newborn or new-born or neonat* or baby or babies)).ti,ab,kw. 11438 

28 23 or 24 or 25 or 26 or 27 16554 

29 

exp animal experiment/ or exp animal model/ or exp experimental animal/ or exp male animal/ or exp female animal/ or exp 

juvenile animal/ or animal/ or mammal/ or therian/ or exp monotremate/ or placental mammals/ or exp marsupial/ or 

Euarchontoglires/ or exp Afrotheria/ or exp Boreoeutheria/ or exp Laurasiatheria/ or exp Xenarthra/ or primate/ or exp 

Dermoptera/ or exp Glires/ or exp Scandentia/ or Haplorhini/ or exp prosimian/ or simian/ or exp tarsiiform/ or Catarrhini/ or exp 

Platyrrhini/ or ape/ or exp Cercopithecidae/ or hominid/ or exp hylobatidae/ or exp chimpanzee/ or exp gorilla/ or exp orang utan/ 

665092 

30 

(animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or 

chiroptera or bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or cats 

or felis or catus or feline or kitten or dog or dogs or canis or canine or canines or puppy or otter or otters or lutra or badger or 

badgers or cub or cubs or meles or fitchew or fitch or foumart or foulmart or ferrets or ferret or polecat or polecats or kit or kits or 

mustela or putorius or weasel or weasels or fox or foxes or vulpes or common seal or phoca or vitulina or grey seal or halichoerus 

or horse or horses or foal or equus or equine or equidae or donkey or donkeys or mule or mules or pig or pigs or swine or swines 

or hog or hogs or boar or boars or porcine or piglet or piglets or sus or scrofa or llama or llamas or lama or glama or cria or deer 

or deers or fawn or cervus or elaphus or cow or cows or bos taurus or bos indicus or bovine or bull or bulls or cattle or calf or 

calves or bison or bisons or sheep or sheeps or ovis aries or ovine or lamb or lambs or mouflon or mouflons or goat or goats or 

capra or caprine or chamois or rupicapra or leporidae or kid or kids or doeling or buckling or lagomorpha or lagomorph or rabbit 

or rabbits or oryctolagus or cuniculus or laprine or bunny or bunnies or hares or leveret or leverets or lepus or rodentia or rodent 

or rodents or murinae or mouse or mice or mus or musculus or murine or woodmouse or apodemus or rat or rats or rattus or 

norvegicus or guinea pig or guinea pigs or cavia or porcellus or hamster or hamsters or mesocricetus or cricetulus or cricetus or 

gerbil or gerbils or jird or jirds or meriones or unguiculatus or jerboa or jerboas or jaculus or chinchilla or chinchillas or beaver or 

beavers or castor fiber or castor canadensis or sciuridae or squirrel or squirrels or sciurus or chipmunk or chipmunks or marmot or 

708651 
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marmots or marmota or suslik or susliks or spermophilus or cynomys or cottonrat or cottonrats or sigmodon or vole or voles or 

microtus or myodes or glareolus or primate or primates or prosimian or prosimians or lemur or lemurs or lemuridae or loris or 

bush baby or bush babies or bushbaby or bushbabies or galago or galagos or anthropoidea or anthropoids or simian or simians or 

monkey or monkeys or marmoset or marmosets or callithrix or cebuella or tamarin or tamarins or saguinus or leontopithecus or 

squirrel monkey or squirrel monkeys or saimiri or night monkey or night monkeys or owl monkey or owl monkeys or 

douroucoulis or aotus or spider monkey or spider monkeys or ateles or baboon or baboons or papio or rhesus monkey or macaque 

or macaca or mulatta or cynomolgus or fascicularis or green monkey or green monkeys or chlorocebus or vervet or vervets or 

pygerythrus or hominoidea or ape or apes or hylobatidae or gibbon or gibbons or siamang or siamangs or nomascus or 

symphalangus or hominidae or orangutan or orangutans or pongo or chimpanzee or chimpanzees or pan troglodytes or bonobo or 

bonobos or pan paniscus or gorilla or gorillas or troglodytes).ti,ab. 

31 29 or 30 839601 

32 31 not human/ 779970 

33 22 and 28 and 32 202 

Execute Searches in Ovid  
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# BIOSIS Previews <1969 to 2018 Week 31> Search Statement Results 

1 ((macronutrient* or macro-nutrient*) adj5 (supplement* or fortif*)).mp. 149 

2 ((fortif* or supplement*) adj3 food*).mp. 14282 

3 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (intake* or in-take*)).mp. 54067 

4 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (supplement* or fortif*)).mp. 60687 

5 ((calor* or energy) adj3 (intake* or in-take*)).mp. 39417 

6 diet* adj2 energy.mp.  4601 

7 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).mp. 42657 

8 (whey or protein* hydroly*).mp. 23533 

9 (carbohydrat* adj1 (diet* or supplement* or intake* or in-take* or fortif*)).mp. 14690 

10 (glucan* or monosaccharide* or disaccharide* or oligosaccharide* or polysaccharide* or polycose or lactose or sucrose or corn syrup or 

glucose or fructose).mp.  

321588 

11 (omega 6 or n-6 fatty or omega 3 or n-3 fatty or eicosapent* or fish oil* or arachidon* or docosahexen* or docosahexaen* or linolenic acid* 

or linolenate or linoleic or linoleate).mp. 

133813 

12 ((cod liver or corn or safflower or soy* or coconut) adj1 (oil or oils)).mp. 24791 

13 (((polyunsaturated or poly-unsaturated) adj1 fatty acid*) or PUFA or LCPUFA or icosapent* or timnodon* or lipid* or microlipid* or micro-

lipid*).mp. 

631232 

14 (medium chain adj1 (triacylglycerol* or triglyceride*)).mp. 2366 

15 or/1-14 1204482 

16 (small adj3 (baby or babies or date or gestation*)).mp.  10025 

17 ((fetal or foetal or intrauterine or intra-uterine) adj1 growth adj1 (retard* or restrict*)).mp. 14792 

18 ((prematur* or preterm or pre-term) and (infan* or newborn or new-born or neonat* or baby or babies)).ti,ab,kw. 63481 

19 or/16-18 82655 

20 (animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or chiroptera or 

bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or cats or felis or catus or 

feline or kitten or dog or dogs or canis or canine or canines or puppy or otter or otters or lutra or badger or badgers or cub or cubs or meles 

or fitchew or fitch or foumart or foulmart or ferrets or ferret or polecat or polecats or kit or kits or mustela or putorius or weasel or weasels 

or fox or foxes or vulpes or common seal or phoca or vitulina or grey seal or halichoerus or horse or horses or foal or equus or equine or 

equidae or donkey or donkeys or mule or mules or pig or pigs or swine or swines or hog or hogs or boar or boars or porcine or piglet or 

5356740 

21 20 not human/ 5356740 

22 15 and 19 and 21 1071 
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# BIOSIS Previews Archive Search Statement Results 

1 ((macronutrient* or macro-nutrient*) adj5 (supplement* or fortif*)).mp. 0 

2 ((fortif* or supplement*) adj3 food*).mp. 275 

3 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (intake* or in-take*)).mp. 1005 

4 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (supplement* or fortif*)).mp. 2008 

5 ((calor* or energy) adj3 (intake* or in-take*)).mp. 1070 

6 diet* adj2 energy.mp.  89 

7 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).mp. 2505 

8 (whey or protein* hydroly*).mp. 1627 

9 (carbohydrat* adj1 (diet* or supplement* or intake* or in-take* or fortif*)).mp. 668 

10 (glucan* or monosaccharide* or disaccharide* or oligosaccharide* or polysaccharide* or polycose or lactose or sucrose or corn syrup or 

glucose or fructose).mp.  

21751 

11 (omega 6 or n-6 fatty or omega 3 or n-3 fatty or eicosapent* or fish oil* or arachidon* or docosahexen* or docosahexaen* or linolenic acid* 

or linolenate or linoleic or linoleate).mp. 

2815 

12 ((cod liver or corn or safflower or soy* or coconut) adj1 (oil or oils)).mp. 2801 

13 (((polyunsaturated or poly-unsaturated) adj1 fatty acid*) or PUFA or LCPUFA or icosapent* or timnodon* or lipid* or microlipid* or micro-

lipid*).mp. 

18361 

14 (medium chain adj1 (triacylglycerol* or triglyceride*)).mp. 53 

15 or/1-14 50138 

16 (small adj3 (baby or babies or date or gestation*)).mp. 166 

17 ((fetal or foetal or intrauterine or intra-uterine) adj1 growth adj1 (retard* or restrict*)).mp. 20 

18 ((prematur* or preterm or pre-term) and (infan* or newborn or new-born or neonat* or baby or babies)).ti,ab,kw. 1546 

19 or/16-18 1692 

20 (animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or chiroptera or 

bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or cats or felis or catus or 

feline or kitten or dog or dogs or canis or canine or canines or puppy or otter or otters or lutra or badger or badgers or cub or cubs or meles 

or fitchew or fitch or foumart or foulmart or ferrets or ferret or polecat or polecats or kit or kits or mustela or putorius or weasel or weasels 

or fox or foxes or vulpes or common seal or phoca or vitulina or grey seal or halichoerus or horse or horses or foal or equus or equine or 

equidae or donkey or donkeys or mule or mules or pig or pigs or swine or swines or hog or hogs or boar or boars or porcine or piglet or 

357083 

21 20 not human/ 357083 

22 15 and 19 and 21 16 

# Ovid MEDLINE (R) 1946-Present Search Statement Results 
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1 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).ti,ab,kw. 27886 

2 ((macronutrient* or macro-nutrient*) adj5 (supplement* or fortif*)).mp. 113 

3 Food, Fortified/ 8766 

4 ((fortif* or supplement*) adj3 food*).ti,ab,kw. 8709 

5 Dietary Supplements/ 47480 

6 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (supplement* or fortif*)).ti,ab,kw. 44627 

7 ((diet* or nutrition* or fat* or fatty or lipid*) adj2 (intake* or in-take*)).ti,ab,kw. 48545 

8 omega 3 fatty acid/ or omega 6 fatty acid/ or fish oil/ or medium chain triacylglycerol/ or arachidonic acid/ or docosahexaenoic acid/ or 

linolenic acid/ or linoleic acid/ 

40938 

9 (omega 6 or n-6 fatty or omega 3 or n-3 fatty or eicosapent* or fish oil* or arachidon* or docosahexen* or docosahexaen* or linolenic acid* 

or linolenate or linoleic or linoleate).ti,ab,kw. 

88260 

10 (medium chain adj1 (triacylglycerol* or triglyceride*)).ti,ab,kw. 2457 

11 coconut oil/ or cod liver oil/ or corn oil/ or safflower oil/ or soybean oil/ 5808 

12 ((cod liver or corn or safflower or soy* or coconut) adj1 (oil or oils)).ti,ab,kw. 14300 

13 (((polyunsaturated or poly-unsaturated) adj1 fatty acid*) or PUFA or LCPUFA or icosapent* or timnodon* or lipid* or microlipid* or micro-

lipid*).mp. 

544674 

14 Dietary Carbohydrates/ or exp Carbohydrates/ 1454879 

15 (carbohydrat* adj1 (diet* or supplement* or intake* or in-take* or fortif*)).ti,ab,kw. 8296 

16 exp Glucans/ or glucose/ or fructose/ 298326 

17 (glucan* or monosaccharide* or disaccharide* or oligosaccharide* or polysaccharide* or polycose or lactose or sucrose or corn syrup or 

glucose fructose).mp.  

289436 

18 dietary proteins/ or Whey/ 36105 

19 (whey or protein* hydroly*).ti,ab,kw. 10729 

20 (protein* adj3 (intake* or in-take* or supplement* or fortif* or energy)).ti,ab,kw. 27886 

21 Energy Intake/ 37715 

22 ((calor* or energy) adj3 (intake* or in-take*)).ti,ab,kw. 34156 
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23 diet* adj2 energy.ti,ab,kw.  2368 

24 or/2-23 2214280 

25 infant, small for gestational age/ or infant, premature/ or infant, extremely premature/ 55755 

26 Fetal Growth Retardation/ 15038 

27 (small adj3 (baby or babies or date or gestation*)).mp. 16098 

28 ((fetal or foetal or intrauterine or intra-uterine) adj1 growth adj1 (retard* or restrict*)).ti,ab,kw. 16088 

29 ((prematur* or preterm or pre-term) and (infan* or newborn or new-born or neonat* or baby or babies)).ti,ab,kw. 80599 

30 or/25-29 124929 

31 exp animal experiment/ or exp animal model/ or exp experimental animal/ or exp male animal/ or exp female animal/ or exp juvenile animal/ 

or animal/ or mammal/ or therian/ or exp monotremate/ or placental mammals/ or exp marsupial/ or Euarchontoglires/ or exp Afrotheria/ 

or exp Boreoeutheria/ or exp Laurasiatheria/ or exp Xenarthra/ or primate/ or exp Dermoptera/ or exp Glires/ or exp Scandentia/ or 

Haplorhini/ or exp prosimian/ or simian/ or exp tarsiiform/ or Catarrhini/ or exp Platyrrhini/ or ape/ or exp Cercopithecidae/ or hominid/ or 

exp hylobatidae/ or exp chimpanzee/ or exp gorilla/ or exp orang utan/ 

6232164 

32 (animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or chiroptera or 

bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or cats or felis or catus or 

feline or kitten or dog or dogs or canis or canine or canines or puppy or otter or otters or lutra or badger or badgers or cub or cubs or meles 

or fitchew or fitch or foumart or foulmart or ferrets or ferret or polecat or polecats or kit or kits or mustela or putorius or weasel or weasels 

or fox or foxes or vulpes or common seal or phoca or vitulina or grey seal or halichoerus or horse or horses or foal or equus or equine or 

equidae or donkey or donkeys or mule or mules or pig or pigs or swine or swines or hog or hogs or boar or boars or porcine or piglet or 

piglets or sus or scrofa or llama or llamas or lama or glama or cria or deer or deers or fawn or cervus or elaphus or cow or cows or bos 

taurus or bos indicus or bovine or bull or bulls or cattle or calf or calves or bison or bisons or sheep or sheeps or ovis aries or ovine or lamb 

or lambs or mouflon or mouflons or goat or goats or capra or caprine or chamois or rupicapra or leporidae or kid or kids or doeling or 

buckling or lagomorpha or lagomorph or rabbit or rabbits or oryctolagus or cuniculus or laprine or bunny or bunnies or hares or leveret or 

leverets or lepus or rodentia or rodent or rodents or murinae or mouse or mice or mus or musculus or murine or woodmouse or apodemus 

or rat or rats or rattus or norvegicus or guinea pig or guinea pigs or cavia or porcellus or hamster or hamsters or mesocricetus or cricetulus 

or cricetus or gerbil or gerbils or jird or jirds or meriones or unguiculatus or jerboa or jerboas or jaculus or chinchilla or chinchillas or beaver 

4277909 

33 31 or 32 6869925 

34 33 not human/ 4814134 

35 24 and 30 and 34 1326 
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Web of Science 

# 1 TS=(animal or animals or shrew or shrews or sorex or araneus or crocidura or russula or european mole or talpa or pup or pups or chiroptera 

or bat or bats or eptesicus or serotinus or myotis or dasycneme or daubentonii or pipistrelle or pipistrellus or cat or cats or felis or catus or feline or kitten 

or dog or dogs or canis or canine or canines or puppy or otter or otters or lutra or badger or badgers or cub or cubs or meles or fitchew or fitch or foumart 

or foulmart or ferrets or ferret or polecat or polecats or kit or kits or mustela or putorius or weasel or weasels or fox or foxes or vulpes or common seal or 

phoca or vitulina or grey seal or halichoerus or horse or horses or foal or equus or equine or equidae or donkey or donkeys or mule or mules or pig or pigs 

or swine or swines or hog or hogs or boar or boars or porcine or piglet or piglets or sus or scrofa or llama or llamas or lama or glama or cria or deer or 

deers or fawn or cervus or elaphus or cow or cows or bos taurus or bos indicus or bovine or bull or bulls or cattle or calf or calves or bison or bisons or 

sheep or sheeps or ovis aries or ovine or lamb or lambs or mouflon or mouflons or goat or goats or capra or caprine or chamois or rupicapra or leporidae 

or kid or kids or doeling or buckling or lagomorpha or lagomorph or rabbit or rabbits or oryctolagus or cuniculus or laprine or bunny or bunnies or hares 

or leveret or leverets or lepus or rodentia or rodent or rodents or murinae or mouse or mice or mus or musculus or murine or woodmouse or apodemus or 

rat or rats or rattus or norvegicus or guinea pig or guinea pigs or cavia or porcellus or hamster or hamsters or mesocricetus or cricetulus or cricetus or 

gerbil or gerbils or jird or jirds or meriones or unguiculatus or jerboa or jerboas or jaculus or chinchilla or chinchillas or beaver or beavers or castor fiber 

or castor canadensis or sciuridae or squirrel or squirrels or sciurus or chipmunk or chipmunks or marmot or marmots or marmota or suslik or susliks or 

spermophilus or cynomys or cottonrat or cottonrats or sigmodon or vole or voles or microtus or myodes or glareolus or primate or primates or prosimian 

or prosimians or lemur or lemurs or lemuridae or loris or bush baby or bush babies or bushbaby or bushbabies or galago or galagos or anthropoidea or 

anthropoids or simian or simians or monkey or monkeys or marmoset or marmosets or callithrix or cebuella or tamarin or tamarins or saguinus or 

leontopithecus or squirrel monkey or squirrel monkeys or saimiri or night monkey or night monkeys or owl monkey or owl monkeys or douroucoulis or 

aotus or spider monkey or spider monkeys or ateles or baboon or baboons or papio or rhesus monkey or macaque or macaca or mulatta or cynomolgus or 

fascicularis or green monkey or green monkeys or chlorocebus or vervet or vervets or pygerythrus or hominoidea or ape or apes or hylobatidae or gibbon 

or gibbons or siamang or siamangs or nomascus or symphalangus or hominidae or orangutan or orangutans or pongo or chimpanzee or chimpanzees or 

pan troglodytes or bonobo or bonobos or pan paniscus or gorilla or gorillas or troglodytes).ti,ab. 
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# 2 TS=("macronutrient supplement*" OR "macronutrient fortif*" OR caloric intake OR "energy intake*" OR "food fortif*" OR food* fortified 

OR fortified food* OR "food supplement*" OR "diet supplement*" OR "diet intake*" OR "diet fortif*"OR "nutritional supplement*" OR "nutritional 

fortif*" OR "nutritional intake*" OR "protein supplement*" OR protein intake OR "protein-energy" OR "protein fortif*" OR "protein hydroly*" OR "whey 

hydroly*" OR "carbohydrate supplement*" OR carbohydrate intake OR "carbohydrate fortif*" OR glucan* OR monosaccharide* OR disaccharide* OR 

oligosaccharide* OR polysaccharide* OR polycose OR lactose OR sucrose OR "corn syrup" OR fructose OR glucose OR fat intake OR "fat supplement*" 

OR "fat fortif*" OR "lipid intake*" OR "lipid supplement*" OR "lipid fortifi*" OR "medium chain triglyceride*" OR "medium chain triacylglycerol*" 

OR microlipid OR PUFA OR LCPUFA OR "linolenic acid*" OR linolenate OR linoleic OR linoleate OR arachidon* OR docosahexen* OR 

docosahexaen* OR eicosapent* OR timnodonic OR icosapentaenoic OR "fatty omega-3" OR "Omega-3 Fatty" OR "Omega-6 fatty" OR "N-3 Fatty" OR 

"N-6 Fatty" OR "Fish oil*" OR "Cod Liver oil*" OR "corn oil*" OR "safflower oil*" OR "soy oil*" OR "coconut oil*" OR "Fatty Acid*" OR 

Polyunsaturated) 

# 3 TS= ("small infant*" OR "small baby" OR "small babies" OR "small for date" OR "small for gestational age" OR "fetal growth retard*" OR 

"foetal growth retard*" OR "fetal growth restrict*" OR "foetal growth restrict*" OR "intrauterine growth retardat*" OR "intra-uterine growth retardat*" 

OR "intrauterine growth restrict*" OR "intra-uterine growth restrict*" OR Preterm OR premature* OR pre-term) 

# 4 TS = (human*) 

#5 - #1 NOT #4 

#5 AND #3 AND #2 – 1261 
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Appendix VI: List of outcomes for animal systematic review 

Primary outcomes:  

The co-primary outcomes were cognitive or learning impairment and metabolic risk.  

 

1. Cognitive or learning impairment: is defined as below -1SD on standard developmental or 

cognitive tests as defined by trialists.  

 

2. Metabolic risk: includes any of the following (all as defined by trialists)  

a. Metabolic outcomes  

• Elevated plasma triglyceride concentrations  

• Reduced HDL concentrations  

• Elevated LDL concentrations  

• Elevated fasting plasma glucose concentration  

• Increased insulin resistance  

• Impaired glucose tolerance  

• Increased proportion with type 2 diabetes  

b. Growth outcomes  

• Increased proportion overweight and obese  

• Increased fat mass or fat mass percentage  

c. Cardiovascular risk outcomes  

• Increased blood pressure (systolic, diastolic, mean)  

• Impaired flow-mediated vasodilatation  

Secondary outcomes:  

1. A composite measure of death or impairment (any of cerebral palsy, blindness, deafness, gross 

motor dysfunction, psychomotor dysfunction, cognitive or learning impairment).  

 

2. Components of the composite  

• Death – early or later death up to the time of follow-up and cause of death.  

• Cerebral palsy (any cerebral palsy, as defined by trialists),  

• The severity of cerebral palsy (none, mild, moderate, severe – as defined by trialists),  

• Cognitive or learning impairment (none, mild (≤ 1 SD below test mean), moderate (≤ 2 SD 

below test mean), severe (≤ 3 SD below test mean), or as defined by trialists),  
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• Visual impairment (none, mild, moderate, severe; as defined by trialists),  

• Deafness (none, mild, moderate, severe; as defined by trialists),  

• Motor dysfunction (none, mild, moderate, severe; as defined by trialist),  

• Measures of psychological/behavioural well-being (as defined by trialist),  

• Measures of psychomotor dysfunction (e.g., hyperactivity, grip strength or as defined by 

trialist).  

 

3. Growth outcomes  

• Weight (raw data and z scores)  

• Length/height (raw data and z scores)  

• Head circumference/width (raw data and z scores)  

• Weight for length (weight/length, ponderal index, body mass index)  

• Postnatal growth restriction as defined by trialist.  

• Body composition (fat mass, fat-free mass, lean mass, or other measures as defined by trialists).  

 

4. Cardiovascular risk outcomes  

• Blood pressure (systolic, diastolic, or mean)  

• Flow-mediated vasodilatation  

• Measures of sympathetic and parasympathetic tone, e.g. heart rate variability or as defined by 

trialist.  

• Cardiac size and structure  

• Measures of vascular stiffness, e.g. pulse wave velocity or as defined by trialist  

 

5. Metabolic outcomes  

• Proportion overweight/obese as defined by trialist  

• Proportion with type-2 diabetes as defined by trialist  

• Plasma triglyceride concentrations  

• HDL concentrations  

• LDL concentrations  

• HDL: LDL ratio  

• Fasting blood glucose concentrations  

• Insulin concentrations  

• Insulin resistance as defined by trialist  

• Glucose tolerance as defined by trialist.  
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6. Bone outcomes  

• Bone mineral content  

• Volumetric bone mineral density  

• Number of fractures  

 

7. Brain outcomes  

• Whole brain growth, white matter and grey matter volumes, and volumes of individual brain 

regions  

• Brain maturation measured using MRI (white matter tracts, measures of diffusivity, 

myelination, surface folding)  

• Functional brain imaging  

• Histological measures of brain structure and maturation  

 

8. Nutrition outcomes  

• Altered feeding tolerance  

• Altered intake (protein, energy)  

• Altered appetite  
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Appendix VII: Age categorisation of animals included in the systematic review 

Age categories were based on the developmental stage of the animal, or as defined by the study. 

Generally, we used the following definitions: infant was from birth to weaning, juvenile was from 

weaning to attainment of sexual maturity, puberty was the stage at which sexual organs were 

functionally developed, young adult was from puberty to when senescent changes could first be 

detected, and older adult was when senescence was established.  

  

Species-specific definitions 

Rats:   

• Infancy 0 -21 d 

• Juvenile 21 – 48d  

• Puberty 50 – < 63d 

• Young adult 63 - < 90d  

• Older adult > 90d 

• (Etgen & Pfaff, 2010; Mccutcheon & Marinelli, 2009; Sengupta, 2013) 

 

Piglets:  

• Infancy – 0 -5 weeks 

• Juvenile – > 5 weeks -5 months 

• Puberty – >5- < 12 months 

• Young adult – >12 months – <3 years 

• Older adults – 3 - 4 years  

• (Poore & Fowden, 2004; Roese & Taylor, 2006; Tur, 2013) 

 

Sheep: 

• Infancy 0–12 weeks 

• Juvenile 3-5 months 

• Puberty 5–8 months 

• Young adult 9–15 months 

• Older adult > 15 months 

• (Berry, Jaquiery, Oliver, Harding, & Bloomfield, 2016; Casburn, 2016.)  
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