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Preface

During the last few years, many scientific articles related to several aspects 
of children born small for gestational age (SGA) or exposed to intrauterine 
growth restriction (IUGR) have been published by endocrinologists and 
other medical experts. The intention of this book is to summarize the 
most important topics about SGA/IUGR from a practical point of view.

The target audience for this book is gynecologists, obstetricians, 
midwives, neonatologists, pediatricians, endocrinologists, neurologists, 
psychiatrists, and nutritionists, as well as general practitioners and 
family practice physicians.

The estimated frequency of children born SGA and/or IUGR varies 
from 3%–10% of all live births. Being born SGA and exposure to IUGR 
are contributors to the morbidity and mortality of newborns, particularly 
in underdeveloped areas of Asia and Africa where undernutrition and 
malnutrition are the frequent causes of disturbances to fetal growth. In 
so-called ‘developed countries’ with relatively higher living standards, 
avoidable causes of fetal growth restriction, such as alcohol consumption 
and smoking, can prevent normal fetal development. 

Depending on when growth disturbances begin and the causes, 
there are numerous acute consequences and long-term effects of being 
born SGA. Initially, gynecologists, obstetricians, and neonatologists 
are involved but, later in childhood and during puberty, pediatricians, 
(especially pediatric endocrinologists and neurologists) may also have 
a role in providing patient care. In adulthood, metabolic syndrome and 
cardiovascular diseases are considered the most serious long-term effects 
and require continued medical care. Thus, despite being a condition 
that may begin before birth, it can be a lifelong condition that requires 
medical care across several specialties.

This book summarizes normal fetal development and interferences 
of fetal growth, as well as acute and long-term consequences. Prevention 
and pre-natal and post-natal care are described and considerations for 
future research are also discussed.
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Chapter 1

Fetal development 
Siegfried Zabransky

Prenatal development 
Conception signifies the fusion of a female (ovum) and a male (sperm) 
gamete, usually in the ampulla of the uterine tube. The result of this 
process is the production of a zygote, or fertilized ovum, which migrates 
down the fallopian tube to reach the uterus. The phases following 
conception include:
•	 implantation; 
•	 placentation;
•	 embryonic period;
•	 fetal period.

Implantation 
Implantation of the zygote into the wall of the uterus takes place approxi-
mately 9 days (ranging from 6−12 days) after ovulation. The blastocyst is 
created, which is composed of an inner cell mass called an embryoblast 
(made up of embryonic stem cells that will go on to form all of the body 
structures), an outer layer of cells and a trophoblast (which becomes the 
placenta) [1]. Insulin-like growth factor 1 (IGF-1) regulates the differ-
entiation of cytotrophoblasts into syncytiotrophoblasts, which secrete 
progesterone and promote uterine lining integrity and extravillous cell 
formation [2–5].
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Placentation 
Development of the placenta (or placentation) starts with the invasion 
of the syncytiotrophoblasts into the maternal endometrium and the 
reconfiguring of uterine spiral blood vessels to ensure blood supply to the 
blastocyte. This results in blood perfusion to the placenta because of the 
decreased resistance of these vessels. Placentation is regulated by local 
oxygen supply as well as immunological and growth factors (eg, IGF-1 
and IGF-2), which act as endocrine, autocrine, and paracrine regulators 
[6]. The placentation process typically occurs 7–8 days after fertilization.

Embryonic period 
The embryonic period lasts 56 days (8 weeks from fertilization). During 
this time, 90% of the body’s organ systems are established [7] and the 
embryo divides into three distinct layers. Due to the rapid pace of dif-
ferentiation, the embryo is very vulnerable during this phase and within 
the first 8 weeks the incidence of deformities that lead to miscarriages is 
approximately 10% (decreasing to 1% by the end of the embryonic period), 
while the frequency of neural tube defects is 2.5% (later decreasing to 
0.1%) [8]. After the eighth week, the fetus starts to show recognizable 
human features, although the head is still relatively large in appearance.

Fetal period 
During the fetal period (which lasts from the ninth week until birth), 
the organs that began to form during the embryonic period continue to 
grow and begin to differentiate during a process called organogenesis. 
During this period, major organs such as the brain, lungs, and liver grow 
isometrically in relation to the fetal body, while smaller organs like the 
thymus and spleen grow three to five times faster. The largest increase 
of length occurs during the second trimester, while weight tends to 
increase during the third trimester [9].

Gestational age 
Gestational age is calculated from the first day of the last menstrua-
tion to the day of delivery. On average, it is 12–14 days longer than the 
conceptional age (with an error of calculation +/– 5 days), which refers to 
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the time elapsed between the day of conception and the day of delivery. 
Gestational age is more commonly used to estimate the expected date 
of delivery because many women can recall when their last menstrual 
period began but may not be able to pinpoint when conception occurred. 
Thus, a full-term pregnancy is defined when the fetus has a conceptional 
age of 38 weeks or a gestational age of 40 weeks.

Measuring fetal growth 
Ultrasound examination makes it possible to obtain information about 
implantation, placental position and morphology, volume of amniotic 
fluid, presence of a multiple pregnancy, fetal position and morphol-
ogy, vitality of the embryo/fetus, sex, gestational age, and fetal growth 
(for comparison with standard growth curves). 

As early as 4.5 weeks gestational age, a gestational sac can be identi-
fied, which grows approximately 1 mm per day [10,11]. Until approxi-
mately 20 weeks gestational age, fetal length is measured from the 
crown of the head to the rump; after 20 weeks, it is measured from 
crown to heel. Several other parameters, especially in combination, 
allow estimation of fetal proportion, length, and weight development 
(Table 1.1). Fetal weight can be estimated by polynomial equations com-
bining biparietal diameter, femur length, and abdominal circumference 
[12,13] (Table 1.1). Below is a list of auxological parameters that can be 
measured by ultrasound examination:
•	 biparietal diameter;
•	 head circumference;
•	 occipitofrontal diameter;
•	 femur length;
•	 humerus length;
•	 abdominal circumference;
•	 crown–rump length.

It should be noted that standards for birth weight and length may be very 
different in several countries and regions, depending on different eth-
nographic factors and nutritional conditions, as well as different health 
care systems. Additionally, a child born as part of a multiple birth is more 
likely to have a lower birth weight than a singleton [17] (Table 1.2).
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Regulation of fetal growth 
Normal fetal growth is regulated by the intrauterine and placental environ-
ment, the fetal genome, and several maternal (eg, hormonal, nutritional) 
and environmental factors. Especially in utero, the environment determined 
by maternal and placental function is important for fetal growth [18]. This 
is true not only for the development of the organs but also for metabolic 
processes where genetic factors play an important role (eg, diabetes). 
Throughout pregnancy, the placenta is crucial for transport and exchange 
of nutrients, trace elements, vitamins, and oxygen from the mother.

Length and weight development of the fetus

Gestational age (weeks) Length (inches) Weight (oz) Length (cm) Mass (g)

(Crown to rump) (Crown to rump)

8 0.630 0.040 1.60 1

12 2.130 0.490 5.40 14

15 3.98 0 2.470 10.1 70

16 4.570 3.530 11.6 100

(Crown to heel)* (Crown to heel)*

20 6.460 10.58 16.4 300

24 11.81 17.32 30.0 600

28 14.80 35.45 37.6 1005

32 16.69 60.04 42.4 1702

35 18.19 84.06 46.2 2383

35 19.13 100.8 48.6 2859

38 19.61 108.7 49.8 3083

40 20.16 122.1 51.2 3462 

42 20.28 130.0 51.5 3685

Table 1.1  Length and weight development of the fetus. *After 20 weeks, fetal size is measured 
from crown to heel. Data adapted from Doubilet et al 1997, Hadlock et al 1992, and Usher et al 1969 
[14–16].

Frequency of low and very low birth weight in children born as singletons 
or a part of a multiple birth
Birth weight (g) Singletons Twins Triplets

<2500 6.1% 52.2% 91.5%

<1500 1.1% 10.1% 31.9%

Table 1.2  Frequency of low and very low birth weight in children born as singletons or 
a part of a multiple birth. Adapted from Alexander et al [17].
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The estimated influence of the maternal genome on the birth weight 
of the children is 20%, while environmental factors account for 60%; 
other factors account for the remaining 20% [19]. The genetic influence 
is almost entirely maternal in origin, with low paternal genetic correlation 
[20,21]. As such, maternal height is an important determinant of birth 
size and reflects an association between height, uterine size, and blood 
flow. However, the genetic correlation in birth weight is rather low, and 
non-genetic maternal environmental influences appear to be more impor-
tant [18]. For example, Brooks et al showed that the intrauterine milieu is 
more important for determining birth weight than purely genetic factors 
[22]. In 62 cases of ovum donation, donor weight, donor birth weight, and 
the birth weight of the donor’s children were not significantly correlated. 
Furthermore, in animal studies, it has been shown that fetuses with the 
same genotype (eg, identical twins) will be different sizes if grown in dif-
ferent uteruses, depending on the breed and maternal size [23]. Normal 
fetal growth in late gestation is constrained by uteroplacental factors.

Placental regulation of fetal growth 
Maintaining an adequate supply of nutrients to the fetus depends on suf-
ficient uteroplacental perfusion (via maternal blood supply), placental 
weight and surface, and placental active transport capacity for amino 
acids, lipids, and glucose [18]. The predominant binding protein in pla-
cental tissue is IGF-binding protein 3 (IGFBP3) and it is expressed in 
high levels by trophoblasts and fibroblasts of the villous stroma [24,25]. 

Especially during the early phase of pregnancy, the placenta develops 
its own metabolic activities in order to supply the embryo with glyco-
gen, cholesterol, and fatty acids [26,27]. There are selective processes 
for nutrient transport. The placenta also acts as an excretory organ for 
carbon dioxide, urea, uric acid, bilirubin, and other substances that 
could harm the fetus. Additionally, the placenta is regarded as an endo-
crine organ because it not only has regulatory effects on embryo and 
fetal survival but on maternal metabolism as well. Placental hormones 
include progesterone, estrogen, placental adrenocorticotrophic hormone, 
human chorionic gonadotropin, and gonadotropin-releasing hormone, 
among others [26].



6 • Caring for children born small for gestational age

Hormonal regulation of fetal growth 
Hormones and growth factors are essential for fetal growth and promot-
ing the utilization of available substrates [28]. Growth hormone (GH) is 
detectable in cells of the anterior lobe of the fetal hypophysis from the sixth 
gestational week and active secretion starts from 8th gestational week. 
In fetal circulation, GH is evident from the twelfth gestational week. In 
the middle of the gestation (ie, week 20), GH levels in the plasma reach 
very high values (approximately 100 ng/mL) [29], only to decrease later 
in the pregnancy, which is most likely a result of gradual activation of 
IGF-1-mediated feedback on a hypophyseal level [30].

Although high circulating-GH concentrations are detectable during 
the second half of the pregnancy, GH is not necessarily important for 
fetal growth regulation. For example, children born with anencephaly 
are born with an absence of GH but still may have a normal body length 
at birth. Additionally, children with congenital GH deficiency caused by 
gene defects or a defect of the hypothalamo-hyphyseal axis can also be 
average length at birth [31]. Possibly, during the fetal period GH may 
have a greater influence on metabolism and body composition than 
body length. Interestingly, in children born small for gestational age 
(SGA), GH concentrations in cord blood are elevated when compared 
with eutrophic and hypertrophic children [32].

IGF is produced in all fetal tissues and during later fetal develop-
ment, fetal IGF-1 serum levels correlate with fetal body weight [33]. Fetal 
growth is regulated by fetal insulin and IGF-2 and IGF-1, whereas GH 
and thyroid hormones play a secondary role. This is in contrast to the 
postnatal growth regulation, which is dominated by GH and IGF-1. The 
postnatal growth-promoting effect of GH is mediated by IGF-1, and IGF-1 
secretion depends on stimulation by GH. Regulation of hypothalamo-
hypophyseal hormones (GHRH) and external stimuli (eg, hypoglycemia) 
is intact at birth. The typical pattern of the spontaneous GH secretion 
with low values during the day and sleep-associated secretion at night 
develops during the first 6 weeks after birth [29].

Whereas IGF-2 is the primary growth factor of embryonic growth, 
IGF-1 (which is produced in the liver and other tissues) is the dominant 
fetal growth regulator in late gestation, as well as postnatally [34]. 
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IGF-2 is evident in the fetal circulation during the first trimester and its 
concentration increases up to the birth (whereas GH levels decrease). 
Prenatally, IGF-II is regulated independently from GH [32].

Fetal insulin is most likely to be the primary growth-promoting factor 
in prenatal life, which is predominantly regulated by fetal glucose avail-
ability [35]. The somatogenic actions of insulin are mediated through 
IGF release [36,37], whereas its direct effects are on adipogenesis [38]. 
Thus, IGF synthesis is mainly regulated through nutrient supply (and 
thus, deficiency) [31,39–41]).

Glucocorticoids also affect fetal growth and maturation [42]. The 
barrier enzyme 11 b-hydroxysteroid type 2, localized in the placenta, 
protects the fetus from maternal glucocorticoids. However, maternal 
undernutrition downregulates this enzyme and, as a result, the fetus can 
be exposed to increasing levels of glucocorticoids, which can intensify 
fetal growth restriction. Additionally, extended exposure to maternal 
glucocorticoids may induce intrauterine growth restriction (IUGR) [42]. 
Human glucocorticoid receptors and GH receptor proteins are evident 
from the fifteenth gestational week in fetal chondrocytes, osteoblasts, 
fibroblasts, and the epidermis [43]. 
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Chapter 2

Intrauterine aspects 
Kai-Dietrich Nüsken

Fetoplacental unit 
The fetoplacental unit is a part of the maternal-fetoplacental unit and 
normal fetal growth and development is achieved when there is adequate 
interaction between all parts. The placenta serves as an exchange inter-
face between mother and fetus and this chapter will focus on fetopla-
cental processes, including bidirectional transport, communication, and 
interaction between the fetus and the placenta. 

The placenta strongly influences the fetal phenotype because it regu-
lates the maternal-placental-fetal transport of nutrients and oxygen. The 
placenta therefore has a high metabolic activity to meet its own as well 
as fetal demands. The most important role of the placenta is the deliv-
ery of nutrients, oxygen, placental hormones, signaling molecules, and 
cytokines to the fetus. To compliment this, the fetus delivers hormones, 
signaling molecules, cytokines, and waste to the placenta, which influences 
placental morphology and function. 

Fetal nutrition 
Normal fetal nutrition depends on the adequate supply of macronutrients 
(eg, carbohydrates, fat, proteins/amino acids), micronutrients (eg, trace 
elements, vitamins), and electrolytes from the placenta to the fetus, and 
the adequate elimination of fetal metabolic end products. Preconditions 
for adequate fetal growth include sufficient maternal nutrient availability, 



12 • Caring for children born small for gestational age

adequate trophoblast invasion, placental growth, and increasing utero-
placental and fetoplacental blood flow [discussed further in Chapter 7]. 
Nutrient supply to the fetus is mediated in part by simple diffusion, facili-
tated diffusion and active transport. Endocytosis and exocytosis also play 
a role. Thus, placental nutrient supply to the fetus can be influenced by 
a number of different mechanisms: modulation of food availability by 
hormonal modification of maternal eating behavior and metabolism, 
adaptation of placental blood flow, adjustment of placental metabolism 
and growth, and activation of transport processes [1–3].

Transport of nutrients
Glucose 
Glucose is essential for fetal growth. Almost all fetal circulating glucose 
is provided via facilitated diffusion transporters in the placenta [3]. The 
most important placental glucose transporter is glucose transporter 1 
(GLUT1), which is found in the microvillus and basal membranes of 
the syncytiotrophoblast, as well as in endothelial cells. As GLUT1 is 
abundantly present in the microvillus membrane, but not in the basal 
membrane, basal GLUT1 may be rate-limiting for transplacental glucose 
transfer. Glucose transporter 3 (GLUT3) may enhance glucose uptake 
in fetal placental arteries [4] and is also found in stromal cells [5]. Both 
GLUT1 and GLUT3 are insulin-independent. Glucose transporter 4 
(GLUT4), the insulin dependent isoform, is found in placental stromal 
cells but does not seem to influence maternal-fetal glucose transport. 

In perfusion studies under physiological conditions, transplacen-
tal glucose flux was insulin-independent and only limited by nutrient 
availability (eg, maternal-fetal glucose gradient and uteroplacental 
blood flow). GLUT1 expression and activity were relatively constant 
at physiological extracellular concentrations (20–220 mg/dL) in vitro, 
but decreased at high concentrations (>360 mg/dL) [3,6]. At these high 
glucose concentrations, GLUT1-mediated transport of glucose is satura-
ble. Notably, glucose is subject to significant placental metabolism. The 
placenta stores glucose in the form of glycogen and releases it mainly in 
the form of lactate [3], which is used for energy production by the fetus 
and may also function as an energy store [6]. 
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Amino acids 
Amino acids are important energy substrates and are the basic elements 
of proteins, which play key roles in metabolic pathways, tissue forma-
tion, and hormonal signaling. Alterations in amino acid supply, even 
when limited to a single (essential) amino acid, may have wide-ranging 
effects on fetal development. Therefore, amino acid transporter systems 
have been the subject of numerous studies and reviews that have focused 
on placental location, functioning, and complex characteristics of the 
transporters [7,8]. 

Transplacental amino acid supply depends on transport across the 
microvillus and basal syncytiotrophoblast, as well as the metabolism 
within the syncytiotrophoblast [9]. In a normal pregnancy, the concen-
tration of amino acids is higher in fetal plasma than maternal plasma, 
suggesting active transport. Because the relationship between umbilical 
venous and maternal plasma amino acid concentrations is not the same 
for all amino acids [9], selective active transfer of specific amino acids 
is suggested. 

In the microvillus membrane, there are two main classes of amino 
acid transporters: 
•	 accumulative transporters belonging to the system A family;
•	 the XAG

- system and amino acid exchangers [7,10]. 
Both classes work together in the microvillus membrane to supply an 
adequate amount of amino acids to the basal membrane. Within the 
syncytiotrophoblast, amino acids may be considerably metabolized 
[11]. However, there are limited data available pertaining to amino 
acid metabolism in the human placenta. Glutamate, which is a major 
neurotransmitter, may be metabolized to glutamine in the human syn-
cytiotrophoblast [Ref?], which may protect the fetus from neurotoxic 
glutamate concentrations. 

Transporters in the basal membrane appear to regulate the amount 
and type of amino acids transferred to the fetus. A number of transporters 
localized in the basal membrane have been identified, including amino 
acid exchangers, accumulative transporters, sodium-dependent exchang-
ers, and facilitated diffusion channels. However, the specific transporters 
involved in the regulatory process still need to be identified [7].
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Lipids 
The transplacental supply of lipids is complex and only partially under-
stood. Some authors estimate that approximately half of fetal body fat 
at term is due to fetal lipogenetic activity, whereas the other half is due 
to maternal–fetal transfer [3]. Fatty acids provide an important energy 
source and are the main source of fetal fat accumulation, 90% of which 
occurs during the last 10 weeks of pregnancy [12]. Moreover, long-chain 
polyunsaturated fatty acids and cholesterol are essential for fetal develop-
ment as they form part of cell membranes and functional molecules. An 
insufficient supply may result in complications such as impaired neuronal 
development, blood clotting disorders, and vascular damage [13]. 
Maternal hyperlipidemia during pregnancy can cause a concentration 
gradient between mother and fetus and in this setting free fatty acids 
are able to pass the placenta by simple diffusion. However, only 1% of 
fatty acids are free and, therefore, the majority of circulating fatty acids 
can only pass the placenta after processing or by transport mechanisms. 
Hydrolysis of triglycerides (derived from lipoproteins) by lipoprotein lipase 
and subsequent uptake of fatty acids (by either diffusion or placental 
plasma membrane fatty acid binding proteins [FABPs] and transporters 
present in the syncytiotrophoblast) is an important source of lipids. Apart 
from diffusion, binding proteins and transporters considerably affect 
fatty acid transport. Fatty acid translocase, plasma membrane FABP, 
fatty acid transport protein, and intracellular FABPs are all involved 
[14]. Triglycerides are also taken up as low-density lipoproteins (LDL) 
or very-low-density lipoprotein by receptor-mediated endocytosis [3,12]. 
Transport of cholesterol may occur by uptake of LDL via the LDL-receptor 
by endocytosis [15]. 

Placental nutrient sensing and efficiency 
The placenta is able to detect the nutritional status of the mother and 
the nutritional demands of the fetus, and reacts to both via regulation of 
placental function (eg, fetoplacental nutrient transport by modification 
of transporter abundance and activity), and with modification of placen-
tal morphology (eg, placental surface area and vascularization). Signals 
of maternal and fetal nutritional status relate to the concentrations of 
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circulating nutrients, insulin-like growth factor (IGF), insulin, glucocor-
ticoids, and leptin (Figure 2.1) [2]. Maternal partial pressure of oxygen 
also influences transplacental nutrient transport because the placenta 
metabolically adapts to hypoxia [2]. 

With respect to placental weight, placental efficiency is especially 
important and is often expressed as fetal weight (in grams [g]) divided 
by placental weight (gfw/gpw) [2]. Placental efficiency can be increased in 
case of adverse environmental conditions to support the fetus in achiev-
ing its genetically determined growth potential [2]. For example, in rats 
fed an isocaloric, 8% low-protein diet (compared to 18−20% protein 
in a normal diet), placental efficiency increased by about 10% because 

Schematic diagram of the regulation of placental phenotype by 
glucocorticoids and insulin like growth factors in relation to fetal 
growth and development

Figure 2.1  Schematic diagram of the regulation of placental phenotype by glucocorticoids 
and insulin like growth factors in relation to fetal growth and development. Circular profiles, 
circulating hormones; square profiles, regulated processes. Gene expression is shown in italics. 
IGF, insulin like growth factor; 11βHSD2, 11β-hydroxysteroid-dehydrogenase type 2;  
mTOR, mammalian target of rapamycin. Reprinted with permission from Fowden et al [2]. 
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there was a greater reduction of placental weight than fetal weight [16]. 
This is because the placenta supplies as much substrate as possible to 
the fetus [16]. Accordingly, in humans, small placentas are most often 
more efficient than heavy placentas [17]. 

Decreased placental efficiency indicates a suboptimal placental-fetal 
nutrient transfer, possibly due to placental insufficiency. Decreased pla-
cental efficiency is often associated with restricted oxygen availability 
[2,3,18]. In rats with uteroplacental insufficiency induced by bilateral 
ligation of the uterine arteries, placental efficiency decreased by approxi-
mately 20% because fetal weight, but not placental weight, was reduced 
[19]. However, under hypoxic conditions, intrauterine growth restric-
tion (IUGR) may actually promote fetal survival by saving oxygen [2]. 
(Author: it may be helpful if you expand on this topic a bit further?)

Functional adaptations of the placenta by regulation of transporter 
abundance and activity have been the subject of many studies [2, REF??]. 
In fetal IUGR, samples from full-term or pre-term placental syncytio-
trophoblasts and basal membranes showed no differences in transplacental 
glucose transport or in GLUT1 expression when compared to controls [8]. 
Glucose transport in six IUGR placentae with abnormalities in umbili-
cal arterial Doppler measurements also showed no alteration. However, 
decreased GLUT1 expression and glucose transport in IUGR pregnancies 
have been observed [20]. The expression of placental GLUT1 transport-
ers is downregulated in maternal diabetes, which putatively protects 
the fetus from excess hyperglycemia [20]. Moreover, GLUT transporters 
are downregulated by glucocorticoids, and maternal undernutrition is 
associated with elevated glucocorticoid concentrations [21], as well as 
reduced placental exchange area and increased thickness of placental 
exchange barrier [22]. Increased placental GLUT1 gene expression is 
observed during IGF-I treatment of the mother, suggesting that IGF-1 
promotes transplacental glucose transport (Figure 2.1) [2,23]. In addi-
tion, placental efficiency is increased during maternal IGF-I treatment 
in guinea pigs [24].

Because amino acids also are important energy substrates for the 
fetus, impaired transplacental amino acid transport is associated with 
IUGR [25,26]. In full-term IUGR neonates (as diagnosed by Doppler 
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velocimetry), system A amino acid transporter activity across the micro-
villus membrane is significantly reduced compared to neonates born 
average for gestational age [25]. In twins with discordant birth weight, 
fetal concentrations of total essential, nonessential, and branched chain 
amino acids were significantly lower in twins with IUGR compared with 
twins born average for gestational age or in concordant twin pairs [27]. 
Roos et al. suggested that the placental mammalian target of rapamycin 
(mTOR) pathway might be a key candidate linking nutrient availability 
to fetal growth [28]. In a study on cultured primary trophoblasts, the 
investigators found that inhibition of the mTOR pathway significantly 
reduced the activity of system A, system L, and taurine amino acid 
transporters [29]. However, rapamycin treatment did not significantly 
decrease the protein expression of any of the transporter isoforms. 
Thus, mTOR signaling seems to regulate the activity of placental amino 
acid transporters without altering the amount of protein expression 
(Figure 2.1) [2,29]. 

In guinea pig model, maternal IGF-1 treatment increased amino acid 
transport and the expression of the amino acid transporter SLC38A2 
gene [24]. Fetal IGF-1 treatment in sheep has been shown to reduce 
the placental clearance of amino acids from the fetal circulation [30]. 
Placenta-specific knock-out of IGF-2 in mice reduces placental growth, 
but increases placental efficiency, the ratio of transported amino acids/
placental weight, and the placental expression of the amino acid trans-
porters SLC38A4 and SLC2A1 [reference]. Glucocorticoids may also 
affect placental amino acid transport (Figure 2.1) [2].

Focusing on fatty acid transport, perfusion studies in placentae without 
pathology showed a constant transport capacity across a 2.5-fold range in 
placental weight [31]. The authors of the study concluded that, especially 
in small fetuses, a very high amount of transport capacity has to be lost 
to limit fetal growth [31]. However, the lipid profile of IUGR fetuses is 
unclear. Fetuses that are SGA may be hypertriglyceridemic [32], which 
supports the notion that triglyceride transfer does not limit fetal weight 
gain or growth. However, there is also evidence that lipoprotein lipase 
activity is impaired in IUGR placenta at term [13], which may result in 
reduced transplacental supply of free fatty acids.
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Morphological adaptations of the placenta include modification of 
placental surface area, thickness of diffusion barrier, vascularization, 
and uteroplacental blood flow. Efficient placentas are usually small [33]. 
In mice, efficient placentae show a clearly increased ratio of surface 
area:placental weight [34]. The thickness of the diffusion barrier is 
increased in inefficient placentas of guinea pigs during malnutrition [20]. 
Adequate placental vascularization and utero-placental blood flow is a 
precondition for fetal growth and development. Whether or not increased 
vascular endothelial growth factor (VEGF) expression and angiogenesis 
contribute to modification of placental efficiency is still controversial 
and appears to depend on the species [2].

Oxygenation of the fetoplacental unit 
An adequate, balanced supply of oxygen is vital for survival and the 
development of the fetoplacental unit. Both over- and undersupply of 
oxygen may have adverse effects and induce pathologies, including pla-
cental insufficiency and IUGR. The oxygenation of the fetoplacental unit 
has recently been reviewed [35,36]. See Chapter 9 for a more in-depth 
discussion of placental anatomy and perfusion. 

Oxygen tension 
In the first trimester, the endovascular trophoblast forms plugs that 
occlude the spiral arteries. Therefore, the intervillus space is filled with 
plasma and the nutrition of the fetus is histiotrophic (by endometrial 
glands). The mean intervillus oxygen tension during the first 10 weeks 
of pregnancy is about 20 mmHg (~3%). A low oxygen environment 
during this developmental stage is important to protect the fetoplacen-
tal unit from oxidative stress, as sufficient antioxidative properties are 
not available [37]. 

Between the tenth and twelfth week of pregnancy, the spiral arteries 
are further transformed and the plugs disappear. Maternal blood is able 
to enter the intervillus space, and the nutrition of the fetus is now hemo-
trophic. The mean intervillus oxygen tension rises to about 60 mmHg 
(~9%). At this time, the fetoplacental unit is able to provide sufficient 
antioxidative mechanisms. For sufficient exchange of nutrients and gases, 
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as well as for integrity of the villus trophoblast, funnel-shaped spiral 
arteries are important as they allow a high perfusion of the intervillus 
space at a low flow rate. Throughout the ongoing pregnancy, uteropla-
cental perfusion is increased by dilatation of the uterine arteries, which 
is a necessary adaptation to and precondition for exponential growth of 
the fetus. The mean intervillus oxygen tension during this time decreases 
slightly from about 60 mmHg to about 50 mmHg (Figure 2.2) [35]. 

Relation of oxygenation to fetal growth 
In early pregnancy, increased placental blood flow leads to increased 
oxygen tension, which, in turn, induces placental oxidative stress, 
impaired invasion, reduced vascularization, and can lead to reduced 
blood flow and pathologies, including IUGR, later in pregnancy [38]. 
In the second and third trimesters, the fetoplacental unit is at risk from 
acute or chronic hypoxia rather than from oxidative stress. Impaired 
oxygenation of the fetus may be pre-placental (eg, maternal anemia, 
high altitude pregnancy), uteroplacental (eg, shallow invasion, impaired 
spiral artery conversion), or post-placental (eg, disturbed perfusion of 
the fetal side of the placenta). As the placenta is not able to provide 

Placental oxygen partial pressure during pregnancy

Figure 2.2  Placental oxygen partial pressure during pregnancy. The mean and 95% confidence 
intervals of oxygen partial pressure (dashed lines) throughout gestation in the intervillous space 
in the human. Reprinted with permission from Zamudio [45].
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more than 60 mmHg partial pressure of oxygen, even an adequately 
supplied fetus is in a chronic state of borderline hypoxemia. Both fetal 
partial oxygen pressure in umbilical cord blood and placental efficiency 
(birth weight to placental weight ratio) are related to weight at birth. 
[Ref?] Newborns with IUGR show decreased partial oxygen pressure in 
umbilical arterial and venous blood and decreased placental efficiency. 
By contrast, infants born large for gestational age have increased partial 
pressure of oxygen [39] [Ref?]. 

However, the fetoplacental unit has efficient mechanisms to counteract 
fetal hypoxemia. Results observed in high-altitude pregnancies show that 
both the placenta and the fetus are involved in the adaptations [35,40]. 
An important placental mechanism to save oxygen is the reduction of its 
own high oxygen consumption via metabolic adaptation. In high-altitude 
pregnancies there is a 33% reduction in maternal oxygen partial pres-
sure and a 25% reduction in uteroplacental blood flow, but only a 10% 
reduction in umbilical venous oxygen partial pressure and no reduction 
of fetal oxygen consumption [Ref?]. Interestingly, while birth weight is 
reduced by 10%, placental weight shows no reduction [Ref?]. The placenta 
therefore is less efficient during chronic hypoxia [35,40]. During this 
time, the placenta extracts more glucose from the maternal blood because 
aerobic glycolysis, a major oxygen consumer, is switched to anaerobic 
glycolysis at the cost of glucose. The result is placental energy production 
by generation of lactate and decreased placental mitochondrial oxygen 
consumption. Concurrently, GLUT1 expression [19] and glucose transfer 
to the fetus are decreased, resulting in relative fetal hypoglycemia and 
downregulation of cellular proliferation. Thus, fetal growth restriction 
in chronic mild hypoxia is not only caused by reduced fetal oxygen avail-
ability or fetal oxygen consumption, but also by reduced fetal availability 
of glucose due to adaptive mechanisms of the fetoplacental unit [35,40]. 

Hypoxia inducible factor 1 alpha 
Hypoxia-inducible factor 1 alpha (HIF-1α) is a transcription factor which 
is stabilized during acute hypoxia because prolyl hydroxylases (PHD1, 
PHD2, PHD3), which regulate HIF activity, are inhibited by hypoxia. 
After forming a heterodimer with HIF-1β (an aryl hydrocarbon receptor 



I n t r au t e r i n e a s pe c t s •  21

nuclear translocator), HIF-1α translocates into the cellular nucleus and 
promotes the transcription of multiple genes. During chronic hypoxia, 
stabilization of HIF-1α decreases again in several tissues and HIF-2α may 
be more important for the regulation of gene expression [41]. Nevertheless, 
HIF-1α protein expression is increased in placental tissue in pregnancies 
at a high altitude where there is mild chronic hypoxia. Maternal circu-
lating VEGF and erythropoietin, both of which are HIF-regulated, also 
are elevated in high altitude pregnancies [42]. 

Additionally, several hypoxia-independent mechanisms of HIF-1α 
induction are known, among them cytokines (interleukin-1β, tumor 
necrosis factor α), growth factors (IGF-II, transforming growth factor 1β), 
and hormones (angiotensin II) [43,44]. In conclusion, HIF-1α-mediated 
mechanisms may be crucial for both the hypoxic response and regula-
tive processes during normoxia in the fetoplacental unit during all three 
trimesters of pregnancy. 
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Chapter 3

Maternal nutrition
Siegfried Zabransky

Introduction 
For normal growth development, a fetus needs an adequate quantity and 
quality of nutrition from the mother via the placenta. In order to lessen 
the risk of fetal growth restriction and being born small for gestational 
age (SGA) – and the long-term consequences of these conditions – it is 
crucial that malnutrition during pregnancy is prevented. As the lifestyle 
of the mother greatly influences fetal development, promoting and sup-
porting maternal nutrition should be a point of focus for disease preven-
tion programs. Any nutritional advice must take into consideration the 
needs of both the mother and the fetus.

Caloric requirements 
From the second trimester onward, an increased energy supply of approxi-
mately 250–300 kcal/day above the normal daily caloric requirement is 
necessary for normal physical development of the fetus [1]. Thus, once 
pregnancy enters the second trimester, the average daily total caloric 
requirement is approximately 1800–2500 kcal/day [2–5].

Weight gain 
The recommended weight gain during pregnancy depends on the mother’s 
weight before conception. An appropriate gain in weight can influence 
the duration of pregnancy and birth weight of the baby (Table 3.1) [5].
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Composition of nutrients 
The recommended proportion of dietary nutrients is similar in all women, 
including those who are pregnant: approximately 55% from carbohydrates, 
10–15% from protein, and 30–35% from fat [7].

Carbohydrates 
Carbohydrates are considered the most important type of ‘fuel’ for sup-
porting muscle and brain activity. Monosaccharides (eg, glucose, fruc-
tose) and disaccharides (eg, lactose, sucrose) are needed to cover acute 
physical needs and can induce an elevation of blood sugar very rapidly. 
During pregnancy, complex carbohydrates are the preferred source of 
carbohydrates in the diet as they are metabolized slowly and blood sugar 
elevation is more moderate. Additionally, they often provide improved 
satiety, which is important for appetite and weight control.

Examples of foods that contain complex carbohydrates include certain 
cereals, brown rice, pulses, and wholemeal products. Foods containing 
simple carbohydrates (eg, products containing white flour) are more 
likely to contain monosaccharides and are less favorable by comparison. 
When consuming complex carbohydrates, mothers should insure a suf-
ficient liquid intake (approximately 2 liters per day), which is necessary 
to ’soak up’ dietary fiber and prevent constipation.

Protein 
Although the suggested protein intake for young women is approximately 
50 g/day, pregnant women are advised to consume more than the general 
recommended amount. Upon entering the fourth gestational month, the 

Gain in weight depending on weight of mother before pregnancy 

Body mass index 
before pregnancy

Total recommended 
weight gain (kg)

Recommended weekly gain in weight 
from 12th week onwards (kg)

Normal (18.5–24.9) 11.5–16.0 0.4

Underweight (>18.5) 12.5–18.0 0.5

Overweight (29.9–39.9) 7.0–11.5 0.3

Obese (>40.0) 6.0 0.2

Table 3.1  Gain in weight depending on weight of mother before pregnancy. Adapted with 
permission from Rasmussen [6].
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protein requirement increases as a result of increased fetal growth, which 
translates to an increased daily intake of protein (1.3 g/day per kg of 
body weight) [1]. Good sources of protein include low-fat dairy products, 
eggs, fish, lean meat, and poultry. 

Protein requirements do not decrease immediately after giving birth; 
in fact, breastfeeding mothers need an additional 1 g of protein to produce 
100 mL of breast milk [8].

Fatty acids 
Long-chain and multiple unsaturated omega-3 and omega-6 fatty acids 
are known as essential fatty acids and are necessary for healthy develop-
ment and growth. Specifically, they are required for stability and function 
of cell membranes and development of the brain and central nervous 
system. Deficiency of essential fatty acids may induce growth restric-
tion, disturbances of water and electrolyte metabolism, and develop-
ment of skin disorders. Fish such as herring, mackerel, tuna, and salmon 
are very good sources of essential fatty acids. Margarine also contains 
polyunsaturated fatty acids.

Animal-based fats should be reduced in favor of vegetarian fats 
(eg, sunflower oil, olive oil) because they have lower levels of choles-
terol and have a higher content of essential unsaturated fatty acids. 
Food sourced from animals tends to contain more saturated fatty acids 
and cholesterol, and thus, when consumed in excess, may increase the 
risk of cardiovascular diseases [9]. However, in addition to quantity, the 
relation of saturated to unsaturated fatty acids is also important [9,10].

Vitamins and trace elements 
Iodine 
Iodine is an essential trace element that is able to pass from the maternal 
blood stream to the fetus through the placenta. Thus, iodine deficiency 
during pregnancy also leads to iodine deficiency of the fetus. During 
pregnancy, the mother’s daily iodine requirement increases and supple-
mentation becomes necessary as the recommended amount cannot gener-
ally be met through food intake alone. The consequences of fetal iodine 
deficiency include developmental interferences due to hypothyroidism. 
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Supplementation with 200 μg iodine daily during pregnancy and during 
the breastfeeding period is recommended, along with an increased intake 
of iodine-rich food such as fish and milk [11].

Vitamin A 
Vitamin A (or retinol) is important for cholesterol synthesis, biochemi-
cal transformations in the biosynthesis of steroids (eg, gonadal steroids), 
night vision, healthy skin, and normal immune system functioning. 
Vitamin A, via retinol, all-trans and 9-cis retinoic acid metabolites, 
regulates several genes, that are responsible for embryonal development 
processes, cell division, and differentiation of cells. It also acts a growth 
factor. Excessive dietary intake of vitamin A has been associated with 
teratogenicity in humans [12,13].

Vitamin A is primarily found in animal-derived foods, especially liver. 
Other sources of vitamin A include dairy products, egg yolk, and fish. 
However, vegetarian provitamin A carotenoid may satisfy vitamin A needs 
as humans are able to transform carotin to retinol. Carotin is found in 
food that contains beta-carotene, alpha-carotene, and beta-cryptoxanthin, 
including certain vegetables (eg, carrots) and fruit (eg, cantaloupe). The 
recommended daily intake of vitamin A is 700 μg for women, which 
increases to 770 μg during pregnancy.

Vitamin A deficiency is a serious problem and is prevalent worldwide. 
According to the World Health Organization (WHO), approximately 
5–10 million children develop eye problems (eg, xerophthalmia, dry eye) 
due to vitamin A deficiency per year, of which nearly half a million go 
blind [14]. In developed countries, vitamin A supplementation is gener-
ally not necessary if the pregnant woman has an adequate diet. However, 
daily intake should not exceed 6000 IU, with the exception of patients 
with diseases that can result in vitamin A deficiency (eg, limited intes-
tinal absorption). Especially during the first trimester, pregnant women 
should abstain from eating vitamin A-enriched food due to a possible 
induction of malformations of the neural system [15]. Inadvertent or 
accidental intake of vitamin A doses that exceed 25,000 IU/day is not 
an indication for an abortion but does require individual risk evaluation 
and ultrasonographic examination [16]. 
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Vitamin D 
With the help of vitamin D precursors, ultraviolet light is converted in 
the skin to vitamin D (cholecalciferol/vitamin D3), which is metabo-
lized in the liver to form 25(OH)D3. The biologically active form of 
vitamin D, 1,25(OH)2D3 (or calcitriol), is synthesized in the kidneys). The 
normal concentration range of vitamin D (25(OH)D3) in blood serum is 
70–110 nmol/L. Patients with vitamin D serum levels <50 nmol/L are 
considered to be vitamin D deficient. The Endocrine Society practice 
guidelines recommend 1500–2000 IU daily vitamin D supplementation 
during pregnancy and breastfeeding [17,18].

For most of the European population, sunlight exposure is insuf-
ficient to satisfy the suggested vitamin D requirement through endog-
enous production. Therefore, in these populations, supplementation of 
vitamin D is necessary. Risk groups for vitamin D deficiency include 
children, pregnant woman, and breastfeeding mothers, as well as elderly 
persons. Vitamin D enables maintenance of normocalcemia by promotion 
of enteral reabsorption, release of calcium from the bones, and inhibition 
of renal calcium excretion. There is a positive feedback loop between 
calcium serum level and parathyroid secretion [Ref?]. Vitamin D also 
influences neuromuscular coordination, normal skeletal development, 
and bone stability. A fetus develops most of its organ systems and the 
collagen matrix for the skeleton during the first and second trimesters, 
with calcification beginning during the third trimester. Therefore, as 
pregnancy progresses, maternal and fetal demand for calcium increases. 
The fetus is wholly dependent on the mother for vitamin D that passes 
from the placenta into the blood stream of the fetus [17,19,20].

Preeclampsia and caesarean section occur more often in pregnant 
women that are vitamin D deficient [21,22]. Studies in several countries 
have demonstrated the positive effects of vitamin D supplementation on the 
rate of preterm infant and gestational complications such as hypertonia, 
gestational diabetes mellitus, preeclampsia, and vaginal infections [21,22].

Folate 
Folate (folic acid) is required for normal fetal development and growth. 
The recommended daily intake of folate for women of childbearing age 
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is 400 μg. Optimal folate intake helps to prevent neural tube defects and 
is generally achieved with daily supplements of folate 4 weeks before 
conception until the end of the 12th gestational week. Woman that have 
had previous pregnancies with neural tube defects are recommended to 
take 4 mg folate daily during the same period of time [23]. Folate sup-
plementation may also prevent other malformations such as cleft lip 
and palate [24]. Folate-enriched foods include dark, leafy vegetables, 
legumes, some types of fruit (eg, strawberries), wholemeal products, 
eggs, meat, fish, and poultry.

Iron 
Maternal iron requirements increase as a result of greater maternal 
blood volume and fetal requirement [25]. Despite physiologic changes to 
enhance iron absorption during pregnancy, many women still go on to 
develop iron-deficiency anemia during pregnancy. The WHO estimates 
that the worldwide prevalence of anemia among pregnant women is 
42%; the prevalence of anemia is much higher in less developed nations 
compared with industrialized nations [26]. In Western Europe, the 
prevalence of iron-deficient anemia in pregnant women is estimated to 
be >20% (decreasing to 10% post partum) [27]. Definitions for anemia 
in pregnant and non-pregnant women are provided in Figure 3.1.

All levels of anemia require iron supplementation. A ferritin serum 
level ≤30 μg/L is an indication for iron supplementation, even without 
anemia. A reliable assessment of ferritin serum level may be difficult to 
obtain as it is an acute-phase protein and may be elevated in conditions 

Defining anemia

The WHO definition of anemia in pregnancy is: 

•• <11.0 g/dL Hb during the first and third trimester;
•• <10.5 g/dL during the second trimester;
•• <10.0 g/dL Hb postpartum

WHO definition of anemia in non-pregnant women:

•• 10 g/dL: grade 1 (mild);
•• 7–10 g/dL: grade 2 (moderate);
•• >7 g/dL: grade 3 (severe)

Figure 3.1  Defining anemia. Hb, hemoglobin; WHO, World Health Organization. Data taken from 
WHO [27].
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with acute inflammatory processes. Therefore, C-reactive protein (CRP) 
levels should be analyzed as well.

The most common reason for iron-deficient anemia is an unbalanced 
hypocaloric or a predominantly vegetarian, plant-based diet. Although 
supplementation is generally not necessary for women with a balanced 
diet, regular blood tests are recommended to monitor Hb, hemocrit, 
ferritin, CRP, and differential blood count levels. Iron supplementation 
is only recommended in cases with proven anemia, as a fetus with an 
iron deficiency may be at higher risk of being growth-restricted [28]. 
The recommended daily requirement in pregnancy is 30 mg and 20 mg 
during the breastfeeding period [29,30]. Good sources of iron include 
fortified whole grains, lean meat, beans, seafood, nuts, dried fruit, and 
dark leafy vegetables. Vitamin C increases the absorption of iron when 
taken at the same time.

Vegetarian diet 
A vegan (total omission of eating animal protein), vegetarian (plant-based 
diet that may include the consumption of dairy products or eggs), or a 
nutritionally unbalanced diet during pregnancy may lead to a greater 
risk of vitamin deficiency (especially vitamin A, B12, and D), as well as 
trace elements such as iodine. The Healthy Start Young Family Network 
recommends vitamin supplementation with a vegetarian diet [31].

Hygienic precautions 
Hygienic precautions should be followed, as many otherwise healthy 
foods are at risk of being contaminated with toxoplasma, listeria, hepa-
titis, and salmonella pathogens. Thus, it is very important to wash hands 
before and after meal preparation, and before eating, and to wash fruit 
and vegetables thoroughly. Additionally, raw meat may be contaminated 
with the pathogen Toxoplasma gondii, which is transferred especially by 
cat excrement. Therefore, all pregnant women should be careful when 
contacting cats and avoid eating or handling raw animal products.

An example can be seen with listeriosis, an infection that can occur 
when a person eats food that has been contaminated with listeria 
monocytogenes bacteria. Listeria monocytogenes are found in animals 
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(eg, cats, cattle), as well as in soil and contaminated water. Raw meat, 
dairy products, fruit, vegetables, and other foods may be infected with 
the bacteria. People at increased risk of listeriosis include developing 
fetuses, newborn babies, and pregnant women. The bacteria may cause 
a gastrointestinal illness, blood infection, or even meningitis. Infection 
during pregnancy can lead to a miscarriage or still birth, as the bacteria 
is able to cross the placenta and infect the fetus. Listeria monocytogenes 
is very resistant and can only be killed by cooking or frying at a high 
temperature, sterilization, and pasteurization.

Caffeine consumption should be reduced to a maximum of 300 mg 
per day [32].
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Chapter 4

Prenatal care, surveillance, and 
risk assessment
Anke Ertan, A Kubilay Ertan

Introduction 
The aim of prenatal surveillance and care is to monitor and minimize 
health risks to the mother and to ensure the birth of a healthy baby by 
anticipating problems and implementing necessary interventions to 
minimize morbidity. Several components are involved to achieve this 
goal and this chapter will have an emphasis on the prenatal care and 
surveillance given to pregnant women in Germany.

During the initial clinical visit after a pregnancy has been confirmed, 
a general case history is assessed from blood and urine samples and 
patients are tested for several conditions, including sexually transmitted 
diseases (eg, HIV), iron levels, blood type, antibodies (eg, rubella), anti-
gens (eg, hepatitis B), and other infections. Throughout the pregnancy, 
blood pressure, weight, iron levels, and urine samples need to be regu-
larly monitored and analyzed. Prenatal care also includes control of fetal 
fundal height, fetal heart rate, and if necessary, the length of the cervix. 

The gynecologist/obstetrician, midwife, nurse practitioner, perina-
tologists, or general practitioner (primary care during pregnancy varies 
between countries) should inform the pregnant women about lifestyle, 
nutrition, supplements, and offer an evaluation for genetic risk factors. 
In many countries (eg, US, UK, Scandinavia), it is more common for 
prenatal care to be performed by midwives, general practitioners, or 
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a combination of the two. Patients should also be informed about the 
risk of adverse effects due to drugs, tobacco, or alcohol consumption 
during pregnancy. A Pap smear examination should be given if one has 
not been performed in the previous 6 months.

Evaluation of risk factors 
The first step in the evaluation of risk factors during pregnancy is to 
obtain the medical history of the parents and their families. This includes 
taking into consideration all of the conditions listed in Figure 4.1. 

Estimation of gestational age 
To determine the due date, the crown–rump length of the embryo during 
the first trimester is the most reliable measurement (confidence interval 
+/– 6 days, compared to +/– 8 days for the biparietal diameter meas-
urement and +/– 10 days for the gestational sac diameter) [2]. If there 
was not an ultrasound performed in the first trimester, the transverse 

Risk factors during pregnancy

1.	 General family health history:

•• diabetes;
•• hypertension;
•• genetic disorders;
•• predisposition for thrombosis;
•• allergies;
•• skeletal deformations; 
•• medications currently being taken;
•• previous operations or medical procedures;
•• exposure to teratogens/drugs

2.	 History of problems during previous pregnancies: 

•• habitual abortion;
•• previous still-birth or neonatal death;
•• previous preterm infant;
•• previous delivery of an infant born small or large for gestational age 

−	 multiparity;
−	 previous infant with Rh isoimmunization/Rh disease;
−	 previous infant with known or suspected genetic disorders or congenital anomaly

3.	 History of reproductive tract disorders:

•• myoma;
•• cervical lesions;
•• uterine anomalies [1]

Figure 4.1  Risk factors during pregnancy.
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cerebellar diameter corresponds to the pregnancy week until 22 weeks 
gestation [2,3].

Ultrasound screening 
Pregnant women should ideally be screened 2–3 times during pregnancy 
and should be transferred to a specialist in case of any abnormali-
ties or suggestive signs such as abnormal amniotic fluid volume, fetal 
growth deviations or disproportion, body surface abnormalities, atypical 
four-chamber view, arrhythmia, or single umbilical artery.

Ultrasound screening is organized differently all over the world. For 
example, the German Society for Ultrasound in Medicine (DEGUM) has 
established a three-level system [4]:
•	 Level I: screenings carried out by qualified gynecologists who have 

a good knowledge of normal fetal anatomy.
•	 Level II: screenings with a specialist that has several years of 

experience in detection of fetal anomalies.
•	 Level III: screening with specialists that are active in scientific 

research in prenatal centers and fetal treatment.
According to the DEGUM prenatal care guidelines, three ultrasound 
examinations should be performed at weeks 8–12, weeks 18–22, and 
weeks 28–32 gestational age [4]. However, in the UK, the National 
Institute for Health and Clinical Excellence (NICE) recommends two 
ultrasound examinations: a first trimester screening, and a second scan 
between weeks 18 and 20 [5]. In the US, the Mayo Clinic suggests that 
an ultrasound is performed in the first trimester to confirm and date 
the pregnancy and another is done in the second trimester (between 
weeks 18 and 20) to visualize the fetal anatomy [6,7]. In Scandinavian 
countries, two or three ultrasound scans are recommended and usually 
performed by a midwife [8]. In this chapter, we will primarily discuss 
the ultrasound procedure followed in Germany.

First ultrasound screening 
The goal of the first screening (performed between weeks 8–12 of preg-
nancy) is to detect an intact intrauterine pregnancy, determine gestational 
age, check for multiple pregnancies, and detect any abnormalities 
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of embryonic development [4]. If multiple pregnancies are found, 
chorionicity and amionicity should be recorded. 

In order to definitively diagnose intrauterine growth restriction 
(IUGR) later in the pregnancy, the determination of gestational age is 
very important at this stage, as the range of variation of biometric param-
eters is known to be smallest during the first trimester. The crown–rump 
length and the biparietal diameter can be used at this stage to evaluate 
the due date [9].

Nuchal translucency scan 
The measurement of the nuchal transluceny (NT) and the assessment 
of the free β-human chorionic gonadotropin (β-hCG) and pregnancy-
associated plasma protein-A (PAPP-A) in maternal serum at 11–14 weeks 
has become a recognized and well-established risk calculation method 
[10]. It is generally performed towards the end of the first trimester and 
assesses the thickness of soft tissues via the nape of the neck. This pro-
cedure is recommended in high-risk pregnancies and in older women, as 
they are at greater risk of carrying a fetus with chromosomal defects [11]. 

The NT diameter, the levels of β-hCG and PAPP-A, maternal age, and 
the presence and the length of the fetal nasal bone are the main data 
used to determine suggestive signs in the diagnosis of chromosomal 
abnormalities, especially Trisomy 21 (Down’s syndrome). The detection 
rate is over 90%, for a positive screening rate of 5% [10,12].

Second ultrasound screening 
In many countries, the second ultrasound screening is performed some-
time during weeks 18–22 to assess fetal development, search for fetal 
anomalies, identify abnormal amniotic fluid volumes and structures, and 
determine the location of the placenta. Four biometric parameters should 
be recorded at this stage: biparietal diameter, head circumference, abdomi-
nal circumference, and femur length. If any suggestive signs of abnormal 
fetal growth are found, the patient should be referred to a specialist.
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Third ultrasound screening 
The main objective of the third ultrasound screening (performed 
during weeks 29–32) is to monitor fetal growth, search for additional 
abnormalities, and determine fetal position. 

Chorionic villus sampling/amniocentesis 
Both chorionic villus sampling and amniocentesis are used for prenatal 
diagnosis of genetic diseases, including Trisomy 21, 18, and 13, and 
various metabolic diseases. Chorionic villus sampling is often performed 
if an early diagnosis is required (8–11 weeks gestational age; carrying 
2–5% risk for abortion), whereas the amniocentesis is performed at 
weeks 15–17 (1% or 2% risk for abortion) for later diagnosis in cases 
of sonoanatomic anomalies or fetuses at high risk for genetic disorders 
(ie, high risk determined as a result of NT measurement) [13]. 

Prenatal assessment of fetal weight 
A standard component of prenatal care is monitoring fetal growth. The 
most commonly used biometric data (biparietal diameter, head circum-
ference, abdominal circumference, and femur length) are incorporated 
into a formula to calculate estimated fetal weight. There are numerous 
formulas that can be used to interpret the data. For example, the most 
popular formulas used in Germany are the modified Hadlock I/II/III/IV, 
Hansmann or Merz formulae.

Nevertheless, there is no consensus on a formula to calculate the 
exact weight of the fetus in all cases, which is shown by the diversity of 
the formulae and revisions that are continually proposed [1]. Especially 
for fetuses above or below the normal range, the mean and the standard 
deviation of error of estimated fetal weight appears to be greater than 
10% and can lead to an underestimation of large and an overestimation 
of small fetuses [14]. However, sonographic weight estimation is still 
the best method for identifying fetuses whose birth weight is likely to 
be below the tenth percentile for gestational age [15].
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Determining presence of fetal growth restriction
Customized growth curves help sonographers to identify deviations from 
the normal percentiles or a stagnation of fetal growth. Additionally, body 
proportions such as the head circumference/abdominal circumference 
(AC) or femur length/AC ratio are proposed for evaluating fetuses with 
asymmetric fetal growth [16,17].

As soon as suboptimal growth occurs and is detected, the primary 
caregiver needs to determine its cause and severity. The most important 
task at this stage is to distinguish a constitutionally small fetus from 
a growth-restricted fetus. A fetal survey is often necessary, as major 
congenital anomalies are frequently associated with abnormal weight 
gain of the fetus.

Approximately 10% of fetal growth restriction is accompanied by 
congenital anomalies [18], including omphalocele, diaphragmatic hernia, 
skeletal dysplasia, and congenital heart defects. Consequently, fetal 
karyotyping should be suggested to the parents in case of structural 
anomalies, early or severe fetal growth restriction (ie, below the third 
percentile), or polyhydramnios. If the fetus or the mother show any 
suggestive signs for viral infection (eg, cytomegalovirus, parvovirus), 
maternal serum should be examined for evidence of seroconversion [19].

Doppler velocimetry 
In compromised fetal growth, Doppler ultrasound is a noninvasive tech-
nique used to evaluate growth-restricted fetuses at high risk by provid-
ing information about the uteroplacental, fetoplacental, and fetal blood 
circulation. Chronically increased resistance in the placental blood 
circulation leads to chronic fetal hypoxia, often resulting in growth 
restriction and altered fetal hemodynamics. The histopathological find-
ings in the placenta correlate with the Doppler findings in the uterine 
and umbilical arteries [20].

Fetal growth restriction is associated with diminished flow and abnor-
mal Doppler waveforms in maternal and fetal blood vessels. The perinatal 
mortality in pregnancies complicated by fetal growth restriction can be 
reduced by the assessment of Doppler flow with appropriate intervention 
[15]. An abnormal waveform in the uterine artery is associated in fetal 
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growth restriction with early delivery, reduced birth weight, oligohy-
dramnios, neonatal admission to the intensive care unit, and a prolonged 
hospital stay [21]. A recent meta-analysis showed that the use of uterine 
artery Doppler and follow-up intervention reduces perinatal mortality 
by up to 38% and improves perinatal outcome [22]. 

Although the sensitivity of the systolic/diastolic ratio or pulsatility 
index of the umbilical artery was shown to be smaller than the estima-
tion of the fetal weight in detecting risks associated with fetal growth 
restriction, the specificity and positive predictive value turned out to be 
higher [23]. Consequently, the sonographic estimation of fetal weight 
below the tenth percentile, in combination with abnormal umbilical 
artery Doppler velocimetry, is highly predictive of fetal growth restric-
tion and is the best tool to identify those at risk of an adverse outcome 
[15]. Measurements of additional fetal arteries or veins also give reliable 
information about perfusion and indicate the centralization or decompen-
sation in a chronically hypoxic and/or malnourished fetus [22]. Perhaps, 
in the near future, 3D ultrasonography can improve the accuracy of fetal 
weight estimation by using 3D volumetric measurements.

Screening for diseases 
In order to screen for gestational diabetes, a glucose test is often given 
between weeks 24–26. The recommended cut-offs for the diagnosis of 
gestational diabetes are [24]:
•	 fasting glucose level: >92 mg/dL (5.1 mmol/L);
•	 glucose 1 hour after test: >180 mg/dL (10.0 mmol/L);
•	 glucose 2 hours after test: >153 mg/dL (8.5 mmol/L).

In cases of other detected infections, evidence of seroconversion for 
cytomegalovirus, rubella, varicella, or maternal diseases affecting the 
pregnancy (eg, diabetes), the patient is referred to a specialist and/or a 
specialized hospital for perinatology.

Prenatal care in Germany: the Mutterpass
Since the introduction of the MutterPass (or ‘mother passport’) in Germany 
45 years ago, perinatal mortality has decreased from 34 per 1000 births 
in the 1960s to 4.69 per 1000 in 2004 [25].



42 • Caring for children born small for gestational age

The Mutterpass has been accompanied by technical improvements 
to ultrasound examinations in order to identify at-risk growth-restricted 
fetuses and encourage closer cooperation between pediatricians providing 
perinatal care.

The introduction of the Mutterpass has played a positive role because 
Germany is one of the only European countries with such a program 
and now has the lowest perinatal mortality rate (Figure 4.2) [Ref??]. 
This medical system reduces the risk of missing important risk factors 
and enables every obstetrician to screen each patient in a systematic 
manner. Highly qualified obstetricians that specialized in sonographic 
diagnosis (ie, three-level ultrasound concept) have also helped to reduce 
the numbers of missed malformations and increased monitoring of high 
risk pregnancies [4].

Additionally, in Germany, every pregnant woman is protected by law 
(Mutterschutzgesetz; law for maternity protection) [26]. It defines the 
rights and obligations during pregnancy, the possibility of an employment 
ban, and the strains to account for in the different periods of pregnancy. 
If there is likely to be a risk for the unborn child or the mother due to 
the mother’s given occupation, a gynecologist is able to pronounce an 
employment ban for the rest of the pregnancy or to request a reduction of 

Figure 4.2  Comparison of perinatal mortality in several European countries. [Ref??].
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working time 6 weeks before birth and 8 weeks after delivery (or 12 weeks 
in a multiple pregnancy). In this type of situation, an employer is legally 
obliged to release the mother from work.
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Chapter 5

Birth weight percentiles: 
an international comparison
Niels Rochow, Manfred Voigt, Sebastian Straube 

Somatic development of neonates
Somatic development at birth is associated with a number of postnatal 
and life-long health outcomes [1]. In clinical practice, percentile curves 
of birth weight, length, and head circumference are calculated accord-
ing to gestational age and, along with growth indices derived from these 
parameters, are used to estimate neonatal somatic development. These 
percentiles allow an estimation of, for example, the birth weight of a 
particular neonate compared to other neonates of the same sex who were 
born after the same duration of pregnancy. A birth weight in the 50th 
percentile means that 50% of neonates of the same sex and gestational 
age were smaller (lighter) than the child in question. A birth weight 
on the 10th or 90th percentile means that 10% or 90% of comparable 
children were smaller (lighter), respectively. 

By convention, neonates are considered appropriate for gestational 
age (AGA) if they are between the 10th and 90th percentiles, small for 
gestational age (SGA) if they are smaller than the 10th percentile, and 
large for gestational age (LGA) if they in the 90th percentile, with regard 
to the anthropometric parameter or index in question. Importantly, the 
birth weight percentile curves describe somatic development at birth; they 
are not, strictly, intrauterine growth charts. Generally, percentile values 
are calculated with regard to the week of gestation and the percentile 
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curves illustrated in this chapter were all calculated in this manner. 
However, week-specific percentiles may suffer from the disadvantage of 
being less accurate than day-specific ones. When using tabulated percen-
tiles, weekly average values overestimate the SGA rate at the beginning 
of the week and underestimate the SGA rate at the end of the week, and 
conversely for the LGA rate [2].

Factors influencing birth weight
Anthropometric measurements of the newborn are affected by genetic 
factors and the intrauterine milieu. Birth weight is influenced mainly 
by maternal constitution, diseases, nutrition, and lifestyle (Figure 5.1).

Differences in birth weight percentiles between countries
Ethnic background and geographic origin can affect birth weight percen-
tiles. For example, we have previously shown that the 10th, 50th, and 
90th birth weight percentiles of neonates born in Germany to mothers 
originating from Asia were below those of neonates born in Germany 
to mothers from Germany [3]. We also compared data from Taiwanese 
neonates [4] with the data from the German perinatal survey, finding 

Figure 5.1  Factors influencing birth weight. [Source?].
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that the Taiwanese percentiles were below those of neonates born in 
Germany to mothers from Asia [3]. These robust observations are likely 
due to a combination of genetic, nutritional, and lifestyle differences.

In this chapter, we will compare percentiles of birth weight for ges-
tational age from a number of countries. Table 5.1 details the sources of 
the percentiles discussed with information on the times of data collection 
and the size of the cohorts. 

From these sources, we found that considerable between-country 
differences exist. Percentile curves are illustrated in Figure 5.2 and 
Figure 5.3.

Table 5.2 shows the 10th and 90th percentiles at 40 completed weeks 
of gestation in tabulated form. Among our examples of international birth 
weight percentiles, there are differences for the 10th percentile of up to 
215 g for girls and 235 g for boys. For the 90th percentiles, the largest dif-
ferences in cut-off values were 393 g for girls and 424 g for boys. [Note to 
author: Can’t see how these values tally with the table. The first value I can 
see – the difference between spain and norway but I can’t figure the other 
out. Needs clarifying]. Because of these large differences, using the wrong 
set of curves can be problematic. For example, if percentile curves with 
cut-off values that are too high are used, AGA newborns may be wrongly 
classified as SGA, and LGA newborns as AGA, and so on. Based on such 
misclassifications, inappropriate healthcare management may be initiated. 

International birth weight percentile charts 

Country Neonatal cohort (years) Sample size (n) Reference

Austria 1999–2004 454,155 Mayer et al [5]

Canada 1994–1996 676,605 Kramer et al [6]

Germany 1995–2000 2.3 million Voigt et al [7]

Hungary 1990–1996 799,688 Joubert [8]

Israel 1991–2005 82,066 Davidson et al [9]

Kuwait 1998–2000 36,493 Alshimmiri et al [10]

Norway 1967–1998 >1.8 million Skjaerven et al [10]

Spain 1999–2002 9,362 Carrascosa Lezcano et al [11]

Taiwan 1998–2002 1,298,389 Hsieh et al [4]

USA 1998–2006 257,855 Olsen et al [13]

Table 5.1  International birth weight percentile charts. Data taken from [4–13]. 
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Birth weight percentile curves from selected European countries

Skjærven et al (Norway) 
Mayer et al (Austria) 
Voigt et al (Germany) 
Joubert (Hungary) 
Carrascosa Lezcano et al (Spain)

Figure 5.2  Birth weight percentile curves from selected European countries. Data taken from 
[5,7,8,11–12].
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Birth weight percentile curves from Germany and selected  
non-European countries

Figure 5.3  Birth weight percentile curves from Germany and selected non-European countries. 
Data taken from [4,6,7,9,10,13]. 
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Importance of maternal anthropometric measurements 
The maternal body dimensions height and weight are key determinants 
of neonatal anthropometric measurements [14]. These influences likely 
play an important role in generating the differences between countries 
and ethnicities [3]. Figure 5.4 compares the children of small and light 
mothers with those of tall and heavy mothers, based on data from the 
German perinatal survey [15]. Considerable differences exist for the 10th 
and especially for the 90th percentiles. Ideally, the somatic classifica-
tion of neonates should take into account parental, especially maternal, 
anthropometric measurements.

Limitations of current percentile curves
Percentile curves and percentile values for birth weight, gestational age, 
and gender are reference values for a specific population. The precision 
of these curves and values depends on the size of the population investi-
gated, the inclusion or exclusion of newborns (singleton versus multiple 
births, live birth versus stillbirth, healthy versus sick newborns), and, if 
applicable, curve-smoothing procedures.

Table 5.2  Birth weight percentiles for different countries at 40 completed weeks of gestation. 
Data taken from [4–13] (see Table 5.1).

Birth weight percentiles for different countries at 40 completed weeks 
of gestation

Female Male

Country
10th percentile 

(g)
90th percentile 

(g)
10th percentile 

(g)
90th percentile 

(g)

Norway 3015 4140 3135 4315

Germany 2977 4024 3104 4204

Austria 2956 3994 3013 4099

Canada 2955 4034 3079 4200

USA 2855 4070 2950 4232

Hungary 2835 3900 2925 4075

Israel 2830 3808 2935 3940

Taiwan 2816 3747 2914 3891

Kuwait 2800 3858 2910 4005

Spain 2800 3770 2900 3910
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Differences in the 10th and 90th birth weight percentile curves between 
neonates of women with different heights and weights

Figure 5.4  Differences in the 10th and 90th birth weight percentile curves between 
neonates of women with different heights and weights. A, diff.: 580 g; B, diff.: 53 g; C, diff.: 146 g; 
D, diff.: 285 g; E, diff.: 608 g; F, diff. 550 g; G, diff.: 157 g; H, diff.: 293 g. Modified with permission from 
Voigt et al. 2011 [15].

Mother: ≤161 cm; ≤57 kg 
Mother: ≥172 cm; ≥106 kg
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Furthermore, the percentile curves or values for birth weight cannot 
be used to assess the nutritional status of the infant (amount of body fat 
and fat-free mass). A recent study showed that the somatic classification 
of newborns for birth weight, gestational age, and gender does not reflect 
the nutritional status [16]. Therefore, the nutritional status of newborns 
should be assessed differently [17–19]. 

An additional limitations of current perinatal surveys is that they may 
not contain data on some important parameters of parental constitution, 
pregnancy outcome, disease incidence, or development of the fetus and 
newborn. Such missing parameters may include fetal body size at pre-
natal check-up examinations, parental anthropometric measurements, 
and gestational age at birth that is specified according to the day. Ideally, 
surveys should, at least to some extent, occur postnatally and continue 
into adult life in order to properly assess the impact of parameters at 
birth on later development. 
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Chapter 6

Fetal growth restriction: definitions, 
causes, and epidemiology 
Siegfried Zabransky

Terminology 
Gestational age and birth weight of newborns may be differentiated into 
three groups:

Birth weight
percentile	 Classification
<10th		  Small for gestational age (SGA)
10th–90th 	 Average for gestational age (AGA)
>90th		  Large for gestational age (LGA)

The limiting value of the classification of small for gestation age (SGA) 
may vary; the most commonly used definition of SGA is birth weight 
below the tenth percentile, adjusted for gestational age [1,2]. A World 
Health Organization (WHO) Expert Committee [3,4] recommended 
including the lower tenth percentile of birth weight for gestational age, 
sex, and multiple births; risk curves can provide valuable information [5]. 
Figure 6.1 demonstrates a risk curve for the classification of SGA infants 
(Figure 6.1) [6].

To classify the symptoms related to being born SGA, birth weight 
related to gestational age is given priority over birth length because the 
measurement of birth weight is easier to determine and is generally 
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more exact. Thus, by definition, the term SGA also includes genetically 
small newborns. On the other hand, low birth weight is defined by the 
WHO as birth below 2500 g (or 5 pounds, 8 ounces), irrespective of 
gestational age [3,4].

Distinguishing between small for gestational age and 
intrauterine growth restriction
The terms SGA and intrauterine growth restriction (IUGR) are often 
erroneously interchanged and considered synonymous. However, they 
are different conditions and should be strictly distinguished. Children 
exposed to IUGR may be encumbered with a higher morbidity and 
mortality rate than children born SGA and may need more diagnostic 

Fetal weight percentages through pregnancy

Figure 6.1  Fetal weight percentages through pregnancy. Intrauterine growth restriction 
identification and management. Reproduced with permission from Peleg et al [6].
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and therapeutic procedures [7]. The most important distinguishing 
feature between the two conditions is that the diagnosis of SGA is 
determined at birth according to adjusted birth weight, while the 
diagnosis of IUGR can be determined during pregnancy by fetal ultra-
sound. Thus, newborns born SGA may include newborn children that 
were also diagnosed as IUGR; however, newborns with IUGR may not 
always be classified as SGA. As IUGR classification is not related to the 
birth weight, but instead to fetal intrauterine development, infants with 
IUGR can be SGA, average for gestational age (AGA), or even large for 
gestational age (LGA).

•	 The diagnosis of IUGR is made during pregnancy by repeated 
ultrasound evaluations of fetal growth. 

•	 The diagnosis of SGA is made at birth and is only related to 
gestational, age-adjusted birth weight.

The causes of IUGR are generally related to pathological conditions 
(eg, infection, malnutrition, genetics, environmental factors), although 
a direct cause is unknown in up to 40% of cases. To describe the infant’s 
status at birth, and also the long-term effects of being born SGA, the term 
‘small-baby syndrome’ may also be used.

Symmetrical and asymmetrical types of IUGR
In cases of insufficient nutrients and oxygen supply, the fetus is able to 
redistribute blood flow to sustain the function and development of vital 
organs. This so-called ‘brain-sparing effect’ favors blood flow to the brain, 
heart, adrenal glands, and placenta, consequently neglecting flow to 
other organs. These processes result in different fetal growth patterns.

In 1977, Campbell and Thoms introduced the idea of symmetric versus 
asymmetric growth [8]. The point in time of harm (ie, start of growth 
restriction) is decisive for development of these two different types of 
fetal growth retardation. Symmetrically small fetuses (ie, the entire body 
is proportionally small) are thought to have some sort of early, global 
insult (eg, aneuploidy, viral infection), while an asymmetrical growth 
in a small fetus (eg, an infant with an average head size but small waist 
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circumference and thin limbs) is thought to be more likely due to a 
restriction in nutrients and gas exchange (Table 6.10) [8].

A retrospective cohort study by Dashe et al [9] of 1364 infants showed 
that infants born SGA with asymmetrical growth were more likely to have 
major anomalies than infants born SGA or AGA with symmetric growth 
(14%, 4%, and 3%, respectively; P<.001) [9]. A neonatal outcome com-
posite that included one or more of respiratory distress, intraventricular 
hemorrhage, sepsis, or neonatal death was more frequent among infants 
born SGA with asymmetric growth when compared to infants born AGA 
(14% versus 5%; P=.001) [9]. 

Asymmetric growth in IUGR is associated with a higher incidence 
of early pregnancy-induced hypertension than symmetric IUGR, as 
well as more frequent cesarean-section deliveries and serious neonatal 
morbidities [9]. Symmetric SGA infants were not at increased risk of 
morbidity compared with AGA infants [9]. The infants with symmetric 
growth who were born SGA had outcomes very similar to the infants 
who were born AGA [9]. 

Causes of intrauterine growth restriction and 
small for gestational age
Fetal growth may be disturbed by fetal, maternal, or/and placental factors 
due to complex overlapping processes that underlie the condition [10]. 
Approximately 40% of infants classified as SGA are constitutionally small 

Symmetrical and asymmetrical growth restriction

Symmetrical IUGR Asymmetrical IUGR

Proportion Body length, weight, and head 
circumference are equally affected, 
resulting in proportionally stunted growth

Birth weight, but not length and 
head circumference, is considered 
small for gestational age

Time of growth 
restriction

First and second trimester; cell division 
and cell growth are retarded

Third trimester

Frequency 10–20% of IUGR cases 70–80% of IUGR cases

Etiology Genetics, environmental factors 
(eg, toxins, nicotine, alcohol), and 
viral infections

Imposed restriction in nutrient 
and gas exchange caused by fetal 
malnutrition and/or placental 
dysfunction

Table 6.1  Symmetrical and asymmetrical intrauterine growth restriction. IUGR, intrauterine 
growth restriction.
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babies, in that they are statistically small in size but are otherwise healthy 
individuals [11]. Approximately 20% of infants that are born SGA are 
abnormally and intrinsically small, and the remaining 40% include some 
larger infants that are growth-restricted but could benefit from timely 
and appropriate prenatal intervention [12]. In developing countries, the 
most important factors leading to a higher risk of IUGR and being born 
SGA are malnutrition, infection (eg, malaria), and insufficient prenatal 
care; in developed countries, cigarette smoking and alcohol abuse are 
the most common causes [13].

Fetal factors
Genetic factors
There is an established familial trend in birth weight. For example, a 
mother born SGA is 2.5–2.7 times more likely to give birth to a baby that 
is born SGA than a mother of average birth weight [14]. Similarly, IUGR 
also appears to have a genetic element and can coexist with other mal-
formations (Table 6.2). In a population study, Khoury et al found a 22% 
rate of IUGR in malformed infants, with the highest frequency occurring 
with chromosomal anomalies [15]. For example, IUGR combined with 
polyhydramnion before 26 weeks gestation is caused by chromosomal 
abnormalities in about 20% of cases [15]. Additionally, asymmetrical 
IUGR at 20 weeks gestation strongly suggests fetal trisomy [16].

The first single gene defect in a child born SGA with short stature was 
found in the insulin-like growth factor 1 (IGF-I) gene [17]. In this study, 
a partial deletion in the IGF-I gene resulted in undetectable levels of serum 

Intrauterine growth restriction and associated genetic conditions

Endogen Genetic condition/organ system affected

Chromosomal anomalies Trisomy 13,18,21, Monosomy X (Ullrich-Turner syndrome)

Complex syndromes Silver-Russell, Bloom, Cornelia de Lange IMAGE, 3-M, Lowry, Wood, 
GRACILE, Williams syndrome

Genetic disorders Achondrogenesis

Malformations of several 
organ systems

Central nervous system, cardiovascular, renal

Metabolic inborn errors Maternal phenylketonuria [20]

Table 6.2  Intrauterine growth restriction and associated genetic conditions.
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IGF-1, extreme IUGR, severe postnatal growth failure, sensorineural 
deafness, and moderate learning difficulties [17]. 

In children with Silver-Russell syndrome (a disorder present at birth 
and associated with poor growth and development), no consistent cytoge-
netic abnormalities have been found. However, 10% of these children 
have inherited two copies of the maternal chromosome 7 and no paternal 
copy (uniparental disomy: mUPD7) [18]. Overall, it is estimated that 
5–10% of fetuses are affected by chromosomal/structural anomalies or 
chronic intrauterine infections [19].

Maternal factors
Maternal height
In a meta-analysis by Kramer [21], the estimated weighted effect of 
maternal height was 7.8 g of additional birth weight for every centimeter 
of maternal height. A relative risk of 1.27 for IUGR was associated with 
a maternal height of less than 157.5 cm–158 cm [21]. Thus, maternal 
height may affect infant birth weight through genetic mechanisms, as 
well as via physical limitations imposed on the growth of the uterus, 
placenta, and the fetus [21].

Maternal weight
A pre-pregnancy weight below 50 kg significantly increases the risk of 
giving birth to an infant that is SGA [22]. Low pre-pregnancy maternal 
weight and low weight gain during pregnancy may also increase the 
risk of IUGR [23,24]. Kramer found a sample size-weighted independent 
effect of 9.5 g of birth weight for every 1 kg of maternal pre-pregnancy 
weight [21]. Additionally, Strauss and Dietz found that low weight gain 
during the second and third trimester doubled the risk of IUGR [25].

Maternal malnutrition
Maternal deficiency of protein, folic acid, vitamins, zinc, calcium, mag-
nesium, copper, or selenium may all lead to IUGR [26–29]. For example, 
iron-deficiency was associated with a tripling of the incidence of low 
birth weight [30]. Anemia is thought to cause fetal stress with increased 
circulation of fetal corticotropin-releasing hormone, increased cortisol 
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production, and oxidative damage to erythrocytes, which inhibits 
fetal growth [30,31]. Maternal nutrition is discussed in more detail in 
Chapter 3.

Maternal diseases and infection
Vascular disruption associated with preeclampsia, diabetes mellitus, 
renal disease, or collagen vascular diseases are all common causes 
of IUGR [32,33]. Blood supply to the fetoplacental unit is impaired in 
preeclampsia. Physiological changes in the spiral arteries are restricted 
to the decidual segment [34].

Fetal growth can be negatively influenced by infections in either the 
mother or the fetus, with an estimated 5–10% of all IUGR cases thought 
to be caused by infection [32,35]. Depending on the type of infection, 
the supply of maternal nutrients may be less available to the fetus by 
reduction of the fetoplacental circulation and blood flow, and the struc-
ture of the placenta can be damaged to the extent that nutrient transfer 
is impaired. Appetite during an infection is often reduced by increased 
cytokines, and intestinal reabsorption may decrease, despite the resulting 
rise in body temperature, which can compound the problem by requiring 
more energy, protein, and micronutrient intake. 

Maternal psychosocial and occupational effects
Maternal anxiety and depression may result in a greater risk of giving 
birth to an infant with low birth weight [36,37]. Heavy physical work also 
seems to increase the risk of IUGR [38–40]. This and other psychosocial 
and environmental factors are discussed in more detail in Chapter 24.

Multiple pregnancies
15–30% of twin pregnancies are associated with IUGR [32]. Monochorial 
twin pregnancies with intraplacental anastomoses may permit twin-to-twin 
transfusion [41,42]. However, the ‘donor’ twin often develops IUGR.

Complications after artificial reproduction techniques
Following artificial insemination, there is an increased risk of miscarriage, 
extrauterine gravidity (pregnancy outside of the uterus), multiple 
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pregnancies, preeclampsia, placenta previa, prematurity, and low birth 
weight [43].

Low oxygenation 
Maternal lung and heart diseases are also associated with an increased 
risk of IUGR [44]. Living in high altitude also increases IUGR risk [45] 
and can lead to reduced birth weight, averaging a 100 g reduction for 
every 1000 m altitude gain [46].

Maternal intake of harmful substances
Pharmaceutical drugs
The use of the beta-blocker atenolol at conception and during early preg-
nancy may increase the risk of IUGR, although this is not generally a risk 
during the second or third trimester [45]. High doses of glucocorticoids 
may also cause IUGR [46]. In addition, warfarin treatment during preg-
nancy may lead to miscarriage, microencephalia, blindness, prematurity, 
and IUGR [47]. Immunosuppressive drugs during pregnancy may also 
increase risk of IUGR, prematurity, maternal hypertension, preeclampsia, 
and congenital anomalies [48–50]. 

Smoking
The toxic elements in cigarette smoke include nicotine (responsible for the 
addictive effect of cigarettes), carbon monoxide,cadmium and multiple 
carcinogens [51–54]. Smoking during pregnancy may reduce birth weight 
by an average of 200 g [55]. Maternal and fetal carboxyhemoblobin levels 
in the blood are lowered in a woman who has smoked and the capacity 
for transportation of fetal hemoglobin becomes reduced, restricting the 
amount of oxygen reaching fetal tissues. Fetal metabolism and growth 
can therefore become depressed [16]. A population-based study from 
Norway [56] suggested that the number of infants born SGA would be 
reduced by 12% if smoking was eliminated in pregnant women.

Furthermore, when a mother smokes a cigarette, the fetal pulse rate 
increases, causing placental circulation to decrease. After 20 minutes, 
fetal blood nicotine concentration is a high as maternal blood nicotine 
concentration. This is dangerous because the vasoconstrictive effect of 
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nicotine may lead to contractions of the uterus, especially during the third 
trimester. In cord vessels, uteroplacental blood circulation can also be 
reduced when a mother smokes a cigarette. Endothelial damage due to the 
effect of nicotine can often include placental calcification and infarction.

Alcohol consumption
Alcohol consumption during pregnancy has long been recognized as 
harmful to the fetus. In fact, even ancient texts by the Greek philoso-
pher Aristotle mention the negative influence of alcohol consumption to 
the fetus [57]. In more modern times, Lemoine et al first reported the 
occurrence of developmental retardation in children of mothers who 
consumed alcohol during pregnancy in 1968 [58]. In 1973, Smith and 
Jones introduced the term fetal alcohol syndrome (FAS) and described 
the connection between alcohol-consuming mothers and physical and 
mental defects in their children [59,60]. Alcohol is now recognized as a 
teratogen that is transported rapidly from the mother’s blood through the 
placenta to the fetus. The blood alcohol level of the fetus can be higher 
than the mother’s level and can remain elevated for a longer period of 
time because it is absorbed from the fat tissue and eliminated slowly due 
to the immature liver of the fetus [61]. As a fetus develops, there are 
critical, developmental phases for each of the organs and the extent that 
they can be affected by alcohol. Brain and nervous system development 
is particularly vulnerable to alcohol, but the development of many other 
organs (eg, heart, kidneys) is also negatively affected.

Smoking-associated complications during pregnancy 

Smoking leads to elevated risk of: 

•• spontaneous abortion;
•• extrauterine pregnancy;
•• placental ablation;
•• placenta previa;
•• preterm rupture;
•• premature birth;
•• reduced birth weight (eg, small for gestational age);
•• reduced head circumference and birth length;
•• elevated rate of malformations (eg, cleft lip-jaw-palate);
•• elevated perinatal mortality

Table 6.3  Smoking-associated complications during pregnancy.
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After the third gestational week, the embryo’s beating heart and 
developing neural structures may be discerned. During gestational weeks 
4–8, differentiation and growth of numerous organs occurs. Thus, any 
consumption of alcohol during these critical phases could cause specific 
failures in these organs [62]. 

During the fetal period (weeks 9–40), alcohol consumption may 
retard the growth of organs, affect fetal height, and induce IUGR [63]. 
Rapidly growing neural cells are severely affected by alcohol and alcohol 
consumption by the mother can lead to long-term consequences such 
as mental retardation, fine motor skill handicaps, and disturbed coarse 
motor skills in the child [62]. Thus, there is no phase during pregnancy 
when the fetus is protected against harmful effects of the maternal alcohol 
consumption. Additionally, due to genetic factors that influence maternal 
alcohol metabolism, there is no consensus on a permitted allowance for 
alcohol consumption during pregnancy.

Developmental profile of children with fetal alcohol syndrome
The range of alcohol damage during fetal development, from mild to 
severe, is well documented in the medical literature [64–70]. Children 
with FAS are generally smaller than average, underweight, have feeding 
problems, and are highly irritable [71]. They also tend to develop more 
slowly than other infants of the same age and take longer to start walking 
and speaking. By the age of 4–6 years, they are often still of small 
stature, have ‘elfin’ facial features, and move in a ‘butterfly-like’ manner 
(ie, flitting from one activity to another) [72]. They can have behavioral 
difficulties, often appearing overly talkative or aphasic [72]. Children 
born with FAS are at a higher risk of being hyperactive, hypersensitive 
to touch, misjudging dangerous/risky situations (eg, overly familiar 
or tactile with strangers) or having a limited attention span (attention 
deficit hyperactivity disorder) [72]. Coarse motor function can also be 
disturbed [72]. In some cases, children born with FAS require special 
care or must attend special schools due to severe FAS-related behavioral 
disturbances and learning difficulties. 
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Drug use
Illegal drug use (eg, methamphetamines, marijuana, opiates, cocaine) 
may induce IUGR by directly effecting fetal growth (although the mecha-
nisms are still unknown). Drug use also has many indirect consequences, 
such as inadequate diet, lack of prenatal care, and other socioeconomic 
factors [32,73–76]. 

A summary of maternal factors that affect fetal growth can be found 
in Table 6.4.

Maternal factors affecting fetal growth

Maternal anamnesis

•• Previously gave birth to an infant that was small for gestational age
•• Previous complications during pregnancies

Maternal anthropometry

•• Maternal height 
•• Maternal body mass index
•• Pre-pregnancy weight

Obstetrics

•• Parity
•• Short inter-pregnancy intervals (<6 months)
•• Uterine malformation
•• First gravidity
•• Multiple pregnancy
•• Twin-to-twin-transfusions-syndrome [41]
•• Assisted reproduction (eg, artificial insemination) [43]

Demographic factors

•• Mother’s age: (<16 years of age; >35 years of age)
•• Parental ethnicity

Socioeconomic factors

•• Socioeconomic determinants [77]
•• Mother performing heavy physical work during pregnancy [78]
•• Insufficient prenatal care

Environmental factors

•• Prolonged exposure to high altitudes [45]
•• Exposure to indoor air pollution

Stress

•• Psychosocial stress [37]

Table 6.4  Maternal factors affecting fetal growth (continues opposite/overleaf).
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Placental and cord-related factors
In most cases, the placenta is genetically identical to the fetus. However, 
in 1–2% of pregnancies, confined placental mosaicism, in which a cytoge-
netic abnormality is detected in the placenta but not in the fetus, occurs 
[89,90]. Despite being rare, up to 20% of ‘idiopathic’ SGA full-term 

Maternal factors affecting fetal growth (continued)

Maternal diseases

Diseases not associated with pregnancy:
•• Renal diseases [79]
•• Intestinal disease
•• Autoimmune diseases [80] (eg, systemic lupus erythematosus)
•• Diabetes mellitus [81]
•• Hyperthyroidism [82]
•• High blood pressure 
•• Thrombophilias
•• Thalassemia [83]
•• Maternal hypoxia [44] (eg, cyanotic heart disease, chronic anemia, chronic pulmonary 

disease, asthma)
•• Bacterial infections: helicobacter pylori, malaria, toxoplasmosis, listeriosis, tuberculosis, 

trypanosomiasis, lues
•• Viral infections: cytomegalovirus, herpes simplex virus, HIV, varicella, adenovirus, rubella, 

parvo virus; peridontal infections [84]

Pregnancy-associated diseases: 
•• Pregnancy-associated hypertension
•• Preeclampsia
•• Gestational diabetes mellitus
•• Premature membrane rupture

Maternal nutritional status

•• Inadequate protein intake
•• Inadequate caloric intake
•• Deficiency of vitamins 
•• Iron deficiency (anemia)
•• Low weight before pregnancy
•• Low weight gain during pregnancy
•• Maternal malnutrition

Harmful substances

•• Alcohol 
•• Nicotine [85]
•• Drugs (eg, opiates, amphetamines, cocaine)
•• Pharmaceutical drugs:

−	 phenytoine, cyclosporine, anti-epileptic drugs [86,87]
−	 warfarin [49]
−	 glucocorticoids [88]
−	 immunosuppressive drugs [50]

Table 6.4  Maternal factors affecting fetal growth (continued).
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deliveries have confined placenta mosaicism (the cause of which remain 
unknown) [90,91].

Pregnancies with one umbilical artery may be associated with chromo-
some defects, IUGR, and increased fetal mortality [92,93]. Velamentous 
umbilical cord insertion occurs in 0.24–1.5% of all singleton pregnancies 
and is associated with circulating disturbances and IUGR [94]. Placenta 
and cord-related factors that may affect fetal growth are listed in Table 6.5.

Placentitis
Treponema pallidum (syphilis), Toxoplasma gondii, listeriosis, rubella, 
staphylococcus, streptococcus, enterococcus, Escherichia coli, Chlamydia 
trachomatis, and cytomegalovirus may infect the placenta through mater-
nal or fetal blood or an ascending infection, which is the most common 
route for intrauterine infections. Less commonly, infectious agents enter 
the uterus as a result of invasive procedures (eg, amniocentesis, fetoscopy, 
cordocentesis, chorionic villus sampling) or via the fallopian tubes from 
an infectious process in the peritoneal cavity.

Epidemiology
Low birth weight (including infants affected by SGA and IUGR) rates vary 
by country. For example, in the US, low birth weight occurs in approximately 
10% of all births and, of these, one-third constitute IUGR [35]. In Europe, 

Placental and cord-related factors affecting fetal growth

Cord anomalies

•• Single cord artery, abnormal cord insertion

Structural and functional anomalies of the placenta

•• Disturbed placenta (with or without uterine pathology)
•• Low placental weight and surface
•• Placenta previa, placenta velamentosa, placenta bilobata
•• Low located placenta
•• Placental hemangioma
•• Placental infarction
•• Focal placental lesions
•• Premature placental separation

Confined placental mosaicism

Infections

Table 6.5  Placental and cord-related factors affecting fetal growth.
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IUGR incidence in newborns occurs in 3–7% of total pregnancies [95]. 
For example, in Spain, IUGR occurs in approximately 5% of births, 
representing a progressively higher incidence during the last decade [95].

The rate of children born with a low birth weight is approximately 
six times higher in developing countries than in developed countries 
[96]. Low birth weight (as defined as <2500 g) affects 16.4% of all new-
borns born in developing countries (or about 20.5 million infants) each 
year [96,97]. According to de Onis et al, IUGR was reported to occur in 
about 24% of newborns in developing countries; thus, it is estimated that 
approximately 30 million infants suffer from IUGR every year [96,98]. 
The burden of IUGR is concentrated mainly in Asia (especially in the 
southern regions), which accounts for nearly 75% of all affected infants 
in developing countries; Africa and Latin America account for 20% and 
5% of IUGR cases, respectively [96]. For example, in India, low birth 
weight has been reported in 26% of births [98], while the proportion of 
IUGR has been found to be 54% of those born with a low birth weight 
[6,99]. The incidence of low birth weight in neighboring Pakistan has been 
estimated to be around 25% [96]. However, the true incidence of IUGR 
in South Asia is not currently known, as a majority of deliveries occur at 
home and approximately two-thirds of children are not weighed at birth 
[100–102]. Thus, these high rates may still potentially underestimate 
the true extent and magnitude of the problem. 

The observed IUGR and low birth weight rates in 17 datasets from 
developing countries, compared to the incidence of IUGR and low birth 
weight estimated using the regression model, shows that the incidence 
rate of IUGR without low birth weight is consistently higher than that 
of IUGR with low birth weight by a mean difference of approximately 
15% (95% CI). The mean IUGR rate in developing countries is 23.8%, 
ranging from 9.4% in China to 54% in India [99].

Intrauterine growth restriction sequelae
IUGR is associated with significant morbidity in the form of meconium 
aspiration syndrome, hypoglycemia, hyaline membrane disease, early 
onset sepsis, intrapartum asphyxia, stillbirth, and mortality during the first 
postnatal year [103,104]. Long-term effects include growth restriction in 
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children (if catch-up growth does not occur), detrimental neurodevel-
opmental progress, and pubertal disturbances. Long-term consequences 
of IUGR may last into adulthood and predispose individuals to develop-
ing metabolic syndrome, which can manifest as obesity, hypertension, 
hypercholesterolemia, cardiovascular disease, and type 2 diabetes, as 
well as emotional, behavioral, and social problems [105,106]. 
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Chapter 7

Obstetrical aspects
Ralf L Schild

Classification 
Being born small for gestational age (SGA) is classified as being born 
with a fetal weight or an abdominal circumference below the 10th 
percentile for gestational age [1]. In the past, a variety of cutoffs have 
been used, adding some uncertainty to the value of individual defini-
tions of SGA. Of note, the diagnosis of SGA does not allow a distinction 
between infants who are constitutionally small, growth-restricted and 
small, or growth-restricted but not small [2]. In general, up to 70% of 
infants are considered constitutionally small due to maternal ethnicity, 
parity, body mass index, and female gender, and thus are not at risk of 
increased morbidity and mortality [3]; it is important to realize that fetal 
size is not equivalent to fetal growth. Therefore, a single fetal biometry 
will not be able to reliably distinguish between SGA and intrauterine 
growth restriction (IUGR). 

Diagnosing fetal growth restriction
Work-up of a fetus suspected of being SGA should include a complete 
medical history and physical examination of the pregnant patient. Factors 
contributing to fetal growth disturbance include drug abuse, medication, 
tobacco use, and pre-existing maternal disease such as thrombophilia, 
all of which should be addressed. Importantly, accurate assessment 
of gestational age is critical to the diagnosis. The optimal method to 
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reliably determine gestational age is by first trimester fetal biometry 
via a transvaginal or transabdominal route. Several large studies have 
demonstrated that sonographic estimation of gestational age is superior 
to dating based on the last menstrual period [4–6].

A detailed fetal anatomic survey, including echocardiography, is 
recommended in all cases in order to rule out congenital anomalies 
(present in approximately 10% of pregnancies). Among the anomalies 
associated with fetal growth disturbance are severe heart defects, skeletal 
dysplasia, disruption of the abdominal wall, and diaphragmatic hernia. 
Polyhydramnios associated with IUGR is an ominous sign, as it strongly 
suggests fetal syndromes (ie, trisomy 18) [7]. Should the anatomic survey 
reveal suspicious findings, invasive fetal testing is often indicated to rule 
out underlying aneuploidy.

Two forms of fetal growth restriction have been described. First, the 
symmetric form, which is caused by early growth impairment and com-
prises 20–30% of all IUGR cases; second, the asymmetric form, which is 
characterized by a relatively greater decrease in abdominal size, develops 
late, and is responsible for 70–80% of cases [8]. To determine the degree 
of fetal growth disturbance, accurate estimation of fetal weight is the 
primary goal. However, fetal biometry is neither accurate nor reliable. 
A multitude of different formulas have been described and, in most equa-
tions, fetal measurements such as biparietal diameter, head circumfer-
ence, abdominal circumference, and femur length are incorporated, thus 
including two or more morphometric body measurements. 

In general, weight estimations are within 10% of the actual birth 
weight in 75% of patients in whom IUGR is suspected [9]. However, in a 
population of very low-birth weight (VLBW) infants, error rates of fetal 
weight determination were high, even in formulas specifically designed 
for this weight category [10]. Mongelli et al found a false-positive rate 
for IUGR in excess of 10% with biometry at 2-week intervals, increasing 
to higher rates late in the third trimester [11]. If regular fetal biometry 
is indicated for clinical reasons, the most recent measurement should be 
compared with the measurement taken 3 weeks previously, rather than 
the measurement taken the previous week [11]. Newer approaches have 
considered variables known to affect fetal weight, such as fetal gender, 
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maternal parity, ethnicity, height, weight, and age of the patient. When 
tested, these customized growth curves proved to be superior to popula-
tion-based weight centiles in identifying fetuses at risk of perinatal death 
and neonatal morbidity [12]. However, national guidelines on SGA are 
still characterized by noticeable variances in diagnosis and management, 
with only a few similar articles being cited by different committees [13].

Monitoring 
Doppler sonography is the most important non-invasive investigative tool 
used to diagnose IUGR and evaluate maternal and fetal hemodynam-
ics. A meta-analysis of randomized studies demonstrated a significant 
reduction in the number of antenatal admissions, inductions of labor, 
and caesarean sections for fetal distress in the Doppler group [14]. Also, 
the clinical action guided by Doppler ultrasonography of umbilical artery 
waveforms significantly reduced the odds of perinatal death [14]. 

Deterioration in venous Doppler parameters commonly occurs after 
changes on the arterial side. Measurement of flow parameters in the 
ductus venous was shown to be the best predictor of perinatal outcome. 
This measurement may be particularly useful in the prenatal manage-
ment of severe IUGR, improving perinatal outcome, even at an earlier 
gestational age at delivery [15]. Doppler velocimetry of the ductus venosus 
was able to identify preterm IUGR fetuses at high risk for adverse outcome 
(particularly stillbirth) at least 1 week before delivery, independent of 
the uterine artery waveform [16]. Conversely, normal venous Doppler 
parameters allow expectant management at an early gestational age, 
even if arterial Doppler values are already abnormal. Importantly, ges-
tational age greater than 27 weeks and 6 days provided the best predic-
tion of survival, and gestational age of 29 weeks and 2 days proved to 
be the best predictor of intact survival without major morbidity [17]. 

Conventional antepartum fetal heart rate monitoring has a high sensi-
tivity (but low specificity) in detecting fetal hypoxemia. The computerized 
cardiotocogram (cCTG) is able to determine fetal heart rate parameters, 
such as the short-term variation, that cannot be visually assessed but 
provide a more reliable prediction of fetal acidemia. The cCTG performed 
best when combined with venous Doppler [18].
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Timing of delivery
There is little consensus about the optimal timing of delivery of the growth 
restricted fetus [19]. The results of the TRial of Umbilical and Fetal FLow 
in Europe (TRUFFLE) study are eagerly awaited, as they may shed more 
light on this question [20]. The decision to choose expectant manage-
ment or to deliver depends on several key aspects such as gestational 
age, estimated fetal weight, Doppler flow parameters, antepartum fetal 
heart rate testing, associated maternal disease, and maternal medical 
history. The growth-restricted fetus should be delivered if the risk of fetal 
death exceeds the risk of neonatal death. Indications of impending fetal 
acidemia can be found in a negative A-wave of the ductus venosus and/
or a significantly reduced short-term variation in the cCTG. Importantly, 
if delivery has to be effected before 34 weeks of gestation, antenatal 
steroids should be given to reduce fetal morbidity and mortality. 

If IUGR is of mild severity and routine antenatal tests demonstrate 
no evidence of fetal compromise, delivery may be postponed until closer 
to term. However, preliminary work on mild IUGR suggests that the 
blood flow pattern in both the middle cerebral artery and the aortic 
arch isthmus may, if abnormal, indicate pregnancies at risk of adverse 
outcome (and thus requiring earlier delivery) [21]. The hypothesis behind 
this new evidence is that abnormal aortic isthmus impedance indices 
are an intermediate step between placental insufficiency-hypoxemia and 
cardiac decompensation [21].

Delivery method
IUGR may be associated with chronic oxygen and substrate depriva-
tion, which are held responsible for abnormal antepartum test results. 
Fetal heart abnormalities as related to hypoxia are higher than in the 
normal population. Nevertheless, spontaneous or induced labor may be 
safely allowed provided antenatal testing is reassuring and intrapartum 
monitoring is continuous. Immediate skilled neonatal care is required, 
as growth-restricted fetuses are at higher risk of neonatal morbidity 
and mortality.
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Chapter 8

Placental function in intrauterine 
growth restriction
Berthold Huppertz

Introduction
Appropriate fetal growth in utero depends on a variety of factors including: 
•	 paternally- and maternally-derived fetal genetic factors;
•	 maternal nutritional and hormonal factors; 
•	 uterine environment, including the placenta. 

An imbalance between paternal and maternal genetic factors, subopti-
mal nutritional supply from the mother to the fetus, and a dysregulation 
of placental development may all cause intrauterine growth restriction 
(IUGR). In the latter scenario, the placenta is the decisive organ between 
mother and fetus and brings the blood systems of both individuals in 
close vicinity to one another to insure appropriate nutrient and oxygen 
supply to the fetus.

Features of growth restriction 
IUGR affects approximately 5% of all pregnancies and is the second 
leading cause of perinatal mortality and morbidity [1,2]. As mentioned 
in previous chapters, there is often confusion between conditions affect-
ing fetal growth, leading to the terms small for gestational age (SGA) 
and IUGR being used synonymously. However, SGA is a ‘soft term’ that 
includes all newborns with a birth weight below the tenth percentile. 
A number of these babies have used their appropriate growth potential 
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and are genetically small, but otherwise normal [3]. By contrast, IUGR 
can be defined as a pathological subgroup within SGA: for all infants 
born SGA with a birth weight below the tenth percentile for gestational 
age, only 30% can also be classified as IUGR [4]. A clear delineation 
between SGA and IUGR was achieved by extending the definition of IUGR 
to include infants with a birth weight below the tenth percentile, as well 
as an abdominal circumference below the tenth percentile, or a longitu-
dinal decrease in the growth of the abdominal circumference of more 
than 40 percentiles independently from the age-specific size curve [5]. 

Additionally, typical features of IUGR, such as alterations of blood 
flow in the uterine and umbilical arteries are now also used to classify 
IUGR [5,6]. Blood flow alterations within the maternal uterine arteries 
have been attributed to an inadequate invasion and transformation of 
the downstream spiral arteries [5]. Hence, partial vasomotor control 
of these vessels by the mother remains and results in pulsatile flow of 
maternal blood towards the placenta [7]. Even more disadvantageous for 
fetal growth and overall well-being are alterations of blood flow within 
the umbilical arteries. Such changes may result in an increased systole/
diastole ratio in cases with still preserved end diastolic flow. Further 
alterations may lead to the absence of end diastolic flow velocity in these 
arteries or end diastolic flow may even be reversed [6]. The causes of 
such alterations of umbilical arterial blood flow include problems such 
as malformations of the villous tree, resulting in increased peripheral 
resistance of placental vessels.

Early trophoblast development
During human embryonic development the trophoblast lineage develops as 
the first cell lineage. First, trophoblast cells appear at the blastocyst stage 
with the trophectoderm covering the inner cell mass and the blastocyst 
cavity. During implantation, further differentiation of the trophoblast 
into the mononucleated cytotrophoblast and the multinucleated syncy-
tiotrophoblast is crucial for the invasion of the early embryo into uterine 
tissues. Both trophoblast subpopulations further develop into various 
subtypes (Figure 8.1), establishing all trophoblast populations necessary 
for proper placental and fetal development. The two major subpopulations 
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of the trophoblast during pregnancy are the villous trophoblast and the 
extravillous trophoblast. The villous trophoblast is the epithelial cover of 
all placental villi and constitutes the placental barrier. The extravillous 
trophoblast is found outside the placental villi, mostly in the placental 
bed. Here this subpopulation invades the uterine wall and transforms 
the spiral arteries according to the needs of the growing fetus.

Extravillous trophoblast invasion
During the early stages of placental development, trophoblastic cell 
columns develop at the tips of anchoring villi (Figure 8.2). Here the 
subset of trophoblasts in direct contact to the villous basement membrane 
proliferates and is the source of all extravillous trophoblasts invading 

Figure 8.1  Development of the trophoblast lineage. The diagram displays the development 
of the trophoblast from the first appearance at the blastocyst stage to the subtypes of villous 
and extravillous trophoblast. On the left and right, the time of appearance can be found with 
day post-conception on the left and week post-menstruation (pm) on the right. The numbers in 
colored boxes indicate the putative insults or dysregulation of trophoblast development causing 
IUGR and/or preeclampsia: 1, Very early defects will affect all trophoblast subtypes and cause 
IUGR and preeclampsia; 2, Defects of the extravillous trophoblast, even just in certain subtypes 
of this population, will cause idiopathic IUGR. Defects in the cytotrophoblast, rather than only 
the extravillous trophoblast, may cause idiopathic IUGR; 3, Defects in the development of the 
syncytiotrophoblast at various stages will cause preeclampsia. IUGR, intrauterine growth restriction.

Development of the trophoblast lineage

[Insert Figure 8.1 – to be supplied]
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into maternal tissues. As soon as the trophoblasts lose contact with the 
basement membrane, they also lose their proliferative capacity and dif-
ferentiate towards an invasive phenotype. From the cell columns, the 
extravillous trophoblasts invade into the decidual stroma; this is why 
they are termed ‘interstitial trophoblasts’ (Figure 8.2). Alternative routes 
of interstitial trophoblast invasion exist, all of which are important for 
appropriate fetal growth. Interstitial trophoblasts may remain interstitial 
and invade maternal tissues down to the inner third of the myometrium, 
invade uterine glands and become endoglandular trophoblast, or invade 
spiral arteries. In the latter case, they first differentiate into intramural 
trophoblasts in the vessel walls and then further differentiate into endo-
vascular trophoblasts at the inner surface or in the lumen of the arteries. 
The pathway of choice may be chosen at different depths of invasion as 
depicted in Figure 8.2.

Figure 8.2  Schematic representation of extravillous trophoblast invasion into maternal 
tissues at the beginning of the second trimester of pregnancy. 1, Anchoring villi are attached 
to the decidua by trophoblast cell columns, which are the source of all extravillous trophoblasts; 
2, As soon as invasive interstitial trophoblasts detach from the cell columns, they start invade into 
the decidual stroma, finally reaching the inner third of the myometrium. Alternative routes of 
invasion originating from the interstitial trophoblast go towards uterine glands; 3, endoglandular 
trophoblast, or towards spiral arteries; 4, intramural trophoblast; 5, endovascular trophoblast.

Schematic representation of extravillous trophoblast invasion into 
maternal tissues at the beginning of the second trimester of pregnancy

[Insert Figure 8.2 – to be supplied]
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Transformation of spiral arteries by extravillous 
trophoblast invasion
Three stages of spiral artery transformation have been identified that 
subsequently enable adequate supply of the placenta and fetus: 

Stage 1: Vascular changes within the uterine wall independent of 
trophoblast invasion. Maternal vessels within the uterine walls are ini-
tially modified by the mother as soon as she becomes pregnant. Such 
modifications comprise widespread perturbations of the spiral arter-
ies, vacuolation, and basophilia of the endothelium, disorganization of 
the vascular smooth muscle cells, and dilation of the vessel lumen [8]. 
These vessel modifications occur throughout the whole uterus and are 
not directly linked to trophoblast invasion [8].

Stage 2: Remodeling of spiral arteries by interstitial trophoblasts 
in close vicinity to the vessel wall. This step has been described in the 
guinea pig and is anticipated to occur in the human as well [9–11]. Those 
interstitial trophoblasts that come into close vicinity to spiral arteries 
secrete factors such as nitric oxide to further remodel the vessel wall 
and to widen the lumen. Additionally, these secreted factors further 
reduce the number of smooth muscle cells in the vessel wall,leading to 
the deposition of fibrinoid in the media prior to infiltration by endomural 
trophoblasts. Hence, this step comprises changes of cell numbers and 
extracellular matrix composition in the vessel walls [12].

Stage 3: Infiltration of the vessel wall and establishment of the 
endovascular trophoblast. After priming the walls of the spiral arteries, 
intramural trophoblasts infiltrate the vessel wall and further reduce the 
number of smooth muscle cells and elastic fibers [13,14]. The lumen 
of the spiral arteries now becomes dilated, reaching several times the 
original diameter of the untransformed spiral artery [15–17]. The intra-
mural trophoblasts finally reach the endothelial basement membrane, 
pass this layer, and replace the endothelial cover of the vessels. These 
vessels are now lined by endovascular trophoblasts that start to crawl 
along the endothelial lining to further replace this layer. By means of 
deep interstitial trophoblast invasion and subsequent infiltration of 
vessels, trophoblasts transform spiral arteries down to the inner third 
of the myometrium.
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Invasion of intramural and endovascular trophoblasts is a crucial step 
to convert maternal spiral arteries into large-bore conduits that mediate 
the adequate supply of oxygen and nutrients to the placenta and thus the 
fetus [17,18]. This supply of oxygen and nutrients is only established at 
the end of the first trimester [19]. During the first 10–12 weeks of gesta-
tion, endovascular trophoblasts not only replace the endothelial lining of 
spiral arteries but generate large aggregates of cells that plug up the vessel 
lumen. By this means, no maternal blood cells can enter the intervillous 
space and the placental villi are submerged by a lake of plasma, ultrafil-
trated by the trophoblast aggregates in the lumen of the spiral arteries. 
Adequate nutrition of the embryo during the first trimester of pregnancy 
is supplied by plasma and secretion products of the uterine glands (histio-
trophic nutrition), which are eroded by endoglandular trophoblasts [20] 
and opened towards the intervillous space [19,21]. After 10–12 weeks 
of gestation, the plugs of endovascular trophoblasts become permeable 
and only now can maternal blood cells enter the intervillous space and 
establish the maternal blood flow to the placenta (hemotrophic nutrition).

Thus, during the first half of pregnancy, uterine spiral arteries within 
the placental bed go through a series of pregnancy-specific modifications 
comprising: 
•	 replacement of smooth muscle cells in the vessel media by 

endomural trophoblast and loss of vasomotor control; 
•	 degradation of elastic fibers and loss of elasticity; 
•	 widening into dilated, incontractile tubes; and
•	 replacement of endothelial cells by the endovascular 

trophoblast [22]. 
Transformation of spiral arteries results in a dramatic decrease in the 
velocity of blood flow towards the intervillous space from 1–2 m/s to 
approximately 10 cm/s and only has a modest impact on total blood 
volume flowing into the placenta [7]. At the same time, loss of maternal 
vasomotor control, as well as loss of contractility, assures sufficient blood 
supply from the mother to the placenta at any time [10,17]. Transformation 
of maternal uterine spiral arteries into uteroplacental vessels is vital for 
normal fetal growth and development.
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Intrauterine growth restriction and alterations of 
trophoblast and placenta
Due to the close correlation between abnormal uterine artery Doppler 
waveforms and development of IUGR, there is general agreement that 
IUGR is directly linked to impaired trophoblast invasion and subsequent 
failure of transformation of spiral arteries. 

Alterations of the extravillous trophoblast
The link between inadequate trophoblast invasion and IUGR with preec-
lampsia was first reported in 1972 [23]. Since then, trophoblast inva-
sion has remained one of the major foci in placental research. Today, it 
is generally accepted that in cases with IUGR, it is mostly the invasion 
of the spiral arteries rather than the general interstitial invasion that 
is affected. In cases with IUGR, the interstitial trophoblast is reduced 
in number, but apoptosis is not increased. By contrast, the intramural 
and endovascular trophoblast are not only reduced in number but also 
show significantly increased rates of apoptosis [24]. Reduction of both 
trophoblast subtypes can explain why the respective vessels show a 
constricted lumen compared to normally invaded vessels. Moreover, 
maternal macrophages in close vicinity to intramural trophoblasts 
may further decrease the number of trophoblasts by secretion of tumor 
necrosis factor-alpha and indolamine-2,3-dioxygenase, a tryptophan 
degrading enzyme [25].

Besides this impaired invasion into the decidua, deep invasion into the 
inner third of the myometrium is reduced in cases with IUGR, especially 
into the walls of spiral arteries in this area. Here, a highly contractile 
segment of the spiral arteries can be found, which is inactivated during 
normal invasion. In IUGR, this segment is still active, causing sponta-
neous vasoconstrictions and intermittent, rather than uninterrupted, 
perfusion of the placenta [7]. It has to be stressed that the aforemen-
tioned observations have been seen in the placental bed after delivery 
[7]. We can only speculate on the causes and pathways that lead to these 
changes, but clear observations on how these alterations developed are 
not yet available.
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Effects of alterations of trophoblast invasion
In a normal pregnancy, only the final endings of the spiral arteries are 
widened, while the deeper parts of the uterine arterial system remain 
unchanged. The major effect of this widening is to reduce the velocity of 
blood flow into the placenta by a factor of 100–200, to velocities of about 
10 cm/s. Under such conditions, maternal blood enters the intervillous 
space uninterrupted and with a laminar flow [7].

Interestingly, impaired invasion of spiral arteries by extravillous tropho-
blasts in IUGR only has a modest impact on the blood volume flowing into 
the placenta [7]. Accordingly, the availability of nutrients and oxygen in 
the intervillous space should not be different compared to normal blood 
flow. Hence, placental hypoxia cannot be deduced from such a flow 
pattern [26]. At the same time, problems in fetoplacental circulation can 
still cause fetal hypoxia without any signs of placental hypoxia.

Impaired invasion of the uteroplacental arteries causes a dramatic 
increase in the velocity of maternal blood flowing into the intervil-
lous space, reaching a speed of 1–2 m/s [7]. In this scenario, maternal 
blood enters the intervillous space with high speed and a turbulent flow 
pattern. This change in flow velocity has dramatic consequences for the 
villous trees.

Damage of the villous architecture 
The epithelial cover of the floating villi (villous syncytiotrophoblast) is 
a very fragile layer and may be damaged by the high velocity of blood 
in direct contact with this layer. This damage can be visualized after 
delivery by a thickening of the villous basement membrane, increased 
deposition of fibrin-type fibrinoid, and villous infarction [27].

Rupture of anchoring villi 
In the presence of an increased velocity of maternal blood flowing 
into the placenta, it is thought that anchoring villi break off from the 
decidua and the respective trophoblast cell columns disintegrate [Ref??]. 
Destruction of the cell columns subsequently results in a reduction in the 
pool of extravillous trophoblasts and may explain the reduced number 
of interstitial trophoblasts at delivery.
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Increased peripheral resistance in placental vessels
The increased velocity of maternal blood flow into the placenta also 
leads to a partial increase in pressure in the intervillous space, which 
will have an impact on the fragile placental villi; their capillary system 
cannot withstand the increased pressure and thus will reduce in width. 
This causes increased peripheral resistance in the placental vasculature, 
which may have an adverse impact on the fetal vascular system [Ref??]. 
This may result in reduced flow in the umbilical arteries, which is a 
common feature associated with IUGR.

Alterations of the villous trophoblast in intrauterine 
growth restriction
On the level of the villous cytotrophoblast, IUGR cases show significant 
differences compared to age-matched controls in terms of total cyto-
trophoblast volume, total number of cytotrophoblasts, and total number 
of Ki-67 positive cytotrophoblasts as a measure of cytotrophoblast pro-
liferation [28]. Hence, the villous cytotrophoblast shows obvious altera-
tions in cases of IUGR.

In cases of IUGR, the lower number of villous cytotrophoblasts 
directly affects the syncytiotrophoblast by reducing its volume and 
total number of nuclei. Interestingly, the aforementioned alterations are 
not present in cases of pure preeclampsia [28]. Such defects in villous 
trophoblast growth may have an impact on the transport of nutrients 
from maternal to fetal blood. Also, the increased velocity of maternal 
blood passing the placental villi may reduce the ability of the trophoblast 
to take up a sufficient amount of nutrients to guarantee an appropriate 
feeding of the fetus.

It still needs to be clarified if the alterations found in the villous 
trophoblast are direct effects of idiopathic IUGR and represent a defect 
in the development of the trophoblast lineage. The alternative explana-
tion would favor a secondary impact due to the alterations of blood flow 
in the intervillous space as described above. The second scenario would 
place an impact on the development of only the extravillous trophoblast 
and a subsequent impact on the villous trophoblast due to changes in 
blood flow.
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Alterations of the placenta in intrauterine growth restriction
Placentae from healthy controls and placentas from patients with pure 
preeclampsia do not differ in regards to total placental volume and total 
volume of all placental villi [29,30]. Also, the volumes of specific types of 
villi (eg, stem, intermediate, and terminal) do not show any significant 
differences. By contrast, in idiopathic IUGR cases, all of the above values 
are significantly reduced. The placentae are smaller, there are less and 
smaller villi, and there is a trend towards more fibrinoid deposition in 
the placenta, indicating more damage to the tissues [28–30].

Placental origins of intrauterine growth restriction 
and preeclampsia 
Dysregulation at various stages of development of the trophoblast and its 
subtypes, may result in an inadequate differentiation of the respective 
subtype (Figure 8.1). Dysregulation during the early establishment of 
the trophoblast lineage will have an impact on all subpopulations of the 
trophoblast, especially villous and extravillous trophoblasts (Figure 8.1). 
Alterations may already occur prior to blastocyst formation (ie, on the level 
of sperm and/or egg, zygote, or the first blastomeres prior to development 
of the morula), or at the time of blastocyst formation. Dysregulation of 
trophoblast differentiation may also occur slightly later when the first 
cytotrophoblasts are formed, which subsequently develop into villous 
and extravillous cytotrophoblasts. In all of these scenarios, any major 
dysregulation of trophoblast development will have an impact on placental 
development as a whole. Accordingly, the result may be a combination of 
preeclampsia and IUGR and could explain the severe early onset cases 
of patients suffering from both preeclampsia and IUGR. 

Dysregulation of the extravillous pathway of trophoblast development 
may lead to idiopathic IUGR (Figure 8.1). In this scenario, trophoblast 
invasion is inadequate and transformation of spiral arteries may not be 
sufficient. This alteration may only occur on the level of the subtype 
of endomural/endovascular trophoblast, while the other subtypes of 
extravillous trophoblast may not show major alterations. Hence, the 
typical features of IUGR − failure of trophoblast invasion and missing 
transformation of the uterine arteries − could be explained with this 



Placental func tion in intrauterine grow th restric tion • 93

scenario. In Figure 8.1, one defect causing IUGR is labeled with a ques-
tion mark. This is to illustrate that it is not clear yet whether there is 
general defect of the cytotrophoblast subpopulation in IUGR or whether 
only the extravillous type of trophoblast is affected.

Dysregulation of the villous pathway of trophoblast development 
may lead to preeclampsia (Figure 8.1). Dysregulation of villous syncy-
tiotrophoblast during early stages of gestation may result in malfunc-
tion and abnormal turnover, resulting in the discharge of nonapoptotic 
(ie, necrotic or aponecrotic) trophoblastic particles that are already 
affecting the mother at this stage of pregnancy [31,32]. Quantification 
of the preeclampsia-specific biomarker placental protein 13 (PP13) has 
revealed that alterations in serum PP13 can be detected at 7 weeks 
gestation [33]. In this scenario, only the villous trophoblast is affected, 
resulting in the initiation of an inflammatory response in the mother and 
thus, the clinical symptoms of preeclampsia. The extravillous pathway 
of trophoblast development is not affected in preeclampsia, since only a 
small subset of preeclampsia cases (ie, less than 20%) are further affected 
by IUGR and inadequate trophoblast invasion [Ref??].

Conclusion 
IUGR remains a major cause of fetal mortality and morbidity during preg-
nancy. It appears that dysregulation in the development of the extravil-
lous trophoblast can explain most of the placental alterations that are 
typical for idiopathic IUGR. At the same time, it has become clear that 
IUGR and preeclampsia are indeed different entities that may occur at 
the same time, placing an even stronger burden on mother and baby. A 
thorough analysis and comparison of both syndromes is mandatory to 
decipher the different etiologies of preeclampsia and IUGR.
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Introduction 
Our understanding of the function (and dysfunction) of the human pla-
centa, a complex organ that is needed for only a relatively short period 
of time, is still incomplete. Historically, in some cultures, it was thought 
that parts of the human soul survived in placental tissue, giving rise 
to traditions such as ceremonial placental burials in various cultures 
around the world throughout history, including China, ancient Palestine, 
the aborigines in Australia, and across Europe [2]. It was not until the 
18th century that the unit connecting the mother and fetus started to be 
scientifically evaluated [3] and the exact role of the placenta in the trans-
port of oxygen, nutrients, and waste products was not fully understood 
until the 20th century. 

During the last few decades, scientists have further evaluated placental 
function and have been able to demonstrate a close interaction between 
the placenta and the fetus [4–6]. It was discovered that the placenta 
supplies the fetus with nutrients and oxygen from the mother, whereas 
fetal and maternal genomes control placental transport capacity and 
supply of nutrients. There may also be a permanent exchange of signals 
between fetus and placenta to ensure synergy between both systems. 
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Intrauterine growth restriction and 
perinatal programming
Traditionally, the term small for gestational age (SGA) has been used to 
describe a fetus or a neonate whose birth weight and/or birth length is 
below the third percentile or greater than two standard deviations below 
the mean for the infant’s gestational age and sex. By contrast, intrauterine 
growth restriction (IUGR) implies an underlying pathological process that 
prevents the fetus from achieving its growth potential. Among the various 
causes of growth restriction, placental dysfunction associated with poor 
placental perfusion and hypoxia is one factor for idiopathic IUGR [7].

Low birth weight has been associated with an increased risk for short 
stature, insulin resistance, childhood obesity, premature adrenarche, 
hypertension, and renal disease [8–10]. The process leading to these 
diseases in later childhood and/or adulthood is known as fetal program-
ming [11]. The concept of fetal programming implies that metabolic 
alterations in the fetal milieu might influence the regulation of endocrine 
function later in life [11]. In IUGR, an adverse intrauterine environment 
seems to trigger adaptations that improve fetal survival [12]. If prenatal 
and postnatal environments are discrepant, these adaptations become a 
disadvantage and may lead to diseases related to the metabolic syndrome 
in adult life [13]. In this context, environmental changes leading to per-
sistent alterations in the fetus should also be reflected in the placenta. 
Therefore, the analysis of placental tissue, which is completely accessible 
after birth, could help to predict disorders later in life. 

Generally, there are the principle way of getting assessing placental 
endocrine function with possible relevance for the fetus is an examination 
of maternal serological markers during pregnancy, which can be used to 
reflect placental pathology (eg, the evaluation of angiogenic factors may 
help to predict the risk of evolving preeclampsia) and possible secondary 
fetal involvement.

Disease prediction
Oxygen deprivation and disease
One of the most serious birth complications is prenatal oxygen deprivation 
to the fetus (prenatal asphyxia), which may lead to hypoxic ischemic 
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encephalopathy (HIE). The least severe grade of HIE (HIE I) only lasts 
for several hours to a few days, whereas the most severe grade (HIE III) 
can lead to serious sequelae such as cerebral palsy [14]. At present there 
are no parameters at birth that allow for a reliable prediction of health 
outcome after asphyxia. In view of the ever-increasing therapeutic options 
for HIE, a prediction of the outcome is of paramount importance [15]. 
Because the placenta is responsible for transporting oxygen from mother 
to fetus, it is possible that the placenta will reflect, at least partly, oxygen 
deprivation experienced by the fetus.

In this context, two factors counteracting the harmful consequences 
of oxygen deprivation in the placenta – adrenomedullin and vascular 
endothelial growth factor – have been shown to be predictive for the 
development of cerebral palsy [16–18]. Moreover, hypoxia inducible 
transcription factor (HIF)-dependent genes, immediate early genes, 
apoptosis-promoting factors, genes involved in angiogenesis/cell dif-
ferentiation, mRNA processing, and embryonic development have been 
identified as early indicators of fetoplacental tissue hypoxia [Refs???]. 

In this respect, early hypoxia-induced genomic response by the 
placenta mirrors that of a developing brain in a (temporarily) parallel 
manner [19]. Therefore, early determination of these and other factors 
in the placenta may allow for an early identification of neonates at risk 
and early commencement of adequate treatment and intervention.

Intrauterine growth restriction and disease
Another frequent fetal complication is IUGR. For a number of years, 
predictors for evolving IUGR have been successfully described [20–22]. 
Preeclampsia, a serious complication during pregnancy, can now be 
partially predicted by laboratory tests that measure angiogenic factors 
in maternal serum or urine [23,24]. With regard to the fetus, associated 
IUGR can also be predicted in some cases [25].

This is significant because IUGR is not only associated with an 
increased risk for perinatal morbidity and mortality, but can also lead 
to short stature, metabolic and cardiovascular disorders, increased hypo-
thalamic-pituitary-adrenal axis reactivity, and increased anxiety-related 
behavior in adult life [8,9,26,27]. In this respect, it is now well-recognized 
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that the central role of the placenta in the early programming process 
is to moderate fetal exposure to maternal factors [11]. Thus far, various 
placental endocrine regulators have been linked to IUGR including leptin, 
11ß-hydroxysteroid dehydrogenase type 2 (11b-HSD2), and insulin-like 
growth factor-binding protein-1 (IGFBP-1) [28–31]. However, differences 
in gene expression were dependent on the placental sampling site [32]. 

Although current research is focusing on potential mechanisms and 
development of metabolic disorders after IUGR, major questions remain: 
•	 Are patients at risk of developing a disease that is directly 

associated with an adverse intrauterine environment? 
•	 Could infants profit from close monitoring of their prenatal and 

postnatal health status? 
•	 Are there options to prevent potential disease? (Figure 9.1).

The concept of predicting diseases later in life on the basis of the feto-
placental unit involves assuming that adverse environmental conditions 
for the fetus are prevalent in the placenta and the fetus at the same time. 

Role of the placenta in disease prevention and prediction
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Figure 9.1  Role of the placenta in disease prevention and prediction. Reproduced with 
permission from Dötsch J et al [1].
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Disease-predisposing alterations in the fetus are therefore reflected by the 
placenta. Placental tissue is available for the detection of these changes 
(while fetal tissue is not). 

Alterations of essential regulatory processes that may lead to meta-
bolic disease in adult life have been found to be present as early as 
childhood. For example, children born SGA with spontaneous catch-up 
growth showed a hyperinsulinemic and hypoadiponectinemic variant of 
visceral adiposity (without being overweight) by the age of 6 years, which 
predisposes a patient to develop diabetes mellitus [33]. Additionally, 
children born SGA have been found to have aggravated visceral adipos-
ity and hypoadiponectinemia between 6–8 years of age [34]. However, 
it is still unknown whether an individual growth-restricted newborn 
baby will have a higher probability of developing metabolic disease 
later in life.

Prediction of later disease via placenta analysis
Based on the hypothesis of alterations in fetal programming, a prospec-
tive multicenter study (Fetal programming-Intrauterine growth restric-
tion-Placenta Study [FIPS]) has been established to identify placental 
genes that are predictive for the development of obesity and metabolic 
disorders after IUGR [32]. As IUGR is diagnosed by anomalous pla-
cental Doppler velocimetry (in addition to low birth weight), all IUGR 
pregnancies in the FIPS study have experienced placental insufficiency 
[32]. In annual follow-up examinations, clinical and biochemical char-
acteristics of the enrolled infants (especially with regard to childhood 
obesity, growth failure, hypertension, kidney function, and glucose tol-
erance) were monitored until the age of 6 years (Figure 9.2). The data 
were then related to placental regulating systems that may have been 
altered during intrauterine nutrient deprivation. It remains to be seen 
whether certain markers turn out to be predictive of later health. One 
first hint at the potential usefulness of this concept is the observation 
that the enzyme 11b-HSD2 (which converts active cortisol into inactive 
cortisone) is inversely correlated with growth velocity in the first year 
of life after IUGR [35].
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Conclusion
The information provided by the placenta may act as a mirror for intrauter-
ine life and may have the potential to reflect future disease-predisposing 
conditions. An early revelation of the placental biochemical properties 
might even help to prevent certain diseases in later life. 
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Chapter 10

The role of genetics and 
epigenetics in growth restriction
Thomas Eggermann 

Introduction
Human growth is a complex process, with both genetic and environmental 
factors thought to contribute in equal parts. Intrauterine growth is char-
acterized by a high rate of cell division and differentiation, while post-
natal growth mainly consists of cell expansion. Differentially expressed 
hormones and a complex interaction of growth factors are responsible for 
regular intrauterine cellular proliferation and differentiation, whereas 
systemic acting hormones such as growth hormone (GH) regulate post-
natal growth. In both prenatal and postnatal growth, genetic factors and 
predispositions play a pivotal role.

The following chapter is a review of fetal genetic factors that influ-
ence intrauterine growth and its disturbances. This chapter will provide 
the reader with an introduction to this complex and dynamic field, with 
a recommendation for consulting the Online Mendelian Inheritance in 
Man database (www.ncbi.nlm.nih.gov/omim) and other public databases 
for further comprehensive information [1].

Genetic determinants of fetal growth
The determinants influencing fetal growth can be separated into two 
groups: maternal and fetal. Approximately 50% of fetal growth factors are 
regarded as ‘maternal determinants’, which can be traced to exogenous, 
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genetic predisposition, or maternal diseases that affect the fetal growth [2]. 
Genetic maternal-effect factors include diabetes and preeclampsia, both of 
which have been associated with intrauterine growth restriction (IUGR) 
[3,4]. For instance, several studies indicate a profound contribution of 
genetic predispositions to the etiology of preeclampsia [5–7]. 

Among fetal determinants, genetic disturbances are the main causes 
of IUGR. The general influence of genetic predisposition to intrauterine 
growth and end-height of an individual can be seen in twin studies, which 
indicate that 70–90% of end-height measurements can be attributed to 
familial height measurements [8–10]. Familial height should also be con-
sidered when comparing biometry results at birth. Three types of genetic 
disturbances in IUGR (and postnatal growth) have been identified, but 
the transitions between them are often fluid [Ref??]:
•	 submicroscopic chromosomal disturbances;
•	 monogenic causes for IUGR;
•	 epigenetic alterations.

Chromosomal disturbances
In general, growth disturbances are an unspecific feature of chromosomal 
aberrations. Up to 40% of children with numerical and structural aberra-
tions show an IUGR; conversely, in 10% of fetuses with IUGR, chromosomal 
disturbances can be detected [Ref??]. The majority of human chromo-
somal aberrations are associated with IUGR (Table 10.1). Therefore, IUGR 
that is associated with further fetal malformations provides evidence for 
a fetal chromosomal imbalance. 

Until recently, standard cytogenetic karyotyping was indicated [by 
whom?] in children exhibiting intrauterine and/or postnatal growth 
restriction, congenital malformations, craniofacial dysmorphisms, and 
mental retardation. However, with conventional karyotyping, only aber-
rations of less than five megabases (Mb) become visible due to limited 
microscopic resolution. Therefore, many smaller chromosomal rear-
rangements can remain undetected. With the development of molecular 
high-resolution techniques (eg, array comparative genomic hybridization, 
single nucleotide polymorphism arrays), a fine resolution down to several 
kilobases is possible (Figure 10.1).
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Several new microdeletion syndromes have been identified using 
genomic array technology [11], but the search for genomic imbalances 
has nearly always been focused on patients with mental retardation 
and facultative clinical features. In a recent patient cohort, up to 19% of 
patients showed a pathogenic copy number variation [12]. The need to 
screen patients (prenatally) with growth restriction, but without mental 
retardation, for submicroscopic chromosomal imbalances was recently 
illustrated by the identification of patients with Silver-Russell syndrome 
features carrying deletions or duplications of 1.1Mb–2.7Mb [13,14].

Molecular karyotyping should be considered in cases with preexist-
ing and persisting postnatal growth restriction and only minor dysmor-
phisms (ie, without mental retardation). In addition to the confirmation 
of a clinical diagnosis, the identification of chromosomal imbalances is 

Examples of chromosomal aneuploidies and structural aberrations 
associated with intrauterine growth restriction

Syndrome Localization
Conventional 
cytogenetic findings*

Only detectable 
by microarray*

Cornelia de  
Lange-Syndrome

3q26.3 Selection, translocation, 
duplication

In some cases

Wolf-Hirschhorn 
syndrome

4p16.3 Deletion In some cases

Cri-du-Chat syndrome 5p Deletion In some cases

Silver-Russell syndrome 7p12-p14 
11p15

Duplications In the majority 
of cases

Williams-Beuren 
syndrome

7q11.2 – Microdeletion

12q14 microdeletion 
syndrome

12q14 – Yes

Pätau syndrome 13 Trisomy 13 No

Prader-Willi syndrome 15q11-q12 Deletion In some cases

IGF-1R deletion 15q26.3 Ring chromosomes Microdeletion

18p- syndrome 18p Deletion In some cases

18q- syndrome 18q Deletion In some cases

Edwards syndrome 18 Trisomy 18 No

Down syndrome 21 Trisomy 21 No

Turner syndrome X Monosomy X; 45,X No

Table 10.1  Examples of chromosomal aneuploidies and structural aberrations associated 
with intrauterine growth restriction. *Depending on the size (<5 megabases) of the aberrant 
fragment the aberration might not be detectable by conventional cytogenetics.
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important for genetic counseling. Many chromosomal imbalances are 
associated with structural imbalances and might have been inherited 
from a chromosomally-balanced parent. In these families, a predispo-
sition for a structural chromosomal aberration can be delineated and 
appropriate risk figures can be calculated [15].

Monogenic causes of intrauterine growth restriction
Whereas the influence of chromosomal disturbances on fetal growth 
is well known, only a limited number of reports exist that describe 
mutations in single genes associated with IUGR and postnatal growth 
restriction (Table 10.2). 

Less than 1% of children under the third percentile for height carry 
mutations in the members of the GH−insulin-like growth factor 1 
(IGF-1) axis (or have a GH deficiency) [Ref??]. Mutations have been 
described in the genes that encode growth factors and their receptors, 

Figure 10.1  Example of molecular karyotyping by using the Affymetrix 
GenomeWideSNP_6.0 array. A, Schematic presentation of the copy number segments; 
B, Illustration of the copy number state; C, Intensity of signal markers in the affected area; 
D, Overview on the genes in the affected 12q14 region; E, List of Online Mendelian Inheritance 
in Man disorders localized within the region 12q14; F, Marker coverage of the used array system; 
G, Physical position and chromosomal band at 12q14. [Source?].

Example of molecular karyotyping by using the Affymetrix 
GenomeWideSNP_6.0 array
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as well as in proteins which regulate the expression of growth factors 
(eg, pituitary-specific positive transcription factor 1, prophet of PIT1) 
[16,17]. However, mutations in these genes are rare and have only been 
reported in single patients. Therefore, it was surprising that mutations 
in the short stature homeobox gene (SHOX) gene, which were initially 
identified in syndromic growth retardation, were observed to contribute 

Examples of single gene defects/monogenic disorders associated with 
intrauterine growth restriction

Gene
Chromosomal 
localization Patient group

Pituitary-specific transcription 
factor 1

3p11 Combined pituitary hormone deficiency

Homeobox gene expression in 
embryonic stem cells

3p21 Combined pituitary hormone deficiency 

Prophet of PIT-1 5q31.2 Combined pituitary hormone deficiency

Growth hormone receptor 5p13 Laron syndrome

Growth-hormone- releasing 
hormone receptor

7p14 Single families

LIM homeobox 3 9q34 Combined pituitary hormone deficiency

High-mobility group AT-hook 2 
(HMGA2)*

12q14 Intrauterine growth restriction

Postnatal growth restriction

Further features

Insulin-like growth factor 1 
(IGF-1)

12q22 Intrauterine growth restriction

Postnatal growth restriction

Sensorineuronal deafness

Mental retardation

Insulin-like growth factor 1 
receptor

15q25 Intrauterine growth restriction

Postnatal growth restriction

Growth hormone 1 17q23 Isolated growth hormone deficiency, 
Typ IA, IB, II

Short stature homeobox gene 
(SHOX)

Xp22.3 Isolated intrauterine growth restriction

Small for gestational age 

Postnatal growth restriction

Turner syndrome

Léri-Weill dyschondrosteosis

Langer mesomelic dysplasia

Table 10.2  Examples of single gene defects/monogenic disorders associated with 
intrauterine growth restriction. The order of genes corresponds to their chromosomal 
localization. Generally, these monogenic disorders are rare (except SHOX mutations). 
*The phenotype of HMGA2 deletion carriers depends on extent of the 12q14 microdeletion. 
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to a significant proportion of idiopathic short stature [18]. These distur-
bances (eg, deletions and point mutations resulting in SHOX haploinsuf-
ficiency) account for 2% of children with short stature and are found 
in 1 in 2000 children. For the sake of comparison, it should be noted 
that classic GH deficiency is present in 1 in 3500 children, and Turner 
syndrome in 1 in 2500 girls [18]. SHOX testing should be considered in 
children with low biometric parameters at birth but within the lower 
normal range (eg, not with severe IUGR), those with short stature that 
persists in later life, and a positive family history [19].

Evidence for a further genetic contribution to IUGR and postnatal 
growth restriction (PNGR) have been obtained in a study that conducted 
a detailed molecular analysis of patients with different microdeletions in 
chromosome 12q14 [20]. While the extent of the deletion and the clinical 
course was different, all patients sharing deletions of the HMGA2 gene 
were prenatally and postnatally growth-restricted, thus confirming the 
role of this gene in human growth [20]. However, point mutations in 
HMGA2 have not yet been reported [14].

Consistent with the situation in chromosomal aberrations, the iden-
tification of a genomic mutation causing a clinical phenotype and its 
significance for the carrier and their family makes genetic counseling of 
the patient and close relatives necessary, as many of the known mutations 
are inherited and therefore specific risk figures can be delineated. 

Epigenetic influences on human growth
Central members in the growth factor axis are regulated epigeneti-
cally (eg, by insulin-like growth factor 2, growth factor receptor-bound 
protein 10) and thereby reflect the importance of imprinting for correct 
mammalian ontogenesis. These so-called ‘imprinted’ genes are expressed 
on only one chromosome from one parent. Generally, paternally-expressed 
genes enhance fetal growth, whereas maternally-expressed genes sup-
press it. Based on this observation, a genetic conflict theory has been 
hypothesized [20] to explain the evolution of imprinted paternally-
derived genes that aim to extract more resources from the mother, 
whereas maternally-derived genes balance the nutrient provision to the 
current fetus with that of potential future fetuses from the same mother. 
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With the identification of human diseases caused by epigenetic mutations, 
the significance of a balanced expression of imprinted genes becomes 
obvious. In these imprinting disorders, different classes of mutations 
can be observed. In addition to classical genetic mutations such as dele-
tions/duplications and point mutations, aberrant methylation patterns at 
the regions regulating the expression of genes or uniparental disomies 
contribute to the mutation spectrum.

Silver-Russell syndrome
The majority of congenital imprinting disorders are characterized by dis-
turbed growth; among them, Silver-Russell syndrome (SRS) is the most 
prominent growth restriction syndrome with epigenetic mutations [21]. 
SRS is a clinically and genetically heterogeneous disorder that is mainly 
characterized by severe IUGR, PNGR, and a small triangular face [21]. 
The disease is also associated with a failure to thrive and additional dys-
morphic features, including fifth-finger clinodactyly and hemihypoplasia 
[21]. Although a clinical scoring system to assist the diagnosis has recently 
been suggested [22], the accuracy of diagnosis is influenced by the experi-
ence of the clinical investigator. Furthermore, the clinical picture of SRS 
in adulthood is less clear than in early childhood and, therefore, pictures 
from early childhood should be included in a careful anamnestic workup.

The clinical heterogeneity is reflected by the heterogeneous genetic 
and epigenetic findings in SRS patients; in about 10% of cases, a mater-
nal uniparental disomy of chromosome 7 (UPD(7)mat) can be detected, 
whereas approximately 38% carry a methylation defect in the telomeric 
imprinted region on chromosome 11p15 [21]. Indeed, the 11p15 epi-
mutation carriers often show the more typical SRS phenotype, while 
UPD(7)mat carriers are generally mildly affected [23]. Nevertheless, 
many exceptions have been reported, thereby making a strict genotype-
phenotype correlation impossible [please add references – what were the 
exceptions?]. In addition to these two major disturbances, several SRS 
patients carry submicroscopic structural aberrations affecting numerous 
chromosomes [13]. Furthermore, as many SRS features are unspecific, 
the clinical transition to other inborn disorders (eg, 12q14 microdeletion 
syndrome) is fluid.
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The regulation of gene expression by epigenetic mechanism is not yet 
completely understood; currently, we are only beginning to decipher the 
epigenome and its regulators. An impressive example of the complexity 
of genomic imprinting is the 11p15 region (Figure 10.2). In 11p15, two 
imprinting control regions (ICR) are localized, each of which regulate 
the expression of different genes. Whereas ICR1 controls the expression 
of H19 and IGF2, ICR2 regulates the expression of CDKN1C. Of these, 
IGF2 and CDKN1C have been shown to influence human growth [Ref??]. 
Therefore, aberrant methylation, or other mutations of the ICR1 or the 
ICR2 in 11p15, influence the expression of IGF2 and CDKN1C, and thereby 
cause growth restriction or overgrowth in SRS or Beckwith Wiedemann 
syndrome (Table 10.2). While the unambiguous association between 

Figure 10.2  Simplified overview on the imprinting regions in 11p15 and the major factors 
regulated by epigenetic mechanisms. Whereas CDKN1C, H19, and KCNQ1 are expressed from 
the maternal allele, IGF2 and the non-coding ribonucleic acid KCNQ1OT1 are expressed from 
the paternal copy. The regulated expression is mediated by CpG methylation and chromatide 
organization (not shown). Aberrant methylation might affect both regions. Here the hypo- or 
hypermethylation at the ICR1 is illustrated resulting in SRS or BWS. However, further types of 
mutations and epimutations also exist. BWS, Beckwith-Wiedemann syndrome; CpG, cytosine-
phosphate-guanine; ICR1, imprinting control region 1; SRS, Silver-Russell syndrome [Source?].

Simplified overview on the imprinting regions in 11p15 and the major 
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aberrant methylation at specific imprinted loci and distinct imprinting 
disorders has been widely accepted, it has recently been brought into 
question by the identification of methylation defects at multiple imprinted 
loci (MLMD) [24]. Strikingly, in different imprinting disorders, the same 
MLMD patterns can be observed, making an epigenotype-phenotype 
correlation more difficult.

Application of high-throughput technologies
Previously, the identification of the genetic basis of congenital disorders 
was mainly hampered by technical limitations, making the discovery of 
disease-causing mutations possible mainly through functional approaches 
(eg, delineation of a candidate gene by its functional properties), identi-
fying chromosomal aberrations with breakpoints in disease genes, or by 
linkage analysis. All of these strategies require extensive and detailed 
clinical and molecular analysis. 

This situation has changed with the development of high-throughput 
techniques for the identification of genomic alterations. For example, 
initial array studies for the detection of submicroscopic chromosomal 
imbalances (eg, ‘DNA chips,’ molecular karyotyping) were focused on 
patients with mental retardation as the main clinical feature, resulting 
in increased detection rates [Ref??]. However, pilot studies reporting 
on single patients with growth-restriction and cryptic imbalances, but 
without mental retardation, show that loss or gain of genomic fragments 
with a size of several Mbs does not automatically cause intellectual 
incapacities [13,14]. Indeed, genomic copy number alterations should 
generally be considered in patients with IUGR, PNGR, and other minor 
further anomalies that have normal intelligence. 

With the development of next-generation, high-throughput sequencing, 
highly effective and exhaustive whole genome analyses has become pos-
sible. As outlined for the application of array-typing in molecular karyo-
typing, these techniques allow the analysis of complete genomes within a 
short time and at a relatively low cost. In the previous few years, the power 
of next-generation sequencing to decipher the genetic basis of specific 
congenital disorders has been impressively documented [25,26]. In the 
future, these strategies will help us to discover the general contribution 
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of genomic variants to the pathophysiology of numerous disorders and 
conditions, including IUGR. Furthermore, they will provide us with a huge 
amount of information that requires extensive bioinformatics expertise 
and data memory capacity. Additionally, the interpretation of these data 
is a significant challenge, as pathogenic mutations have to be differenti-
ated from apathogenic variants or predisposing factors. In a routine array 
application, this interpretation is already difficult, leaving the physiologi-
cal significance of several microdeletions and duplications unclear [12]. 
Indeed, recent studies indicate that humans have an exceptionally high 
per-generation mutation rate, which complicates the interpretation of de 
novo variants [27]. However, with the growing knowledge on mutation 
rates, their significance for human pathology, and the increasing number 
of variants in public databases, this problem will likely be resolved. 

As a result of these revolutionizing techniques, whole genome analysis 
of an individual, independent from initial clinical diagnosis, is possible. 
With these strategies, it is possible that genetic alterations which would 
have been previously neglected in a classical candidate gene approach due 
to their unexpected functional properties can now be discovered. However, 
after identification of these ‘unexpected’ genetic disturbances, a careful 
genotype−phenotype correlation will be necessary to understand the 
pathophysiological mechanism as the basis for therapeutic approaches. 
Furthermore, these tests should be embedded in genetic counseling to 
provide the patient with the maximum amount of information.

Technically, the new strategies are applicable in prenatal diagnostics. 
Their implementation in postnatal genetic testing is ongoing, but in pre-
natal diagnosis their use must be considered with caution. To circumvent 
the identification of numerous genetic variants of unknown significance, 
prenatal testing should be restricted to those genomic regions with a 
well-known clinical significance (eg, tiling path resolution mapping, as 
described for the 1p36 deletion syndrome) [28]. However, even in well-
known aberrations, an unambiguous prognosis might not be possible, 
as illustrated in DiGeorge (or 15q13 microdeletion) syndrome [29]. For 
both genomic imbalances, severely affected (as well as healthy) carri-
ers of the same aberration have been reported. In cases such as these, 
genetic counseling is a relevant prerequisite prior to laboratory testing.
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Chapter 11

Fetal programming
Thomas Harder and Andreas Plagemann

Introduction
In recent years, an overwhelming number of epidemiological, clinical, and 
experimental data have shown that exposures during prenatal and early 
postnatal life influence the risk of developing chronic diseases during 
childhood and adulthood (eg, obesity, type 2 diabetes, cardiovascular 
disease). For these phenomena, the term ‘perinatal programming’ has 
been proposed [1]. Although the general concept was introduced in the 
1970s by Dörner [2], it did not receive much attention until the formula-
tion of the ‘thrifty phenotype’ hypothesis in ‘small baby syndrome’ some 
20 years later [3]. 

Small baby syndrome hypothesis and 
match-mismatch paradigm
The ‘small baby syndrome’ hypothesis, as introduced by Hales and Barker, 
was proposed as a result of studies showing that individuals with low 
birth weight (LBW) have an increased risk of developing symptoms of 
metabolic syndrome, type 2 diabetes, and cardiovascular diseases [3]. 
This ‘thrifty phenotype’ hypothesis has two premises: 1) LBW is an 
indicator of maternal and, consequently, fetal undernutrition; and 2) 
phenotypic characteristics that lead to increased energy storage must 
be beneficial for the individual. Essentially, Hales and Barker proposed 
that prenatal undernutrition leads to decreased insulin secretion and, 
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simultaneously, insulin resistance in the fetus which, in turn, slows down 
weight gain [3]. Moreover, they proposed that this phenotype resulted 
from active fetal adaptations and is preserved for the lifespan of affected 
individuals [3]. Later in life, such a phenotype must be ‘thrifty’ and help 
affected individuals to cope better with conditions of food shortage. 
However, under affluent conditions in modern western societies where 
there are rarely periods of food shortage, this ‘advantage’ soon becomes 
a disadvantage and leads to metabolic syndrome, type 2 diabetes, and 
cardiovascular diseases [3]. 

Hanson and Gluckman have considerably expanded upon the evo-
lutionary context of this hypothesis and proposed the existence of 
respective predictive adaptive responses [4], a term that is more often 
seen in developmental psychology. The authors suggested that the fetus 
makes reactive adaptations to features of the intrauterine environ-
ment (eg, prenatal malnutrition). However, their adaptive value is not 
realized immediately and only becomes apparent later in life, as the 
signals that lead to the adaptation are predictions of the conditions of 
the postnatal lifespan environment. Therefore, if the predictions turn 
out to be correct, the adaptations will confer a survival advantage; if 
not, they can lead to a higher risk of metabolic disease. Ultimately, 
Gluckman and Hanson formulated a generalization of this theoretical 
framework and suggested the ‘mismatch’ paradigm theory [5,6]. This 
concept claims that a mismatch between prenatal conditions and the 
later-life environment increases the risk of developing diseases, while a 
‘match’ (eg, deprivation in utero followed by nutrient deprivation later 
in life) prevents disease due to a beneficial adaptation to prospective 
life conditions [5,6].

A critical appraisal
In the 1990s, a number of concerns were raised about the thrifty pheno-
type hypothesis [7,8], which was the initial foundation of this theoreti-
cal framework. Firstly, a potential role of important confounders and/
or mediators in the observed associations between LBW and risk of later 
diseases has not been considered adequately in the majority of studies 
that address ‘small baby syndrome’. In particular, most studies performed 
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did not adequately adjust for the potential influence of gestational age 
(ie, they did not convincingly characterize subjects who were small for 
gestational age [SGA]). 

Similarly, parental body weight and maternal disease during pregnan-
cy were not considered. Furthermore, they did not consider the potential 
role of neonatal nutrition and general rearing conditions for babies with 
LBW and the development of disease later in life [9,10] (Figure 11.1).

Neonatal nutrition
In recent years, neonatal overnutrition has increasingly been considered 
a causal mechanism underlying an increased risk of metabolic and car-
diovascular alterations in LBW children [7]. A number of epidemiological 
and clinical studies speak in favor of the critical role of neonatal overnu-
trition for the long-term outcome of small babies. For example, Hofman 
et al showed that children born with LBW (no matter if they were term 
newborns who were SGA or if they were preterm newborns who were 
average for gestational age [AGA]) had reduced insulin sensitivity, indi-
cating an increased risk of developing type 2 diabetes [11]. The finding 
that the risk among AGA children who were born prematurely is similar 
to the risk among full-term children born SGA argues strongly against 
diminished prenatal food supply as a causal factor for later outcome [9]. 

Rather, it has been suggested that increased weight gain in early 
infancy as a result of neonatal overnutrition might lead to an increased 
risk of developing metabolic and cardiovascular disturbances later on 
[12,13]. Remarkably, this hypothesis has been supported by results 

Major problems and inconsistencies with the ‘small baby syndrome’/ 
’thrifty phenotype’ hypothesis and respective studies and interpretations
Major problems with the ‘small baby syndrome‘ hypothesis

•• Failure to adjust for potential prenatal confounders (eg, gestational age, maternal diseases, 
parental BMI)

•• Inappropriate adjustment for potential mediators (eg, childhood
•• Body mass index as an adult
•• Failure to adjust for potential neonatal confounders (eg, overnutrition/ formula feeding) and 

increased neonatal weight gain
•• Biological plausibility: does undernutrition lead to insulin resistance?

Figure 11.1  Major problems and inconsistencies with the ‘small baby syndrome’/’thrifty 
phenotype’ hypothesis and respective studies and interpretations. 
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from animal models. For example, in a recent study, rats born SGA were 
found to have a greater risk of developing diabetogenic disturbances 
(eg, hyperinsulinemia) when exposed to neonatal overnutrition [14]. 
However, one of the most obvious problems with these hypotheses arises 
from the fact that obesity is the most important risk factor for develop-
ing metabolic syndrome and type 2 diabetes, and maternal obesity has 
been linked to LBW. Consequently, one would expect that LBW would 
be an independent risk factor for obesity in later life. 

However, this is not the case; a systematic literature review showed 
that, to date, no study exists in which an inverse association between 
birth weight and risk of becoming overweight later in life has been found. 
By contrast, 89% of all published studies found a linear positive rela-
tion; that is, the higher the birth weight, the higher the risk of becoming 
overweight in later life [15] (Figure 11.2). 

Moreover, an inverse linear relation between birth weight and risk 
of type 2 diabetes in later life, which is one of the most important pre-
dictions of the ‘thrifty phenotype’ hypothesis [3], is not observable. By 
meta-analysis, our group showed that the relation between birth weight 
and risk of type 2 diabetes is rather ‘U-shaped,’ with both LBW and high 
birth weight (HBW) leading to an increased risk of developing type 2 
diabetes [9,16,17]. Similar findings apply to type 1 diabetes risk, which 
is increased after HBW (but not LBW) [18]. An independent relation 
between LBW and later hypertension is still debatable [19].

A further important concern with regard to the ‘small baby syndrome’ 
hypothesis relates to the fact that there is no animal model that convinc-
ingly shows that LBW caused by prenatal undernutrition leads to the full 
spectrum of disorders of metabolic syndrome. To the contrary, Hales and 
colleagues were unable to find adipogenic or diabetogenic alterations 
in terms of metabolic syndrome in later life of rats perinatally exposed 
to maternal undernutrition [20,21]. Even after dietary provocation by 
a ‘cafeteria diet’ in adult life, offered to simulate the modern western 
lifestyle, no increased adipogenic or diabetogenic risk occurred, and 
even the contrary [20]. Accordingly, in perinatally underfed animals, 
life expectancy actually increased [22].
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The ‘match-mismatch’ paradigm: a general 
hypothesis?
In a similar manner, the generalization of the aforementioned hypoth-
eses in the form of the mismatch paradigm ultimately leads to incon-
sistencies within epidemiological, clinical, and experimental data. For 
example, exposure to maternal diabetes mellitus in utero, which leads 
to prenatal (glucose) overfeeding and, pathognomonically, accelerated 
growth and fat deposition, is followed by an increased risk of obesity 

Figure 11.2 A and B  ??????. A, The main outcome proposed by the ‘small baby syndrome’/ 
‘thrifty phenotype’ hypothesis is the metabolic syndrome, critically characterized by the 
pathophysiological link between overweight and insulin resistance, leading to metabolic and 
cardiovascular endpoints. B, A systematic review of respective studies globally shows that high 
but not low birth weight is strongly related to later overweight. IGT, impaired glucose tolerance. 
Reproduced with permission from [15]. 
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and diabetes later in life [23–27]. Given that the mismatch paradigm 
holds true, one would expect that children of diabetic or overweight 
mothers are a nearly perfect match between prenatal exposure and later 
modern environments, because in utero these babies experienced an 
‘affluent environment’ that continues later on in life. However, overweight 
babies are far from being better adapted to an affluent environment 
but, to the contrary, have an increased risk of obesity, type 2 diabetes, 
and cardiovascular diseases later in life (even independently of their 
genetic background). Similarly, babies prenatally exposed to stress 
(eg, psychosocial stress, infection) leading to preterm labor with LBW, 
should be perfectly adapted and particularly fit for a stressful modern 
life, and thereby protected against certain diseases (eg, cardiovascular 
disease). Unfortunately, however, the opposite is the case. Experimental 
data clearly supports this [1,7,21,28]. 

According to the ‘small baby syndrome’ hypothesis and ‘match-
mismatch’ paradigm, the increasing rates of obesity in women at 
reproductive age, along with fetal overfeeding, should serve as a good 
‘prophylaxis’ for coming generations to avoid metabolic syndrome and 
related health risks later on. Similarly, exposure to maternal stress and 
intensive neonatal care would be beneficial ‘conditioning’ to cope with a 
modern stressful life. However, serious doubts may be allowed regarding 
these scenarios, more so against the background of a large amount of 
contradictory data [28]. 

Conclusion 
Taken together, there is overwhelming evidence from epidemiological 
and clinical studies clearly indicating that a phenomenological associa-
tion exists between LBW and an increased risk of developing chronic 
diseases, especially in terms of metabolic syndrome. On the other hand, 
despite its undisputable intellectual attractiveness, neither the ‘small 
baby syndrome’ hypotheses, nor the ‘mismatch’ paradigm appear to be 
suitable theories to explain these phenomena. In particular, prenatal 
undernutrition is highly unlikely to be the decisive, causative risk factor 
responsible for disorders in later life in terms of metabolic syndrome. 
Therefore, and most importantly, a generalization of these concepts might 
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even have unfavorable consequences for developing respective public 
health policies. 

While the existence and impact of the biomedical phenomenon of 
perinatal programming is now generally accepted [28], exploration of 
practical preventive strategies to cope with increased long-term risks in 
babies born with LBW needs further causally-orientated research. There 
should be a focus on preventive measures against intrauterine growth 
restriction (IUGR) and improvement of neonatal rearing conditions 
in LBW babies to avoid deleterious neonatal programming of affected 
children [28]. 
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Chapter 12

Premature infants
Martijn JJ Finken

Introduction
Among preterm infants, three maturity levels are distinguished by the 
World Health Organization (WHO) [1] according to gestational age:
•	 preterm (<37 weeks);
•	 very preterm (<32 weeks); and
•	 extremely preterm (<28 weeks).

However, a classification according to birth weight is often adopted in 
countries where a reliable estimate of gestational age is not always avail-
able, [1]. Low birth weight (LBW) infants are those with a birth weight 
under 2500 g, which may be due to prematurity, being born small for 
gestational age (SGA), or both [1]. Those with a birth weight under 1500 g 
are labeled very low-birth-weight (VLBW) infants, while those with a 
birth weight under 1000 g are considered extremely low-birth-weight 
(ELBW) infants [1]. In general, there is an over-representation of infants 
born SGA in VLBW and ELBW study populations [2]. Therefore, caution 
must be exercised in extrapolating findings from study populations to 
general groups of preterm infants.

In most industrialized countries, there is a rising incidence in the 
number of preterm births, which is attributed to an older maternal 
age at first birth and the increased application of assisted reproduc-
tive technologies (leading to more twin gestations) [3,4]. Owing to 
improvements in perinatal management (eg, widespread use of antenatal 
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glucocorticoids and synthetic surfactants), neonatal mortality of very 
preterm infants has declined from approximately 30% in the early 
1980s to an estimated 10% by the mid-1990s [3,4]. The past decade has 
been characterized by advances in neonatal resuscitation techniques 
[5], ventilatory strategies [6], and nutrition [7], resulting in a greater 
number of infants born at the border of viability (23–24 weeks) that go 
on to survive, although often with chronic conditions and handicaps 
[8,9]. Therefore, results from studies in older populations of preterm 
infants cannot be automatically generalized and applied to the current 
generation of preterm survivors.

Recent evidence suggests that, from mid-childhood onwards, the 
endocrine-metabolic state of preterm individuals resembles that of sub-
jects born SGA [10,11]. Evidence for an elevated type 2 diabetes risk in 
survivors of preterm birth came from a small study which showed that 
prepubertal children born very preterm had reduced insulin sensitivity 
during an intravenous glucose tolerance test [10]. Similar findings were 
subsequently reported in adult populations [11]. 

Evidence for an association between preterm birth and type 2 dia-
betes was provided by several population-based studies in middle-aged 
subjects whose birth data (eg, height, weight, gestational age) were 
known [12–14]. The risk of diabetes doubled in subjects who were born 
preterm [12], whereas another study found that the relative risk (RR) 
for developing type 2 diabetes was 1.67 (95% CI, 1.33–2.11) after very 
preterm birth [13]. Another study found that preterm birth was associ-
ated with type 2 diabetes and with higher glucose and insulin levels 
during an oral glucose tolerance test [14]. The associations found in these 
studies were irrespective of the size at birth [10,11,13,14]. In addition, 
individuals born preterm were found to have higher blood pressure in 
adolescence/young adulthood [15–20].

Growth
Early growth
After an initial weight loss, birth weight is usually regained somewhere 
between the end of the first and third week of life, depending on the 
infant’s gestational age, birth weight, morbidity, and nutrition [7,21]. 
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Once birth weight is regained, the growth velocity increases to a level 
which approaches the intrauterine growth rate. However, the rate of 
weight gain during hospital stays was shown to be slower in infants 
with acute illnesses and chronic lung disease [21–23]. Postnatal growth 
failure has also been associated with shorter gestational age, lower birth 
weight standard deviation score (SDS), longer duration of respiratory 
support, and postnatal dexamethasone therapy [23].

A likely explanation for these associations relates to increased energy 
expenditure. However, the importance of practice decisions in nutri-
tional support should not be overlooked, since it has been suggested 
that the perceived health status plays a crucial role in these decisions, 
with healthier infants receiving more nutritional support during the 
first weeks of life than those who are ill [24]. In comparisons between 
neonatal intensive care units, differences in the postnatal weight gain 
were often explained by variations in neonatal nutrition practices [25,26].

Evidence from randomized trials and observational studies has shown 
that strategies providing early nutritional support increased energy 
levels, reduced nutritional deficits, and improved neonatal growth and 
neurodevelopmental outcomes, without increasing the risk of adverse 
clinical outcomes [7]. 

Childhood growth
A considerable proportion of very preterm infants have a weight and/or 
length under –2 standard deviations (SD) from the mean at 40 weeks 
postmenstrual age [27–29]. As soon as their clinical condition improves, 
catch-up growth in weight, length, and head circumference is initiated 
and is often achieved within the first 2 years of life. Continuing catch-up 
growth throughout childhood and adolescence is not unusual [30–33].

On average, very preterm subjects attain an adult stature that lies 
0.5 SD below the population-specific reference mean [31,33–36]. There 
is controversy as to whether this reduction could be explained by earlier 
pubertal development. Earlier menarche, bone-age advancement, and 
younger age at initiation of the pubertal growth spurt have been reported 
[33,37,38], while in other studies markers of pubertal timing did not 
deviate from control populations [31,32,36,39].
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In a large study of 1320 VLBW children, height at 6 years of age was 
best predicted by their length at 1 year of age [40]; parental height, ges-
tational age, and birth weight SD score were found to be less important 
predictors of childhood growth. Very preterm infants who were born 
appropriate for gestational age (AGA) with a length and/or weight under 
–2 SD at the age of 3 months post-term were found to grow in a similar 
way to children born SGA after a similar pregnancy duration, reaching a 
final height of approximately 1 standard deviation below the population 
reference mean (Figure 12.1) [41]. Those with a height under –2 SD at 
5 years of age were unlikely to catch up subsequently.

Body composition
Compared to term children, children born very preterm were found 
to have increased fat mass and abdominal fat deposition at term, as, 
in spite of a lower body weight and length [42,43]. Children who had 
experienced either intrauterine growth restriction (IUGR) or extrauterine 

Spontaneous growth of very preterm children with or without preterm 
growth restraint

Figure 12.1  Spontaneous growth of very preterm children with or without preterm growth 
restraint. Growth patterns of 27 children born SGA (birth weight and/or length under –2 SD), 
79 children born AGA with PGR (birth weight and length under –2 SD followed by a weight and/
or length under –2 SD at the age of 3 months post-term), and 274 children born AGA without 
preterm growth restriction. AGA, appropriate for gestation age; SGA, small for gestational age; 
SD, standard deviations. Adapted from Finken et al [41].
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growth retardation (EUGR) had a lower fat-mass percentage at term than 
non-growth-retarded infants, but had a greater fat mass accretion in the 
period thereafter, so that these differences had disappeared by the age 
of 3 months post-term [44]. At the age of 1 year, the body composition of 
preterm children was still different from that of infants born at term [45].

Despite these differences in fat mass accretion after birth, preterm 
infants (especially those born SGA) were found to be lighter and thinner 
during infancy and childhood [40,46]. From mid-childhood onwards, a 
gradual increase in weight that exceeded increases in height was demon-
strated (Table 12.1) [32,33,35,47]. There is a tendency towards a higher 
adult body mass index (BMI) with increasing prematurity (Table 12.1). 
Even with a relatively normal BMI, lower lean mass and centralization of fat 
distribution have been observed in young adults that born preterm [11,34]. 

Growth hormone therapy
In the current SGA indication for growth hormone (GH) therapy, the 
nature and timing of the growth-restraining insult that has led to the 
SGA condition are thought to be irrelevant for determining whether or 
not to commence GH therapy. Regardless of whether the child’s growth 
is retarded at birth, many very preterm infants have a weight and/or 
length under 2 SD at term age. It has been argued that it is illogical to 
exclude preterm AGA infants with EUGR from GH therapy if their small 
size at term evolves to a short stature in childhood [48]. 

Thus far, a randomized trial aimed at the long-term efficacy and safety 
of GH therapy in short children who had experienced EUGR after a preterm 
birth has not been conducted. The short-term response to GH therapy in 
short children born prematurely has been evaluated by a few observational 
studies [49–51], which have shown an average height-gain of 0.6–0.9 SD 
in the first year of treatment [49,50]. It is unclear whether the short-term 
response to GH therapy is indicative of the long-term growth response.

Assessing size at preterm birth
The use of neonatal anthropometric charts for assessing the preterm 
newborn’s size deserves special attention. Firstly, many charts are based 
upon relatively small numbers of extremely preterm infants, which makes 
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them less accurate in the lower range of gestational ages. For instance, 
the widely adopted Usher and McLean curve is derived from the data 
of 300 infants, among whom there were 33 born at a gestational age 
of 28 weeks or less [52]. Furthermore, neonatal anthropometric charts 
differ from fetal growth charts that are used in obstetrics, the latter 
being based upon ultrasound measurements obtained during healthy 
full-term pregnancies [53]. 

The exclusion of preterm neonates born after pathological pregnan-
cies does not imply that the reference data rely exclusively on completely 
healthy pregnancies. Even in the absence of clear pathology, a preterm 
birth is often preceded by a variable degree of IUGR. In other words, 
in the preterm range, anthropometric charts tend to underestimate the 
level of IUGR.

Blood pressure
Hypotension (low blood pressure) is diagnosed in up to 50% of preterm 
infants during the first days of life. Several definitions have been imple-
mented in clinical practice, including a mean arterial blood pressure 
(MABP) of less than 30 mmHg, the infant’s gestational age in weeks 
and weight (eg, if below the 10th percentile of MABP for birth weight 
and postnatal age based on normative data) [54]. 

In extremely preterm infants, myocardial dysfunction is thought to 
play a role in hypotension in the first hours after birth, during which 
period the immature myocardium is confronted with an abrupt increase 
in afterload [55]. Of greater importance is a low systemic vascular resist-
ance, due to either a hemodynamically active shunt or abnormalities 
in the regulation of the vascular tone (eg, adrenocortical dysfunction).

In very preterm newborns, systemic hypotension was found to be a 
predictor of intraventricular hemorrhage and periventricular leukomalacia 
[56,57]. It has also been associated with a poorer neurological outcome 
[58,59]. However, many studies have failed to confirm these relations 
and the causality of these statistical associations has therefore been 
questioned [refs????]. An alternative explanation for these associations 
is confounded by factors associated with both systemic hypotension and 
cerebral injury (eg, asphyxia or respiratory distress syndrome).



Premature infants • 133

Treatment for neonatal hypotension should be based upon the car-
diovascular status and not merely on blood pressure [60]. Assessment 
of the heart rate, peripheral perfusion, urinary output, and other factors 
that limit oxygen delivery (eg, hypoxemia or anemia) should therefore 
not be overlooked.

Glucose availability
Because of a continuous transplacental delivery of nutrients, the endo-
crine milieu of the growing fetus is characterized by constantly high 
levels of insulin and low levels of glucagon. The situation in postnatal 
life is characterized by alternating periods of enteral feeding and fasting. 
During fasting, glucose, gluconeogenic substrates, and alternative fuels 
are released from energy stores, the development of which is generally 
confined to the third trimester of pregnancy. In the last month of gesta-
tion, there is a rapid increase in hepatic glycogen content, reaching a 
concentration of approximately 50 mg/g tissue at the time of birth [61].

Hypoglycemia
Hypoxia, asphyxia, hypothermia, and illness are common in preterm 
infants and these consequently increase the glucose demands in tissues. 
This, in combination with a lack of energy stores and immature responses 
to declining glucose concentrations, results in hypoglycemia being 
almost inevitable in the early postnatal course of preterm infants.

In the first week of life, circulating levels of the gluconeogenic sub-
strates lactate and pyruvate are similar to those of full-term newborns, 
contrasting with the lower circulating levels of glycerol and alanine 
[62]. Intravenous administration of glycerol was found to enhance glu-
coneogenesis [63], especially in conjunction with polyunsaturated free 
fatty acids [64]. Very preterm newborns in their first week of life can 
only partly compensate for a sudden decline in the intravenous glucose 
supply with an increase in their glucose production rate [65]. 

In ELBW infants receiving total parenteral nutrition, the glucose 
production rate did not increase at all in response to a reduction in the 
infusion rate, and consequently the circulating level, of glucose [66]. This 
could be attributed to a decreased activity of glucose-6-phosphatase [67], 
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the final step in both glycogenolysis and gluconeogenesis. Preterm infants 
are also compromised in their ability to respond adequately to declining 
glucose levels with an increase in counter-regulatory hormones such as 
catecholamines and cortisol [65,68].

Lipolysis and ketogenesis are severely impaired in preterm infants in 
their first week of life, even at low blood glucose levels [62,65]. The lack 
of ketone bodies is not explained solely by small fat deposits, as it has 
been demonstrated in preterm infants that, for a given level of free fatty 
acids, the hepatic ketone production was two to three times lower than 
in full-term infants [69].

Hyperglycemia
Glucose disposal is dependent on the action of insulin. It has been observed 
that hyperglycemic preterm infants require insulin infusion at higher rates 
to achieve euglycemia, which is indicative of insulin resistance or lack of 
insulin-sensitive targets such as hepatic glucokinase, adipose tissue, and 
skeletal muscle [61]. In line with these observations, hepatic glucose pro-
duction was not switched off during a euglycemic-hyperinsulinemic clamp 
[70] or glucose infusion at high rates [71,72]. There is some evidence for 
a partial defect in the processing of proinsulin in very preterm infants, 
given the high proinsulin/insulin ratio that was observed in those who 
became hyperglycemic [73]. Lack of insulin action leads to hyperglycemia 
(and if profound, to osmotic diuresis), and promotes catabolism.

Hyperglycemia is common in VLBW infants, especially in the 
most immature children [74]. Glucose intake should be kept between 
6–12 mcg/kg/min, depending on the clinical condition, with sick infants 
requiring higher rates than their healthier counterparts. Insulin therapy 
should be considered when the blood glucose level remains greater than 
10 mmol/L after the glucose intake has been optimized, and started at 
a relatively low rate (eg, 0.025 U/kg/hr). To avoid hypoglycemia, it is 
recommended to keep the glucose level at the upper range of normal [75,76].

Adrenocortical function
During the third trimester of pregnancy, the adrenal cortex changes 
substantially. While the fetal zone involutes, the adult zone increases in 
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size [Ref??]. The main product of the fetal zone is dehydroepiandros-
terone sulfate (DHEAS), which serves as a precursor for the placental 
hormone, estriol.

Cortisol is the principal steroid from the adult zone and is necessary 
for the maintenance of blood pressure and glucose homeostasis. It plays 
a role in setting the sensitivity of the peripheral tissues to insulin, gluca-
gon, and catecholamines. In preterm newborns, the cortisol level and the 
cortisol:DHEAS ratio in cord blood increase with gestational age [77,78].

The adrenocortical function is impaired in very preterm newborns at 
1 week of age, particularly in those who require mechanical ventilation 
and/or inotropic support [79–81]. This is followed by a rapid adapta-
tion of the hypothalamus-pituitary-adrenal (HPA) axis by the end of the 
second week, with the largest improvement in adrenocortical function 
being observed in ill preterm infants [82–84]. The transient reduction 
in the adrenocortical function could most probably be explained by 
immature adrenal cortex enzymes, especially 11β-hydroxylase [82–84].

Antenatal glucocorticoid therapy
A single treatment course of antenatal glucocorticoids to mothers with 
impending preterm delivery has been shown to improve neonatal survival 
[85]. This is attributed to a lower incidence of the respiratory distress 
syndrome and complications related to hemodynamic instability, such 
as intraventricular hemorrhage and necrotizing enterocolitis. 

Repeated treatment courses of antenatal glucocorticoids (mostly 
given every 7–14 days until weeks 32–34) seem to increase the risk for 
IUGR [86,87]. Infants exposed to at least four treatment courses were 
found to have a reduction of 1 standard deviation in birth weight and 
length [88]. Head circumference was less affected. Rates of neurological 
impairment among infants aged 18–24 months who had been treated 
with repeated courses (74% of whom were exposed to three courses or 
less) did not differ from those treated only once [89]. Long-term follow-up 
data are not available yet.

Betamethasone and dexamethasone are used for the induction of 
fetal lung maturation, since these glucocorticoids are able to escape 
inactivation by placental 11β-hydroxysteroid dehydrogenase type 2 activity. 
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Betamethasone readily crosses the placenta, resulting in a high cord vein 
glucocorticoid bioactivity that returns to the reference level within 1 or 
2 days following the last steroid dose [90,91].

In preterm newborns, the effects of antenatal glucocorticoids are 
likely to be more pleiotropic, at least shortly after exposure, than merely 
reflected in a lower incidence of the respiratory distress syndrome. 

In ELBW infants, antenatal betamethasone treatment was associated 
with a reduced need for blood pressure support during the first 48 hours 
after birth [92]. Preterm newborns exposed antenatally to betamethasone 
had an elevation in blood pressure up to 48 hours after the last steroid 
dose of proinsulin, insulin, and C-peptide levels in cord blood, in spite 
of a normal glucose concentration, indicative of insulin resistance [93]. 
There is some preliminary evidence suggesting that betamethasone sup-
presses aldosterone production [94], an effect that might be mediated 
through inhibition of P450 side-chain cleavage.

Postnatal glucocorticoid therapy
In two placebo-controlled randomized trials in preterm infants on vaso-
pressor support, hydrocortisone (1 mg/kg every 8 hours for 5 days) or 
a single dose of dexamethasone (0.25 mg/kg) successfully enabled the 
discontinuation of inotropics [95,96]. Comparable results were reached 
in a case series of preterm infants with refractory hypotension and/or 
adrenocortical insufficiency [97–99]. Dosages of hydrocortisone of up 
to 6 mg/kg per day were used in these studies.

There is less experience with prophylactic glucocorticoid treatment for 
preterm hypotension. Both a single dose of dexamethasone (0.2 mg/kg) 
and hydrocortisone for 5 days (2 mg/kg/day on day 1 and day 2 and 
0.6 mg/kg/day on days 3–5) seems to be effective [100,101].

Thyroid function
When comparing term and preterm infants, the thyroid function of 
preterm newborns is characterized by a lower thyroid stimulating hormone 
(TSH) surge immediately after delivery and a thyroxin (T4) concentra-
tion that falls, after a smaller initial increase, over the subsequent 1 to 
2 weeks (Figure 12.2). The T4 nadir on day 7 is deeper with increasing 
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Thyroid function in very preterm newborns

Figure 12.2 A and B Thyroid function in very preterm newborns. Thyroid function during 
the first 8 weeks after birth: effects of gestational age (44 infants aged <28 weeks vs. 56 infants 
aged 28–30 weeks; Figure 12.2A) and disease (14 infants aged ≥28 weeks with severe respiratory 
distress syndrome vs. 17 healthy infants aged ≥28 weeks; Figure 12.2B). Adapted from Van Wassenaer 
et al [103].
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prematurity [102,103]. The triiodothyronine (T3) concentration does not 
decrease in parallel with T4, which is probably the result of an increase 
in the availability of type 1 deiodinase, as well as the loss of placental 
type 3 deiodinase activity.

Apparently, the causes of the decrease in T4 observed postnatally 
in preterm infants are multifactorial and include clearance of maternal 
T4 from the neonatal circulation, decreased thyroidal iodide stores, an 
increased vulnerability to the thyroid-suppressive effects of excess iodide, 
medical treatment (eg, dopamine and glucocorticoids), and differences in 
the availability of thyroid-binding globulin (TBG) [104]. TBG is produced 
in the liver and its plasma concentration increases with maturity levels 
and decreases during critical illnesses, thereby influencing the total T4 
concentration [103]. The free T4 concentration usually remains constant 
in spite of fluctuations in the concentrations of TBG and total T4.

Despite a low serum T4, the TSH level usually remains within the 
normal range. Elevated TSH levels may be seen in the recovery phase 
of critically ill children, or early in the course of healthy infants in the 
extremely preterm range [103,105]. In the latter group, this could reflect 
insensitivity to TSH associated with maturity-related differences in its 
glycosylation [106].

Lower levels of T4 and T3 throughout the neonatal phase have been 
associated with increased mortality and short- and long-term morbidity, 
including the respiratory distress syndrome, intraventricular hemor-
rhage, and neuromotor and cognitive deficits [107–110]. Several trials 
have studied the effects of thyroid hormone supplementation in preterm 
infants [111]. Different treatment protocols have been used in these trials, 
including T4 or T3 alone, T4 and T3 combined, and continuous or bolus 
injections. Overall, no effect on mortality or respiratory outcomes was 
observed. A trend towards a lower occurrence of patent ductus arteriosus 
was observed. Only one trial in infants born before 30 weeks gestation has 
focused on neurodevelopmental outcomes up to 10 years of age, which 
were improved in the most premature ones but worse in those of 29 weeks 
gestation [112–114]. 

The optimal treatment protocol remains to be defined. There are some 
pharmacokinetic arguments, related to TSH depression and immature 
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tissue metabolism by deiodinases, that recommend continuous supple-
mentation with T4 and T3, or T4 alone, rather than bolus injections or 
treatment with T3 alone [115–117]. Given all these uncertainties, routine 
treatment with thyroid hormone is not recommended in preterm infants.

Bone metabolism
Very preterm newborns carry a risk of developing metabolic bone disease 
with undermineralized bones, as bone mineralization, along with calcium 
and phosphorus accretion, mainly occurs during the third trimester of 
pregnancy. Although frank radiological rickets with fractures has been 
described, the condition is often asymptomatic and is generally detected 
biochemically (eg, by an elevation of serum alkaline phosphatase).

After infancy, most preterm individuals show an improvement in 
bone mineralization, so that their bone mass in childhood is in propor-
tion to their body size. Some have suggested that the adverse effects of 
neonatal dexamethasone therapy on the bone-mass accrual in infancy 
[118,119] are still present in childhood [120].

Several studies have shown that once adulthood is reached, the bone 
mineral density (BMD) is no different to that of non-preterm individuals 
[121–123]. Only one study has found a decreased BMD in young adult-
hood [124], with the subjects in the study born at a lower gestational 
age (mean=29.3 weeks) than those included in the other studies. It is 
likely that BMD cannot be fully restored in the most immature subjects.

Long-term endocrine sequelae
It can be assumed that very preterm infants with enhanced cardiovascu-
lar responses and who mobilize their fuels more efficiently are offered 
short-term benefits. Traits associated with blood pressure regulation 
and glucose availability that predispose to later hypertension and type 2 
diabetes possibly contribute to these benefits.

There is some evidence for a permanent activation of the HPA axis 
in survivors of very preterm births [125,126]. Whether this is a reflec-
tion of selective survival of particular sets of genotypes is hard to prove. 
Survivors aged 19 years old who had been treated with glucocorticoids as 
neonates were found to have altered allele frequencies of glucocorticoid 
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receptor (GR) polymorphisms [127], which suggests that genotype 
selection by life-threatening conditions is possible.

An alternative explanation for the enhanced stress responsiveness is 
an environmentally-driven hypermethylation at the GR gene promoter 
in the brain, leading to decreased central feedback suppression. This has 
been demonstrated in the offspring of low-grooming rat mothers [128] 
and in humans who were abused as children and later committed suicide 
[129]. Whether this also occurs in the preterm newborn is unknown.

There is no compelling evidence for long-lasting metabolic side effects 
in subjects born to mothers who had been treated with a single treatment 
course of betamethasone [130–133]. The long-term effects of multiple 
courses of antenatal glucocorticoids remain to be explored.

From epidemiological data, it has been speculated that accelerated fat 
mass accretion in infancy and childhood, which is commonly observed 
after a period with suboptimal neonatal nutrition and EUGR, produces 
alterations in metabolic set points predisposing to insulin resistance 
and raised blood pressure [44,134,135]. The impact of recent improve-
ments in early feeding upon adult metabolic health outcomes has yet to 
be determined.
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Chapter 13

Term newborns
Axel Huebler

Introduction
Being born small for gestational age (SGA) is caused by a heterogeneous 
array of conditions, including intrauterine growth restriction (IUGR), and 
has a lifelong impact on a fetus’ ability to develop and survive [1]. Long-term 
complications that are manifested in childhood include an increased risk 
for short stature, neurologic disorders (including cerebral palsy), and cog-
nitive delays and decreased academic achievement [2]. Exposure to drugs 
in utero is also correlated with the occurrence of IUGR [3]. 

Up to the middle of the last century, the World Health Organization 
(WHO) defined all newborns with a birth weight below 2500 g as ‘preterm 
infants.’ However, in 1961 Gruenwald reported that about one-third of all 
infants with a birth weight below 2500 g were not actually born preterm. 
He also described a relationship between IUGR and abnormalities of 
placental vascularity (especially avascular chorionic villi) [4]. 

IUGR may be classified as asymmetric, symmetric, combined, or 
dysmorphic [5]. The most common causes of asymmetric growth restric-
tion are placental insufficiency, maternal hypertensive conditions, long-
standing maternal diabetes, renal disease, smoking, and living at a 
high altitude. Symmetric growth restriction may be due to congenital 
infections, chromosomal abnormalities, fetal alcohol syndrome, and/or 
low socioeconomic status [6]. Combined IUGR has elements of both 
the asymmetric and symmetric varieties, while infants with dysmorphic 
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IUGR have heads, trunks, and limbs that appear disproportionate [5]. 
Romo et al reviewed the different etiologic factors that contribute to 
IUGR and found that maternal active and passive tobacco consumption, 
stress level, total months worked during pregnancy, total daily working 
hours, time spent standing up, and height were the most significant [7].

The fetal origins hypothesis (or Barker hypothesis) proposes that IUGR 
and SGA originate through adaptations that the fetus makes when it is 
undernourished [8]. These adaptations can be cardiovascular, metabolic, 
or endocrine in nature and can potentially permanently change the 
structure and function of the body (eg, growth and height restriction) [9].

Disorders of the newborn
Neonatal management requires special attention to a number of signifi-
cant morbidities that are more prone to develop in growth-restricted 
infants (Table 13.1) [5]. 

Respiratory disorders
Preterm infants with IUGR and/or born SGA are at higher risk of death 
due to chronic lung disease [10]. Meconium aspiration syndrome (MAS) 
occurs when meconium is present in the lungs during or before delivery 

Common morbidities in full-term infants with intrauterine growth restriction 

Cardiopulmonary adaptations Perinatal asphyxia

Persistent pulmonary hypertension

Meconium aspiration

Pulmonary hemorrhage

Metabolism Hypoglycemia

Hyperglycemia

Hypocalcemia

Temperature regulation Temperature instability

Hematology/immunology Polycythemia/hyperviscosity

Thrombocytopenia

Neutropenia

Coagulation

Lowered immunoglobulin G levels

Table 13.1  Common morbidities in full-term infants with intrauterine growth restriction. 
Data from Yu and Upadhyay [5].
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and is the most common respiratory complication in newborns with 
IUGR [11]. Initially, chest X-ray findings of an infant with MAS will 
show irregular infiltrates with hyperexpansion; it may later progress to 
secondary surfactant deficiency, persistent pulmonary hypertension, or 
pulmonary hemorrhage [11]. Administration of exogenous surfactant as 
well as bronchoalveolar lavage may be efficacious in treating MAS [12].

Progress has been made in preventing MAS. A population cohort 
study conducted in Australia found that the rate of MAS in IUGR infants 
declined from 3.3% to 2.4% over a 10-year period between 1997 and 
2007, and this reduction was associated with changes in maternal and 
pregnancy risk factors (eg, smoking) and an increase in protective obstetric 
practices (eg, induction of labor) [13].

Postnatal age-related modifications of the respiratory rhythm control 
are often disturbed in infants born SGA. This may be due to hypoxia 
associated with IUGR [14].

Asphyxia
Perinatal asphyxia is characterized by:
•	 a low Apgar score (≥5 minutes after birth) [15]; 
•	 severe acidosis (a pH of <7 or a base deficit of ≤16 mmol/L) in 

an arterial cord blood sample during the first hour after birth [15]; 
and/or

•	 an acute perinatal event (late or variable decelerations, cord 
prolapse, cord rupture, uterine rupture, maternal trauma, 
hemorrhage, or cardiorespiratory arrest) [16]. 

In newborns with IUGR, the higher risk of asphyxia may be caused by 
lower stress tolerance during spontaneous delivery. Several randomized, 
controlled trials of induced hypothermia (33.5˚C–34.5˚C) in infants 
>36 weeks’ gestational age with moderate-to-severe hypoxic-ischemic 
encephalopathy found that cooling significantly reduced death and 
neurodevelopmental disability at 18 months of age [17]. Newborns with 
evolving moderate-to-severe hypoxic-ischemic encephalopathy should 
be given therapeutic hypothermia. Cooling should be initiated within 
6 hours of birth, conducted under well-defined protocols in a neonatal 
intensive care facility, and continued for 72 hours, ‘rewarming’ over at 
least 4 hours [17].
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Cardiovascular disorders
Severe cardiovascular dysfunction can occur in full-term infants with IUGR. 
For example, modified-myocardial performance index, B-type natriuretic 
peptide, troponin I, and early–to–late diastolic filling ratios increase with 
each stage of IUGR severity [18]. Koklu et al found significantly greater 
measurements of aortic intima-media thickness, a marker of atheroscle-
rosis risk, and reduced serum insulin-like growth factor I in neonates with 
IUGR than in controls [19]. In another trial, a diminished stroke volume 
was seen in neonates with SGA with prenatal hemodynamic disturbances. 
However, left ventricular ejection times remained mostly unchanged [20].

In a study of 65 infants with IUGR compared with controls of the same 
age, the IUGR infants had higher heart rates (4.2 beats/min; P=0.005) 
and a 42% higher overnight cortisol/creatinine ratio (P=0.002). These 
may be precursors to hypertension and cardiovascular diseases that can 
manifest in adulthood, although this has not been completely proven [21]. 
Fetal hypoxia has also been linked to future cardiovascular problems, 
from the postnatal period up to adulthood. Findings from animal models 
of hypoxia-induced IUGR support the hypothesis that hypoxia damages 
the fetal cardiovascular system through myocardial hypoplasia [22]. 
While maternal protein restriction during gestation does not affect the 
number of cardiomyocytes [23], it can induce expressions of connective 
tissue growth factor and collagen in the aorta [24]. 

In infants with growth restriction, an elevated nucleated red blood 
cell count is a risk factor for pulmonary hemorrhage and other postnatal 
bleeding complications. The reason for this is unclear. Early detection 
and aggressive support of the coagulation system may help to prevent 
severe bleeding [25]. 

Hypoglycemia
Glucose is the most important fetal energy substrate. At birth, the trans-
placental transfer of energy substrates is terminated, so before the start 
of breastfeeding the newborn infant must be able to produce its own 
glucose. Fatty acids formed through lipolysis in the last trimester of 
pregnancy contribute to the mother’s energy supply, saving glucose for 
the fetus to store [26]. However, in pregnancies complicated by IUGR 
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(eg, due to maternal malnutrition), there is a loss of fetal glucose due to 
reduced lipolysis [27]. Thus, neonatal hypoglycemia commonly occurs 
in SGA neonates (and other at-risk groups such as infants of diabetic 
mothers) during the first days of life [28]. 

Clinical symptoms of hypoglycemia include irritability, seizures, 
apnea, cyanosis, hypothermia, and feeding difficulties [29]. Severe, 
prolonged neonatal hypoglycemia can cause brain injury, including 
cerebral lesions [30]. 

Because hypoglycemia can be asymptomatic, routine screening in 
SGA infants is recommended [31]. After birth, rapid glucose screening 
is necessary, followed by closely monitored clinical observation. A symp-
tomatic neonate needs a rapid intravenous glucose infusion followed by 
a slow weaning of the parenteral energy supply when blood glucose is 
stable and enteral feeding can be tolerated. Neonates needing glucose 
infusions >12 mg/kg/min should be investigated for recurrent or resistant 
hypoglycemia [31].

Hyperglycemia
Hyperglycemia is caused by lowered insulin secretion in the first days of 
life (transient hyperinsulinemia). Hyperglycemia may be also observed in 
preterm infants because they cannot keep glucose production in check, 
they do not have a proper insulin secretory response, and their insulin 
processing is not fully developed. There is also an increased ratio of the 
glucose transporters GLUT1 and GLUT2 in fetal tissues, reducing the 
hepatocyte reaction to increments in glucose/insulin concentrations 
during hyperglycemia. Additionally, IUGR has been associated with 
increased fasting insulin levels during the postnatal period [32]. 

True neonatal diabetes mellitus is a rare form of insulin-dependent 
diabetes mellitus. Its primary clinical features are IUGR, hyperglycemia, 
failure to thrive, fever, dehydration, and acidosis (with or without 
ketonuria) [33]. 

Hematologic alterations
The degree of hematologic alteration in neonates with IUGR may be 
predicted by abnormal antenatal umbilical artery end-diastolic velocity 
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Doppler status. Severe placental dysfunction with absent umbilical artery 
end-diastolic velocity leads to higher rates of anemia and thrombocytope-
nia at birth, which often continue during the first week of life. Neonates 
with absent end-diastolic velocities required more platelet transfusions 
than those with positive end-diastolic velocities [34]. 

Polycythemia and hyperviscosity
Polycythemia is often a result of chronic intrauterine hypoxia which 
induces the synthesis of erythropoietin. Additionally, a transfusion 
from the placenta to the fetus may occur during labor, causing a shift of 
placental blood, and the elevated hematocrit may disturb the flow char-
acteristics of the erythrocytes. The increased blood viscosity influences 
microcirculation in several organs (especially the brain and lungs) as well 
as cardiac function. Polycythemia is characterized by hematocrit values 
≥65% and is associated with cyanosis, lethargy, muscular hypotonia, 
seizures, heart failure, renal vein thrombosis, hyperbilirubinemia, and 
feeding difficulties. Hyperviscosity also leads to a turnover of thrombo-
cytes, with accompanying thrombocytopenia, as well as hypoglycemia 
and hypocalcemia. Other predispositions for hyperviscosity are smoking 
during pregnancy, trisomy 21, Beckwith-Wiedemann-Syndrome, and 
feto-fetal transfusion in twins [35].

Cytopenia
Thrombocytopenia in neonates born SGA may be due to a pronounced 
suppression of megakaryopoiesis coupled with increased platelet con-
sumption [36]. Maternal pregnancy-induced hypertension is often 
a predisposition for increased infant thrombocytopenia and nucle-
ated red blood cells [37]. Hohlfeld et al retrospectively studied the 
etiology of thrombocytopenia in blood samples from 247 fetuses and 
found that 28% of cases were caused by congenital infectious diseases 
(eg, toxoplasmosis, rubella, and cytomegalovirus), 18% by immune-
related conditions (eg, alloimmunizations, immune thrombocytopenic 
purpura), 17% by chromosomal abnormalities (eg, trisomy 21, Turner’s 
syndrome, triploidy), and 25% by other disorders (eg, IUGR, gestational 
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thrombocytopenia). No specific cause could be established in the remaining 
12% of cases [38]. 

Congenital bone marrow failure syndromes (CBMFS), which encom-
pass several types of cytopenia, are rare in neonates. However, when 
neonates present with persistent cytopenia, CBMFS should be considered 
and tested for [39]. 

Immunologic deficiencies
Serum immunoglobulins in the infant are primarily derived from mater-
nal intraplacental transfer during the third trimester. Preterm and SGA 
neonates have lower immunoglobulin (IgG) levels than normal [40]. 
One study found that umbilical levels of IgG, IgA, and IgM in infants 
with IUGR were significantly lower than those in infants with normal 
growth [41].

Neurologic function
Cerebrocortical electrophysiologic maturation is often delayed in infants 
born SGA. This may lead to neurocognitive deficits during childhood [42]. 
During the early neonatal period, nerve growth factor levels are lower in 
infants with IUGR than appropriate-for-gestational-age (AGA) infants, 
though other neurotrophin levels were similar between the two groups 
[43]. In a population-based case-control study of over 231,000 neonates, 
IUGR was associated with a five-fold increased risk for perinatal arterial 
stroke resulting in motor impairment [44]. 

Nutrition
In 1981, Brandt reported that the development of infants born SGA of 
very low birth weight can be supported in such a way that postnatal 
development is able to follow a relatively normal course. Conditions 
that foster healthy development include appropriate nutrition during the 
early growth period, a stimulating environment, and an abundance of 
maternal attention [45]. This is important because the nutritional energy 
required by infants born SGA is elevated and the appropriate feeding 
of infants with growth restriction is important to overcome in utero 
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deficiencies [6]. However, even with adequate nutrition, approximately 
10–15% of infants do not achieve catch-up growth [46]. 

There are neonatal and long-lasting alterations of the intestinal micro-
biota in infants with IUGR, complicating nutritional intake. For example, 
IUGR increases bacterial density at birth. Mucins and trefoil factor family 
3 actively contribute to epithelium protection and healing in the colonic 
barrier, and since these are reduced in the IUGR neonate, this could be 
a factor in the higher bacterial density [47]. Rats with IUGR maintained 
colonic differences from controls even into adulthood (eg, harboring 
fewer immunomodulating Bifidobacterium spp and more Roseburia 
intestinalis bacteria) [48]. 

Intravascular supplementation can help extend the duration that IUGF 
fetuses spend in the womb, leading to improved survivability. Tchirikov 
et al reported on a case of daily intravascular supplementation with 
amino acids and glucose in a human fetus with IUGR at 33 weeks’ ges-
tational age with oligohydramnios and placental insufficiency. Both fetal 
condition and fetal weight gain significantly improved. At a follow-up 
examination 1 year after birth, development and weight gain were 
comparable to those in an infant without IUGR [49].

Infant nutritional intake is influenced by sociodemographic deter-
minants, such as obesity and unhealthy diet, as well as by breastfeeding 
practices in the maternity wards, as long-term breastfeeding may be 
supported or discouraged by active promotion (eg, giving supplemental 
formulas or donated milk) [50]. Longer breastfeeding durations in infants 
born SGA is associated with higher intelligence scores and may help to 
prevent some of the later neurologic and metabolic problems [51,52]. 
Using nutrient-enriched formulas to promote fast weight gain may enhance 
the risk of developing type 2 diabetes and metabolic syndrome in adult-
hood, so breastfeeding should be recommended whenever possible and 
formulas used sparingly. However, restricting nutrition in infants born 
SGA in order to prevent later metabolic disease is not recommended 
[53]. In mice, underfeeding during the early postnatal period delayed 
growth, whereas overfeeding hastened it. In both situations, final body 
size was permanently altered due to changes in pituitary growth hormone 
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(GH), plasma insulin-like growth factor (IGF)-I, and gene expression of 
hypothalamic GH-releasing hormone [54].

Growth
Endocrinologic and genetic aspects of early 
growth regulation
Insulin-like growth factor-I and IGF-II partly determine somatic growth 
during fetal development, as well as in infancy and adulthood. The IGF-
binding proteins (IGFBPs) are important molecules for regulating the 
amount of IGF-I and IGF-II that can bind to cell surface receptors [55]. 
It has been proposed that fetal adaptation to an adverse intrauterine 
environment determines altered programming of the GH–IGF axis.

In human fetuses, IGF-I and IGF-II levels have been shown to increase 
longitudinally during pregnancy [56], and there is a positive relationship 
between maternal IGF-I levels and birth weight, particularly in the last 
trimester [57]. The IGFs and IGFBPs are nutritionally regulated in the 
fetus, and fetal growth retardation causes abnormalities in the GH–IGF 
axis and the hypothalamic-pituitary-adrenal axis that are associated with 
later conditions such as hypertension and growth retardation [58,59]. 

Pituitary GH is present in early pregnancy in the fetal circulation and 
the concentrations during this time are higher than during and after birth. 
Because of the nearly complete GH resistance of the fetus, the metabolic 
effects of GH on body composition and fat and glucose metabolism may 
be more important than previously thought [60]. 

In humans, some genes are significantly differentially expressed 
between normal and IUGR placentas, suggesting that genomic imprinting 
may play a role in IUGR pathogenesis. The exact mechanisms behind this 
are unclear, because some imprinted genes are upregulated and other 
genes are downregulated [61]. While low circulating levels of IGFBPs 
are noted in early pregnancy, their expression in the placenta is often 
elevated in pre-eclampsia late in pregnancy. This upregulation may be 
compensation for abnormal placental development, a possible adap-
tive mechanism to increase local IGF levels and promote feto-placental 
growth [62]. 
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Choi et al described a heterozygous mutation of the IGFIR gene found 
in 2 children with unexplained IUGR and short stature. There was hap-
loinsufficiency of the IGFIR gene due to terminal 15q26.2->qte deletion. 
The growth deficit decreased after administration of recombinant human 
GH therapy, suggesting that IGFIR mutations restrict intrauterine and 
subsequent growth in humans [63]. Thus, minor genetic variations in 
the IGF-I gene could influence prenatal and postnatal growth. Another 
study found that children carrying allele 191 had significantly lower IGF-I 
levels than children who did not [64]. These genetically determined low 
IGF-I levels may lead to reduced birth weight, length, and head circum-
ference and to persistent short stature and small head circumference in 
later life. In animal models, IUGR-affected epigenetic characteristics, 
particularly the histone code, along the length of the hepatic IGF-I gene 
in a gender-specific manner. These changes and reduced IGF-I levels 
persisted postnatally [65].

Umbilical levels reflect fetal, placental, and maternal influences on 
an infant’s growth. Conversely, infant serum levels are the result of the 
autonomous endocrinologic regulation. In the human full-term neonate, 
IGFBP-1 and IGFBP-2 are the most important binding proteins for IGFs in 
umbilical cord plasma [66]. Umbilical IGFBP-2 has been found to have 
a significantly negative correlation with birth weight and birth length 
in full-term neonates [67], while umbilical levels of IGF-I and IGFBP-3 
are positively correlated with infants’ size and growth characteristics 
at birth (eg, being born SGA) and are influenced by additional factors 
such as sex and maternal smoking [57,68,69]. Studies have found no 
significant relationship between IGF-II levels and birth size, but there 
is a positive relationship between IGF-II and the IGF-II receptor and a 
significant correlation between their interaction and birth weight [70]. 

The IGF-I receptor is most likely involved in cord blood lymphocyte 
proliferation and the production of immunoglobulin and cytokines 
(eg, interferon-gamma). Therefore, it may play an important role in the 
modulation of immune functions [71]. 

Low cord blood concentrations of insulin and IGF-I and high concen-
trations of IGFBP-1 have been noted in twins with IUGR. A disturbance in 
the pathways of amino acid placental transport leads to these alterations 
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in the fetal insulin-IGF axis causing IUGR. However, the mechanism that 
regulates this transport is still unclear [72]. 

The relative IGF-I resistance (ratio of IGF-1 to birth weight) seen in 
neonates with IUGR drives energy toward survival at the expense of 
growth [73]. Neonatal cord leptin concentrations have a direct correla-
tion to birth weight and body mass index [74], but this is independent 
of the IGF system [75]. Other mechanisms may explain the associations 
between with fetal growth and leptin [75]. 

Canze-Rouzaud et al found that during the first 5 days of life, SGA 
infants had lower IGF-I levels and lower IGFBP-3 levels than AGA neonates 
[76]. Furthermore, in SGA neonates born with short stature, IGF-I levels 
were lower and GH levels were higher than in SGA neonates with normal 
stature. There appeared to be a graduation in the severity of impact of 
this “fetal malnutrition” on the somatotropic axis and on intrauterine 
growth [76]. The pattern of IGF regulation greatly changes during the 
first weeks of life: IGFBP-1 and IGFBP-2 are initially expressed more, but 
IGFBP-3 soon becomes the major serum IGFBP, a pattern which continues 
throughout adulthood [77] (Figure 13.1). 

In childhood, functional changes of IGF-I and IGF-II may reflect early 
growth restriction. Studies have shown that SGA children have reduced 
insulin sensitivity, and one cause may be resistance to the somatotropic 
actions of GH and IGF-I. Elevated fasting insulin levels and reduced insulin 
sensitivity in SGA children with postnatal growth failure are linked with 
elevated levels of overnight GH secretion [78]. Data suggest that insulin 
sensitivity is reduced in the liver but increased peripherally [28]. 

Thyroid abnormalities may occur in short-stature SGA children, and 
it is possible that some, such as reduced thyroid-stimulating hormone 
levels, may be due to a different setting of the hypothalamic-hypophyseal-
thyroid axis during the time in utero [79].

Growth pattern and prognosis
Results from clinical trials suggest that IUGR does not have a uniform 
etiology or underlying pathophysiology that can determine possible fetal 
risk and subsequent long-term consequences for fetal health [80]. While 
the exact mechanisms linking IUGR to postnatal short stature remain 
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Figure 13.1  Schematic presentation of the time dependency of growth factor concentrations 
in 229 preterm and fullterm infants during the first 8 months of life. Bravais-Pearson correlation 
coefficient during 1–2 months, 3–4 months, and 5–8 months of life; upper columns: IGF-I, IGF-II; 
lower columns: IGFBP-1, IGFBP-2, IGFBP-3. [Source?].

Schematic presentation of the time dependency of growth factor 
concentrations in 229 preterm and fullterm infants during the first 
8 months of life
Pole reversal hypothesis of the IGF/IGFBP-axis from fetal-to-adult regulation
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poorly understood, gestational age, birth weight, body mass index, pla-
cental weight, and Apgar score are all significantly related to the degree 
of IUGR [81]. However, neonatal/gestational weight curves are often 
misleading in detecting low birth weight infants, as they are based only 
on population norms and do not take intrauterine growth or physiologic 
determinants of individual growth into account. It is recommended that 
they only be used when there are no obstetric data available [82]. 

In a sample representative of 12-month-old infants born AGA or SGA, 
maternal and postnatal factors were better predictors of developmen-
tal delays than demographic variables (eg. socioeconomic status). For 
example, in children born SGA, maternal smoking during pregnancy, 
high levels of stress associated with parenting, and low levels of satisfac-
tion with parenting were significantly associated with developmental 
delays following birth [83].

Simmons et al found that in a model of asymmetric SGA, glucose 
transport was decreased in the lungs but not affected in the brain [84]. 
They further discovered that treatment with insulin and IGF-I increased 
glucose uptake levels of GLUT-1 in the lungs and muscles of normal fetuses 
but not in SGA fetuses. Therefore, the maintenance of normal transporter 
function and expression in brain may play a role in sparing its growth 
in infants with IUGR [9].

Thus, the overall outcome of each child is the result of a complex 
interaction between intrauterine and extrauterine factors. A cohort 
study of 5111 children who were followed from infancy to 18 years 
of age found that those who were born SGA had a 7-fold higher risk 
for short stature compared with the non-SGA group. Birth length and 
mid-parental height were directly related to the magnitude of catch-up 
growth during infancy, childhood, and adolescence [1]. A retrospec-
tive cohort study found that despite tertiary level neonatal care and 
intensive fetal surveillance survival for growth-restricted fetuses before 
28 weeks’ gestation remained poor, with outcome primarily affected by 
sepsis, respiratory morbidity, and metabolic compromise [85]. Abnormal 
neurodevelopment in infancy is also related to low weight and acidosis 
at birth, indicating that the severity of fetal acidosis and malnutrition 
can affect long-term outcome [86].
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Cardiovascular assessments in pre-adolescent patients born SGA 
found altered cardiac shapes, reduced stroke volume, and increased 
arterial stiffness (pulse wave velocity) in this group. These physiologic 
changes could lead to cardiovascular disease in adulthood [87,88]. 
Intrauterine growth restriction is also associated with poorer lung 
function in childhood [89].

Alterations of glucose homeostasis and increased lipid oxidation 
have been observed during the early pubertal stages of even nondia-
betic children born SGA. These children also have altered stature and 
increased fat mass, which may contribute to the future development of 
insulin resistance [90].

 Care around birth
Close collaboration between obstetricians and neonatologists is essen-
tial for the care of a fetus with growth restriction. This includes the 
joint determination of an optimal timing of delivery and the availabil-
ity of a neonatal resuscitative team. Fetal risks should weighed against 
neonatal morbidity. 

Intrauterine growth retardation is associated with greater stillbirth and 
infant mortality rates in full-term and post-term infants [5]. Krikun et al 
have postulated that reducing uteroplacental flow initiates a cascade of 
molecular effects that eventually causes hypoxia, thrombosis, and endothe-
lial cell dysfunction, resulting in serious complications and difficult preg-
nancies [91]. Prescribing antenatal corticosteroids to women identified 
as having persistent absent end-diastolic flow in the umbilical artery may 
help at least partially restore that flow. Results of a retrospective cohort 
study of betamethasone administration in these complicated pregnancies 
found that fetuses who did not respond to corticosteroid therapy were at 
heightened perinatal risk and were more likely to require assisted ventilation 
and a longer duration of ventilation and supplemental oxygen [92]. 

It has been hypothesized that a deteriorated immune response causing 
leukocyte activation and tissue factor synthesis triggers a coagulation 
cascade, leading to a vicious cycle. This can cause worsening inflammation 
and placental disorders, and eventually adverse pregnant outcomes, 
including IUGR [93]. A high placental ratio, stemming from increased 
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placental size and decreased birth weight, in infants born SGA is associ-
ated with a greater incidence of meconium staining, hypocalcemia, and 
hypomagnesemia [94]. 

Physicians may choose to induce labor in cases of IUGR out of fear of 
neonatal morbidity and later stillbirth. The Disproportionate Intrauterine 
Growth Intervention Trial At Term (DIGITAT) study looked at women 
with suspected IUGR at full term and found equal outcomes for induc-
tion of labor and expectant monitoring. However, while patients who 
prefer nonintervention can opt for expectant management with inten-
sive maternal and fetal monitoring, the study investigators recommend 
induction in order to prevent possible neonatal morbidity [95].

The prenatal diagnosis of IUGR is essential for optimal perinatal 
management. Gestational age, extent of growth restriction, and oxygen 
supply of the fetus also impact the mode of delivery. For example, pla-
cental insufficiency may cause chronic or acute chronic fetal hypoxia 
with birth asphyxia and hypothermia [6]. While the body temperature in 
the neonate with IUGR may be initially elevated, subsequent heat loss is 
caused by the decreased (or even absent) layer of subcutaneous adipose 
tissue and the relatively large body surface area [96]. 

A diagnosis of IUGR can be confirmed through gestational assess-
ment, anthropological measurements, and physical examination. These 
assessment tools can also help to classify the type of IUGR [5]. It should 
be noted that gestational age assessment may produce misleading results, 
because patients with IUGR generally have less subcutaneous adipose 
tissue, diminished breast tissue growth, incomplete formed cartilage of 
the ears, and underdeveloped genitalia. After an initial stabilization, a 
reflex examination can lead to a more accurate estimation of the gesta-
tional age because reflexes are not affected by IUGR [5]. An infant with 
IUGR may also appear hypertonic and anxious. The examination should 
carefully focus on typical signs of congenital infections (eg, petechias 
and rash, hepatosplenomegaly, cataracts, or chorioretinitis) and minor 
anomalies. Often there is an enlargement of the anterior fontanel [5]. 
Body weight, head circumference, and length at birth should be plotted 
on population-specific growth curves to determine if there is symmetric 
or asymmetric growth retardation [97].
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Chapter 14

Endocrine regulation of 
fetal growth
Nordie Bilbao and Paul Saenger

Introduction
Substantial evidence in the past decade has linked changes in the in utero 
environment and nutrition to pubertal and adult diseases in later life. 
As early as 1962, JV Neel, an American population geneticist, proposed 
the concept of the ‘thrifty genotype’, which is described as metabolic 
characteristics that arise during famine to guarantee survival but which 
later become harmful during nutritional abundance (see Chapter 11) [1,2]. 

Nearly three decades later, in a study of 8000 adults in the UK, Barker 
et al [3] reported a correlation between low birth weight or weight at one 
year of life (which correlated with birth weight) and the prevalence of 
the metabolic syndrome, which includes type 2 diabetes mellitus, obesity, 
hypertension, dyslipidemia, and insulin resistance in adult life and can 
ultimately lead to the premature development of cardiovascular disease 
[3]. These reports have led to many studies examining the effects of 
adverse intrauterine environment on various physiological systems [1–3]. 

At the heart of this discussion is the concept of developmental plastic-
ity, which can be defined as the phenomenon by which one genotype can 
give rise to a range of physiological or morphological states in response 
to different environmental conditions during development [4]. Implicit in 
this is the idea that there is a ‘critical period’ when a system is plastic and 
sensitive to the environment, followed by a loss of plasticity and a fixed 
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functional capacity [4]. A reduction in nutrients required for optimal 
fetal growth reprograms the offspring via permanent structural and 
functional changes that, in the context of postnatal nutritional surfeit, 
predispose to disease [5].

The impact of being born small for gestational age (SGA) on the 
offspring is widespread and touches every physiological system, and 
this chapter will focus on endocrinopathies as consequences of fetal 
growth restriction. In childhood, infants born SGA are prone to neuro-
logical impairments, delayed cognitive development, and poor academic 
achievement [6–9]. As adults, they are at increased risk of developing a 
large number of complications which affect growth and puberty, such as 
changes in the insulin-like growth factor (IGF)/insulin system, changes in 
other hormones such as higher thyroid-stimulating hormone (TSH) levels, 
decreased adiponectin and follistatin, and increased fetal glucocorticoid 
exposure (Table 14.1). In adulthood, there is then an increased risk of 

Consequences of fetal growth restriction

Effects on growth and puberty:

•• born small for gestational age
•• 90% catch-up in growth by 3 years of age; short stature persists in remainder
•• common cause of short stature in adult population
•• timing of puberty (gonadarche) is usually within normal limits for age and sex
•• decreased fat mass at birth, accelerated gain in fat mass later in life 

Resetting of IGF/insulin systems: 

•• circulating concentrations of IGF-1 are typically below average for age and sex; patients 
show mild-to-moderate growth hormone resistance

•• indices of insulin sensitivity frequently indicate mild-to-moderate insulin resistance
•• metabolic syndrome prevalence is increased

Changes in other hormones:

•• mild hyperthyrotropinemia in absence of overt hypothyroidism
•• decreased adiponectin and follistatin in children
•• increased fetal/neonatal glucocorticoid exposure

Increased risk of adult disease:

•• impaired academic achievement
•• stroke
•• type 2 diabetes mellitus
•• heart failure
•• obesity
•• hypertension

Table 14.1  Consequences of fetal growth restriction. GH, growth hormone; IGF-1, insulin-like 
growth factor-1. Adapted with permission from Chernausek [10].
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stroke, type 2 diabetes mellitus, heart failure, obesity, hypertension, 
obstructive pulmonary disease, renal insufficiency, impaired reproductive 
function, sensorineural hearing loss, and osteoporosis.

Glucose metabolism and obesity
Epidemiologic studies from countries as diverse as the US, Sweden, 
India, and South Africa have shown that adults that had a low birth 
weight have an increased prevalence of the metabolic syndrome [11]. 
For example, in a detailed prospective case-control study of birth weight 
and insulin resistance, singletons were assigned to the SGA group if 
their birth weight fell below the 10th percentile [12]. The comparable 
average for gestational age (AGA) group consisted of singletons with 
a birth weight between the 25th and 75th percentile. Both direct and 
indirect measurements revealed that insulin resistance was more 
prominent in the SGA group [12]. In another study, fasting insulin and 
glucose concentrations were significantly higher and values for the 
quantitative insulin sensitivity check index were significantly lower 
in the SGA group compared to the AGA group (Figure 14.1) [13–15]. 
Moreover, insulin sensitivity was 20% lower in 30% of the individuals 
born SGA compared with individuals born AGA when assessed by the 
hyperinsulinemic euglycemic clamp method [15]. This insulin resist-
ance was independent of confounding factors such as body mass index 
(BMI), age, family history of diabetes or dyslipidemia, oral contraceptive 
use, and smoking.

Insulin resistance was already seen in childhood, which is much 
earlier than in cohorts studied by Barker, who were in their fifth or sixth 
decade [2]. In fact, insulin resistance was typically seen in the catch-up 
growth period of 0–2 years of age [16,17]. In a study by Soto et al, insulin 
resistance was found only in infants born SGA who achieved catch-up 
growth and not in infants who did not display catch-up growth or who 
were born AGA, suggesting that rapid catch-up growth can give rise to 
adverse metabolic outcomes early in life [16]. This phenomenon is further 
supported by a study in prepubertal children born SGA, which demon-
strated that significant insulin resistance was found only in children with 
catch-up growth that resulted in an increased BMI [18].
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Additionally, the concentrations of circulating leptin and adiponectin 
in individuals born SGA were lower than those found in AGA individuals 
[19]. Jacquet et al demonstrated a negative correlation between insulin 
resistance and adiponectin levels in infants born AGA and reduced adi-
ponectin levels in SGA infants [20]. These observations were made in 
individuals born SGA and suggest that adipose tissue morphology or func-
tion is altered after a period of intrauterine growth restriction (IUGR) 
and highlights the critical contribution of adipose tissue in metabolic 
complications associated with reduced fetal growth. Thus, it is plausible 
that neonatal alterations in adipose tissue may program insulin resistance 
and related metabolic complications.

Insulin resistance in the Haguenau study of individuals born small for 
gestational age

Figure 14.1 A and B  Insulin resistance in the Haguenau study of individuals born small for 
gestational age. A, Fasting insulin concentrations in 734 adults born SGA and 689 born AGA; 
B, Peripheral glucose uptake during hyperinsulinemic clamps in 26 individuals born SGA and 
25 born AGA. The left-hand graphs represent individual values and the right-hand graphs represent 
the mean values observed in the two groups. Black circles and bars = SGA; open circles and bars = AGA. 
AGA, average for gestational age; kgffm, kilograms fat-free mass; SGA, small for gestational age.  
*P = 0.05. Reproduced with permission from Lévy-Marchal and Czernichow [15]. 
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While the original Barker hypothesis postulated that poor intrauterine 
growth programs for insulin resistance in later life, a subsequent study 
by Eriksson et al found that children with the lowest birth weight and 
highest BMI at 11 years of age were at the greatest risk, not only for insulin 
resistance, but for subsequent development of type 2 diabetes mellitus [5]. 

In Germany, Reinehr et al examined the prevalence of metabolic 
syndrome in 804 overweight (BMI >90th percentile) children at an 
average age of 11 years, of whom 4% were born SGA [21]. In total, 40% 
of the overweight children born SGA had metabolic syndrome, compared 
with 17% of those born AGA [21]. Hypertension was increased five-fold 
in children born SGA and the prevalence of impaired glucose tolerance 
was more than double that observed in children born AGA [21]. 

Brufani et al in Italy showed that the metabolic deterioration in over-
weight or obese children born SGA is not only due to coincident insulin 
resistance, but also involves attenuated insulin secretion [22]. In a group 
of 257 children, of whom 44 were born SGA, the insulinogenic and dis-
position indices measured after oral glucose load indicated impairment 
of beta-cell function in the SGA group when compared with overweight 
children with a normal birth weight [22].

Leunissen et al in the Netherlands described the relationship between 
first-year growth and the prevalence of risk factors for cardiovascular and 
metabolic disease in a group of young adults (aged 18–24 years) born SGA 
[23]. The effect was greatest in the period from birth to 3 months of age; 
specifically, weight gain during the first 3 months of life was associated 
with reduced insulin sensitivity, lower high-density lipoprotein choles-
terol, and higher serum triglycerides. These associations were present 
even when linear growth was factored in, suggesting that a rapid gain 
in adipose tissue was responsible. When the subjects were subdivided 
into fast and slow weight gainers over their first 3 months of life, those 
who rapidly gained weight had a higher body fat percentage, larger 
waist circumference, and lower insulin sensitivity as young adults [23]. 

Insulin sensitivity in intrauterine growth restriction
Studies of children with IUGR that have demonstrated impaired insulin 
sensitivity, even as early as the neonatal period and infancy, found no 
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structural differences in the pancreas upon autopsy of deceased infants 
older than 32 weeks who were born AGA or SGA [24,25]. The percentage 
of beta cells found within the islets was identical in both groups [24,25].

Differential regulation of adipocytokines in the IUGR state may be 
predictive of adult disease. Most studies to date have reported lower leptin, 
lower adiponectin, and higher ghrelin levels in IUGR [19,26]. Visfatin 
may also be high, reflecting increased visceral fat deposits in IUGR [27].

Insulin resistance, an abnormal metabolic profile, high cortisol levels, 
raised plasma fibrinogen concentrations, and hypertension contribute 
to the risk of coronary heart disease and, thus, to increased morbidity 
and mortality [28,29].

These results demonstrate that early postnatal events in children 
born SGA have a profound impact on metabolic health as early as child-
hood and young adulthood and, as the Dutch data [23] and the updated 
follow-up studies suggest [10,30], much earlier than seen in Barkers 
original collective from the UK. This also illustrates that not only prena-
tal events lead to IUGR and SGA, but also postnatal events that occur in 
early infancy and childhood (ie, excessive weight gain in the first year 
of life) can impact on the frequency and risk of developing metabolic 
syndrome later in life.

Reversibility of metabolic programming
Vickers et al showed that neonatal administration of leptin into rats 
that were undernourished in utero reverses the metabolic phenotype of 
insulin resistance and obesity, suggesting that there appears to be an 
early postnatal window to reverse developmental programming [31]. 
Interestingly, relative undernutrition in early life has been associated with 
improved insulin sensitivity in adolescence [32]. One study investigated 
the relationship between relative undernutrition in infancy and the fasting 
concentrations of 32–33 split proinsulin at 13–16 years of age, and found 
that individuals fed ordinary formula (or better, breast milk) in infancy 
had lower fasting split proinsulin levels in adolescence than infants fed 
nutrient-enriched formula [33]. Fasting 32–33 split proinsulin levels 
were associated with weight gain in the first 2 weeks of life, independent 
of gestational age, birth weight, or other confounding factors [33]. 
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This implies that programming can possibly be reversed or prevented by 
dietary modulation at a critical stage of postnatal development. 

Growth and short stature
Catch-up growth
‘Catch-up growth’ is a term introduced by Prader et al to describe the 
increased growth velocity that occurs in children after a period of growth 
restriction when the cause of the growth restriction is removed [34,35]. 
Catch-up growth may also be defined as a growth velocity above the sta-
tistical limits of normality for age or maturity during a defined period of 
time. As a result of catch-up growth, final height is improved, although 
this recovery of adult stature is frequently incomplete. 

Two principal models have been proposed to explain catch-up growth. 
The first model, proposed by Prader, postulates a central nervous system 
‘set-point’ for an age that adjusts growth accordingly [35]. Today, more 
than 40 years have passed since the first publication of Prader’s concept 
and yet the postulated central nervous system mechanism remains 
elusive. Fetal and juvenile growth is typically inhibited by IUGR, whereas 
postnatally, it can be inhibited by a growth hormone (GH) deficiency, 
hypothyroidism, or postnatal malnutrition. If these conditions resolve, 
the growth rate generally does not return to normal but briefly exceeds 
the normal rate for chronologic age [36]. 

The second model is based on recent studies by Baron and colleagues 
to elucidate a local endocrine concept governing catch-up growth, which 
proposes that local inhibition in a single growth plate is followed by local 
catch-up growth within the growth plate [37]. According to this persua-
sive model, growth-inhibiting conditions decrease the proliferation of 
growth plate stem cells, thus conserving their proliferative potential. 
This anatomic specificity suggests that the mechanism responsible for 
catch-up growth resides not in the central nervous system but rather 
within the growth plate [38].

Most children who are born SGA experience catch-up growth and will 
achieve a height that is greater than two standard deviations below average. 
In most infants born SGA, catch-up growth is completed by 2 years of age 
(for infants born prematurely and SGA, it may take longer to catch-up 
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than full-term infants born SGA) [39–41]. In more than 80% of infants 
born SGA, catch-up growth in length occurs in the first 6 months of life 
[13]. Accelerated weight gain during infancy, even during the first weeks 
of life, can result in excess weight, insulin resistance, high leptin and 
cholesterol levels, and an elevated blood pressure even two decades later 
[42]. If rapid weight gain in infancy is indeed related to onset of disease 
later in life, physicians are faced with many challenges in overcoming 
deep-seated cultural stereotypes that a fat baby is a ‘healthy’ baby [42].

It is estimated that 90% of children born SGA eventually catch-up 
and maintain a height within the normal range [13]. Nonetheless, 10% 
remain short and represent a significant proportion of adults with short 
stature. The growth response of infants during their first months of life 
appears to be fundamental to the future health and stature of individuals 
born SGA, as most catch-up growth occurs in this relatively brief period.

Role of insulin-like glucose factor-1
Infants born SGA frequently exhibit increased concentrations of GH and 
low levels of IGF-1 and IGF-binding protein 3 (IGFBP3), suggesting that 
neonates born SGA are GH-insensitive [43–47]. However, normalization 
of the GH-IGF axis occurs early in postnatal life and most children born 
SGA go on to show normal responses to GH-stimulation tests and have 
normal levels of IGF-1 and IGFBP3 [47].

Polymorphisms of IGF-1 have been associated with pre- and postna-
tal growth retardation [48,49] and homozygous partial deletion of the 
gene encoding IGF-1 in humans results in severe impairment of growth 
[50]. The importance of IGF-1 is further underlined by the association of 
pre- and postnatal growth restriction with mutations of the IGF-1R gene 
[51]. Moreover, infants born SGA demonstrate reduced levels of IGFBP3, 
with consistently high levels of IGFBP1 and IGFBP2 [52].

Despite substantial evidence of abnormal levels of IGF-1 in these infants, 
there does not appear to be a firm link between IGF-related variables at 
birth and postnatal growth [43,44]. Cianfarani et al [53] have reported a 
correlation between catch-up growth and the IGF-1/IGFBP3 molar ratio 
in infancy and suggested that the affinity between IGF-BP3 and IGF-1 
may be modulated by cation-dependent proteolytic enzymes that degrade 
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IGF-BP thereby increasing the levels and bioavailability of IGF-1 [53]. 
Postnatally, the IGF system is switched on, allowing catch-up growth in 
the majority of infants born SGA [51]. Furthermore, the alterations in 
IGF-1 levels observed in neonates born SGA appear to be transient [54].

In infants born SGA, low cord levels of IGF-1 normalize rapidly after 
birth (Figure 14.2) [13]. However, serum levels of IGF-1 remain signifi-
cantly reduced in infants who fail to show catch-up growth by 2 years 
of age, suggesting mild GH resistance, whereas GH levels are normal 
[44,55]. In an observational case-controlled study, Verkauskiene et al 
analyzed the dynamics of IGF-1 and IGF-BP3 in a cohort of young adults 
born SGA and a cohort born AGA [56]. They found that serum IGF-1 
concentrations and the IGF-1/IGF-BP3 ratio were lower in adults born 
SGA than in those born AGA [56]. This would suggest that any long-term 
abnormality of IGF-1 metabolism may be implicated in the association 
between IUGR and cardiovascular and metabolic disease in later life.

Growth hormone therapy
Variations in the GH receptor gene do not explain variability of the overall 
response to GH [57]. Therefore, determination of absence or presence 

Figure 14.2  Mean (±SD) serum levels of IGF-1 in children born SGA and controls from birth 
(cord blood measurements) to 3 months of age. Levels of IGF-1 were significantly reduced in 
the cord blood of infants born SGA, but serum IGF-1 levels normalized rapidly after birth. IGF-1, 
insulin-like growth factor-1; SD, standard deviation; SGA, small for gestational age. Adapted with 
permission from Leger [13]. 
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of the exon 3 deletion of GH receptor is not helpful. A recent genome-
wide association study identified over 180 genes that are associated 
with stature [58]. Many of these affect the GH/IGF axis and potentially 
explain therapeutic responsiveness [10].

The efficacy of GH therapy in syndromic forms of short stature after 
IUGR has been the subject of much investigation. In general, the response 
to GH is not as good (eg, in patients with Silver-Russell syndrome or 
3-M syndrome). The adult heights of these patients were, on average, 
significantly below their parental target heights [59–62].

GH treatment in children with short stature after IUGR is considered 
standard practice by many physicians worldwide, although questions 
remain concerning the safety and efficacy of such treatment. Short chil-
dren born SGA represent a heterogeneous group of individuals in whom 
the short stature has multiple etiologies. As a consequence, response 
to GH and ultimate height achieved by treatment is highly variable. 
Prediction models unfortunately only explain about half of the response 
variability in the first year and a third of that in subsequent years [10,63]. 
Normalization of height is generally the primary justification for GH 
treatment [13,64]. 

Non-statural endpoints have also been examined. A recent study of 
35 short children that were born SGA reported that short-term GH treat-
ment reduced body fat, while promoting lean mass [64]. This finding 
was accompanied by a 40% drop in adiponectin and a 30% drop in 
follistatin. Theoretically, the change in adiponectin could explain the 
reduction in insulin sensitivity that occurs in response to GH; the change 
in follistatin is of uncertain significance, although follistatin inhibits 
myostatin (a transforming growth factor-Β super-family member), and 
so a decline in follistatin might be expected to reduce muscle mass. On 
the other hand, follistatin promotes adipogenesis, and thus perhaps the 
decline contributes to the reduction in fat mass when GH is given [10,64].

Hypothalamic-pituitary-adrenal axis
Functioning of the hypothalamic-pituitary-adrenal axis (HPAA) may be 
permanently programmed during development [65]. Cianfarani et al 
reported that children born SGA who do not show catch-up growth have 
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significantly higher fasting levels of plasma cortisol than children born 
SGA who achieved catch-up growth [13,66]. In addition, cortisol may 
limit IGF-BP3 proteolysis in the perinatal period, which minimizes the 
availability of circulating IGF and causing early growth restriction [13].

Hyperresponsiveness of the HPAA in children born SGA has been 
documented [13]. In a study of low-dose dexamethasone suppression 
followed by adrenocorticotropic hormone stimulation, an enhanced 
response of plasma and urinary cortisol was observed [67,68]. Tenhola 
et al observed high serum cortisol concentrations associated with high 
levels of epinephrine, low density lipoprotein, and total cholesterol 
in 12-year-old children born SGA, suggesting hyperresponsiveness of 
the HPAA [68]. Elevated corticotropin-releasing factor hormone levels 
have also been measured in infants with IUGR [69]. While these data 
also suggest the concept of early fetal programming, the underlying 
mechanisms for this HPAA hyperresponsiveness remain to be determined.

Thyroid
Reduced concentrations of circulating free T3 and free T4 thyroid hor-
mones, together with a discreet rise in concentrations of TSH, have been 
reported in fetuses with IUGR [70]. Furthermore, a significant decrease 
in the expression of thyroid receptor isoforms in the human fetal nervous 
system has been documented in IUGR [71,72].

Effects on reproductive system
Premature pubarche and polycystic ovary syndrome
The sequence and tempo of puberty appear to be normal. A Dutch lon-
gitudinal study of children born SGA showed no difference for girls in 
timing of pubertal onset or in the tempo of puberty, including menarche 
[73,74]. Studies by de Zegher et al and Ibanez et al have hypothesized 
that the insulin resistance and dyslipidemia that follows SGA birth in girls 
yields a hyperandrogenic state, resulting in premature pubarche that is 
followed by polycystic ovary syndrome (PCOS) in adolescence [45,75]. 
Metformin may have the potential to prevent or delay manifestations of 
hyperandrogenism, including PCOS, and the timing of such treatment 
(eg, starting it before menarche) may be important [75].
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However, the notion that low birth weight results in PCOS was 
challenged by Legro et al and the notion of an increase in premature 
adrenarche was also challenged by Dutch and French groups [74,76,77]. 
Legro studied 467 women with PCOS, their first degree relatives, and 
a group of unrelated controls and found that the distribution of birth 
weights in the affected women did not differ from US population norms, 
and there was no discernible relationship between birth weight and meta-
bolic or reproductive abnormalities [76]. Birth weight was self-reported, 
but a validation study supported the veracity of the data. There then 
appears a conflict in the data between the relationship of birth weight 
and premature adrenarche and PCOS in later life. Indeed, no other group 
has been able to discern such a high prevalence of PCOS in adolescents 
with a history of low birth weight. 

It may be that ethnicity plays a role and the data of Ibanez et al needs 
to be confirmed in other ethnicities and in larger cohorts. Preemptive 
therapy with metformin in girls with low birth weight and premature 
adrenarche has been advocated [10]. 

Reproductive tract abnormalities
There is a quartet of reproductive tract abnormalities (abnormal spermato-
genesis, testicular cancer, cryptorchidism, and hypospadias) affecting males 
born SGA that has now assumed a syndromic designation − testicular 
dysgenesis syndrome [TDS] [78]. It has been proposed that TDS has a 
fetal origin [79]and low birth weight is a common risk factor for testicular 
cancer, hypospadias, and cryptorchidism [80]. For example, the contem-
porary, ongoing, prospective longitudinal Cambridge Birth Cohort Study 
reported a prevalence of 4.5% for cryptorchidism at birth and confirms 
the significant association with low birth weight for gestational age [13].

Effects on other organ systems
Being born SGA has been implicated in multiple unrelated conditions, 
including coronary heart disease, stroke, liver cirrhosis, respiratory infec-
tion, obstructive airway disease, and renal disease [81–86]. All of these 
conditions may have the commonality of occurring in a nutritionally-
deficient environment.
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Renal disease is increased in individuals born with low birth weight, 
perhaps due to a reduction in nephron number, with compensatory 
glomerular hypertrophy [85–87]. Even young adults born SGA with 
apparently normal renal function have been found to have microalbu-
minuria and reduced glomerular filtration rate [88]. Children born SGA 
with minimal change nephritis are at greater risk of a complicated and 
progressive course of renal disease [89,90].

Being born SGA may also be associated with impaired pulmonary 
development with a greater risk of bronchopulmonary dysplasia and 
chronic lung disease in the newborn [91]. Harding et al found that prena-
tal development of the brainstem or chemoreceptors may be affected by 
fetal hypoxia or hypoglycemia in infants born SGA [92]. They found that 
the air−blood barrier in the lungs was thicker and that consequently, the 
diffusion capacity for carbon monoxide in the lungs was lower in children 
born SGA. Furthermore, impaired fetal growth and adult obesity were 
reported to be risk factors for adult asthma [93]. Being born SGA has 
also been associated with an increased risk of mortality from cirrhosis 
of the liver [83].

There is increasing evidence that nutritional deficit in utero can 
lead to abnormal bone development and predispose to osteoporosis in 
later life [94]. Indeed, the bone mineral density adjusted for bone size of 
children born SGA has been shown to be significantly less than that of 
children born AGA, with children in the lowest quartile for height gain 
almost twice as likely to incur a hip fracture in later life than are chil-
dren in the highest quartile [95,96]. In addition, bone maturation may 
show idiosyncratic variations in untreated children born SGA, particu-
larly between 6 and 9 years of age [97]. This often leads to difficulties 
in bone age interpretation, and large inter- and intraindividual observer 
variation. However, it is not related to the advent of adrenarche and is 
not a consequence of GH therapy [97].

Neurodevelopmental outcomes
McCarton et al found that premature children born SGA had significantly 
lower cognitive scores at 1, 2, 3, and 6 years of age than premature 
children born AGA [98]. They concluded that premature infants born SGA 
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are at greater risk of developmental impairment than equally premature 
infants born AGA [98].

A large UK-based study with a cohort of 14,189 infants showed that 
children born SGA (n=1064) had increased difficulties in academic 
and professional achievement compared to children born AGA [99]. 
However, those born SGA were no more likely to have emotional or 
social difficulties [99].

In a large landmark study of 254,426 Swedish males aged 18 years 
with short body length at birth, small head circumference at birth, and 
born pre-term were all found to have an increased risk of subnormal 
performance on psychological and intelligence tests [100]. The most 
important predictor of subnormal performance among individuals born 
SGA was the absence of catch-up growth in infancy [100].

Epigenetics: the missing link between intrauterine 
growth restriction and long-term health effects?
There is emerging evidence that epigenetic mechanisms are involved in 
fetal programming to either maintain health or develop disease as adults 
[10,101]. This concept is best elucidated by an animal model in rats where 
uterine blood flow was diminished and the offspring developed diabetes 
as adults due to reduced beta-cell mass [102]. This occurs because the 
expression of Pdx1 (a transcription factor involved in pancreatic islet 
development) was compromised as a result of specific alterations in DNA 
methylation and histone acetylation. These epigenetic changes induced by 
maternal−fetal environment changes are not necessarily immutable and 
can be reversed during critical development windows [103]. For example, 
the programming of diabetes in IUGR can be avoided by injections of a 
glucagon-like peptide analog (eg, Exendin-4) at birth, with subsequent 
restoration of beta cell mass [103]. 
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Chapter 15

Growth hormone treatment 
Roland Schweizer and David D Martin

Introduction
Approximately 8–10% of children born small for gestational age (SGA) 
do not show catch-up growth by the age of 2 years and older [1,2], with 
approximately 10% of all children born SGA still below the third percen-
tile at the age of 8 years [3]. These children later have a reduced adult 
height [4]. For these children, short stature is an approved indication for 
recombinant human growth hormone (GH) treatment.

Requirements of the regulatory authorities for 
growth hormone treatment
Table 15.1 shows the differences in requirements for GH treatment in 
short children born SGA in the US and the EU. The main difference is 
that the recommended GH dose in the EU is approximately half the dose 
approved in the US (however, both dosages are above the substitution 
dose range). In the US, GH treatment is approved from the age of 2 years 
onwards, whereas in the EU, treatment is not approved for children under 
the age of 4 years. Distance to mid-parental height plays a role in the 
EU but not in the US, where idiopathic short stature is also an approved 
indication for GH treatment.

In the EU, it is recommended that treatment should be discontinued 
after the first year if it is ineffective; the criteria for differentiating 
between effective and ineffective treatment is a minimum increase of 
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height velocity (HV) standard deviation score (SDS) of one standard 
deviation (SD). This very conservative recommendation equates to an 
increase in HV of about 1.5 cm in the first year. 

Prognostically more favorable for a significant increase in adult height 
is an average growth velocity in the first year that exceeds the 97th 
percentile of age-appropriate rate charts (ie, HV>+1.88 SDS), correspond-
ing to an increase in growth rate by more than 2 cm in the first year of 
treatment. This goal is reached in about 80–85% of children born SGA 
and has been proposed as a more appropriate cut-off for assessing the 
effectiveness of GH treatment [5].

Growth during growth hormone treatment
The safety and efficacy of GH treatment for children born SGA has been 
evaluated in a number of randomized, open-label, controlled clinical 
trials [6,7] In the pioneering trials in this area, patients (age range of 
2–8 years) were observed for 12 months before being randomized to 
receive either somatropin as a daily subcutaneous injection (usually 
involving two different dosing regimens per study: 0.24 mg/kg/week and 
0.48 mg/kg/week, corresponding to 34 µg/kg/day and 68 µg/kg/day) or 
no treatment for the first 24 months [6,7]. After 24 months, all patients 
received somatropin. In a study by de Zegher et al, patients who received 
any dose of somatropin showed significant increases in growth during the 
first 24 months when compared with patients who received no treatment 
[6]. Children receiving 0.48 mg/kg/week demonstrated a significantly 
larger increase in height SDS when compared with children treated with 

Requirements for growth hormone treatment of short children born small 
for gestational age in the US and EU

US EU

Height <Third percentile <–2.5 SDS

Recommended GH dose 68 µg/kg/day 35 µg/kg/day

Age at start of treatment >2 years >4 years

Growth No catch-up growth HV ≤50th percentile of HV charts

Distance to mid-parental height No limitations >–1 SDS

Table 15.1  Requirements for growth hormone treatment of short children born small for 
gestational age in the US and EU. GH, growth hormone; HV, height velocity; IGF-1, insulin-like 
growth factor 1; IGFBP-3, insulin-like growth factor-binding protein 3; SDS, standard deviation score.
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0.24 mg/kg/week (34 µg/kg/day). Both of these doses resulted in a slower, 
but nevertheless increased, rate of growth between 24–72 months. After 
6 years, the height increase was significantly greater in the higher dosage 
group. However, a study by Sas et al did not show a dose-dependent dif-
ference in height increase in the two dosage groups [7]. This difference 
is perhaps explained by the fact that in the Sas study group, patients who 
showed an impaired GH secretion were included, whereas the latter was 
an exclusion criterion in the de Zegher study [6,7]. 

Adult height data available from the Sas et al study show that 85% 
of patients treated with somatropin reached an adult height within 
the normal range [8]. The total height gain in both dosage groups was 
almost two SDs (Figure 15.1). A Swedish study [9] reported that chil-
dren born SGA who started GH therapy at least 2 years before the onset 
of puberty gained a mean adult height SDS of +1.7 (corresponding to 
a 12 cm increase in adult height), compared with pretreatment predic-
tions. By contrast, children who started GH therapy at a later age gained 
a mean adult height SDS of +0.9 (corresponding to a 6 cm increase in 
adult height) [9]. 

Similarly, studies in which children started treatment at a mean age 
of 7.8 years estimated that the gains in adult height were approximately 
+2 SDS [8]. However, it must be noted that height predictions in short 
stature tend to underestimate adult height and they tend to do so more 
between bone ages of 4–10 years [10]. A French study showed that no sig-
nificant improvement in adult height was achieved when compared to an 
untreated control cohort where GH treatment was started late (ie, around 
puberty); the gain in height was only 0.6 SDS (approximately 4 cm) [11].

A further trial, part of a Dutch study [12], has been included in a 
meta-analysis on the effect of GH treatment in children born SGA [13]. 
The children studied here had, for the most part, already been part of 
the aforementioned Dutch cohort [12], which the authors of the meta-
analysis concede as a limitation in their discussion. In this study, the 
treated children gained an average of 1.5 SDS in stature (9.4 cm) during 
GH treatment, whereas there was no change in body height SDS in 
the untreated control group. The meta-analysis based on these studies 
concluded that the adult height of the GH-treated groups significantly 
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exceeded that of the controls by an average of 0.9 SDS (approximately 
7 cm) [13]. The GH dose used had no significant impact on adult height. 
In our own uncontrolled study, the GH-treated short children born SGA 
attained an adult height of –2.0 SDS (range –0.59 to –4.92). Total height 
gain (change in height from starting GH to final height) was +1.1 SDS 
(range –0.49 to +2.56), which amounts to approximately 7–8 cm [14]. 
For results of studies until final height, see Table 15.2.

Experience in very young children (less than 4 years of age) is limited, 
but a study on patients selected from the Pfizer International Growth 
Database (KIGS) showed a good growth response in children in this 
age range, with an increase of height SDS from –4.2 to –2.7 over a 
2-year treatment period [20]. Serious adverse events were not reported. 
The mean height SDS gain for chronological age in children treated for 

Figure 15.1  Growth during growth hormone treatment. Two dosage groups until final height 
(n=54). GH, growth hormone; SDS, standard deviation score. Adapted with permission from 
van Pareren et al [8].
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24 months was 2.10, while it was 1.43 SDS in those treated only during 
the last 12 months. In both groups, children under 4 years of age had 
the greatest gain in growth velocity. No significant acceleration of bone 
age or side effects related to treatment was seen. 

A multicenter, controlled, randomized, open clinical trial of GH in 
2- to 5-year-old short children born SGA reported an increase in mean 
height by 2.1 SDS in children treated for 24 months, and 1.4 SDS in 
those observed for 12 months and then treated for 12 months [21]. 
No treatment-related side effects and no significant acceleration of 
bone age were reported. When continuous GH treatment ended after 
3 years, the gain in height was lost again after 5 years of growth without 
GH treatment in most patients. To identify patients able to retain their 
height gain during the off-treatment period, patients were divided in two 
subgroups of children: those who lost less than 0.5 height SDS during 
the 3-year follow-up, and those who lost more than 0.5 height SDS. In 
the study, 20 out of 62 children retained their height SDS during the 
follow-up period with no significant catch-down in growth 3 years after 
treatment. These 20 children were older and had a more advanced bone 
age at the start of the GH treatment. A majority of these children went 
into puberty during the first 3 years of follow-up (60% versus 30%) in 
comparison with the catch-down group. Other parameters were similar 
in both subgroups included height and weight at birth, height velocity, 
and height SDS at the start of GH treatment. Most of the children in the 
subgroup who did not catch down had entered puberty after 5 years 
and had gone through Tanner pubertal stages 3–5, whereas only 65% 
of the children with catch-down growth had reached puberty. There 
was no significant difference in time of onset of puberty between the 
two subgroups [22].

Whether treatment should be continuous or stopped after reaching 
a normal height remains controversial, especially since a study by de 
Zegher et al showed that a height increase of 2.5 SD during 2 years of 
GH treatment was followed by a decrease of 0.3–0.4 SD during the first 
and second year after GH withdrawal [23]. Subsequently, when stature 
was not extremely short at the start (eg, height SDS of –2.7), no further 
GH treatment was given and the adjusted height was stabilized around 
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–1.0 SDS; when stature was very short at the start (eg, height SDS of –3.3), 
a second course of GH treatment (66 mg/kg/day) was initiated either 2 
or 3 years after initial GH withdrawal. This second course was associ-
ated with renewed catch-up growth and also resulted in a mean adjusted 
height of –1.0 SDS [24]. The discontinuation period was not as long as 
that employed in the study by Fjellestad-Paulsen et al [22]. 

Predictive factors for response during growth 
hormone treatment
As in all indications for GH therapy, children born SGA with the greatest 
parental height-/adjusted height-deficit responded best to GH therapy 
[8,9]. Studies also suggest that the younger the child at the start of GH 
therapy, the quicker the initial GH response [8,9,11]. A further predictor 

Summary of studies reporting final height data in growth hormone-treated  
short children born small for gestational age

Author
Treatment 
yes/no

Number of 
patients

Age at start 
of treatment

GH dose  
(µg/kg/d)

Duration of GH 
(years)

Height at start 
of GH SDS

Adult height  
SDS

Height gain 
SDS

Final height (cm) 
boys/girls

RCTs

van Pareren et al, 2003 Yes 
Yes 
No

28 
26 
15

7.9 
8.2 
7.8

33 
67 
0

7.9 
7.5 
0

–2.9 
–3 
–2.6

–1.1 
–0.9 
–2.3

1.8 
2.1 
0.3

169.3/160.1 
173.7/159.2 
Not reported

Carel et al, 2003 Yes 
No

102 
47

12.7 
12.8

67 
0

2.7 
0

–3.2 
Not reported

–2.1 
–3.2

1.1 159/147 
162/151

Dahlgren and Wikland, 2005 Yes 
Yes 
No

36 
41 
34

8.9 
12.3 
8.3

33 
33 
0

8.5 
5.5 
0

–3.1 
–2.5 
–2.2

–1.2 
–1.6 
–2

1.9 
0.9 
0.2

Not reported 
Not reported 
Not reported

van Dijk et at, 2007 Yes 
No

37 
25

8.5 
7.8

33 to 67 
0

7.3 
0

–2.9 
–2.6

–1.4 
–2.6

1.5 
0

Not reported 
Not reported

No RCTs

Ranke and Lindberg, 1996 Yes 16 12.7 33 4.3 –1.7 –1.7 1 Not reported

Coutant et al, 1998 Yes 
No

70 
40

10.3 
Not reported

19.8 
0

4.6 
0

–2.9 
–2.8

–2 
–2.2

0.9 
0.6

Not reported 
Not reported

Zucchini et al, 2001 Yes 
No

29 
20

10.9 
10.7

33 
0

3 to 7 
0

–2.3 
–2

–1.8 
–1.9

0.5 
0.1

Not reported 
Not reported

Rosilio et al, 2005 Yes 20 9.6 67 2+2 off ±4 –2.6 –2 0.6 161.2/152.5

Bannink et al, 2007 Yes 
Yes

26 
20

7.5 
7.9

33 
67

8.5 
7.9

–3.1 
–3.1

–1.5 
–1.2

1.6 
1.9

Not reported 
Not reported

Schweizer et al, 2007 Yes 27 8.95 54 5.5 –3.2 –2.1 1.1 162.6/157.4

Table 15.2  Summary of studies reporting final height data in growth hormone-treated short 
children born small for gestational age. Data adapted from Maiorana and Cianfarani, et al [13–20].
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of growth response to GH is the d3-GH receptor polymorphism. Patients 
with the d3/d3 variant respond significantly better to GH than patients 
with the d3/fl or fl/fl variant [24].

Another attempt to predict growth response to somatropin was 
presented by Ranke et al [25]. They developed a so-called ‘prediction 
model’ with the parameters of age at start, weight SDS at start, GH dose, 
and mid-parental height SDS to predict growth in the first 3 years of GH 
treatment [25] (and also until final height [26]). These models explain 
approximately 50% of the variability of growth response to GH.

It can be concluded that the start of GH treatment should be early, 
and clearly before puberty, to achieve best results in terms of adult 
height. Also, GH works best if given continuously. The effect on growth 
is dose- dependent in the first years of GH treatment but this effect has 

Summary of studies reporting final height data in growth hormone-treated  
short children born small for gestational age
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not been confirmed with regards to adult height. Whether GH treatment 
during puberty contributes to adult height, whether GH doses need to be 
increased during puberty, or whether GH can be stopped altogether in 
mid puberty is still unclear. Several factors (age, height, d3-GH receptor 
polymorphism) are valuable for predicting growth response.

Combination of growth hormone and 
gonadotropin-releasing hormone agonist treatment
Gonadotropin-releasing hormone (GnRH) agonists are used for the treat-
ment of central precocious puberty, and they effectively stop the prema-
ture acceleration of skeletal maturity and elicit a significant improvement 
in adult height in this indication [27]. Prescribing GnRH agonists at 
early-to-normal onset of puberty, and thus at a much later stage of 
childhood growth, resulted in no significant gain in adult height in most 
studies [Ref(s)??]. Hence, an international panel of experts recently came 
to the conclusion that additional GnRH agonist treatment in short chil-
dren born SGA who are undergoing GH treatment is not recommended 
unless the respective children have precocious puberty [27].

In the only randomized controlled study to date to examine the adult 
height of short children born SGA following treatment with a GnRH 
agonist and GH, both drugs were co-administered from the start of treat-
ment: this design therefore does not allow for a separate analysis of the 
effect of the GnRH agonist [28]. In daily practice, however, additional 
GnRH agonist treatment to slow bone maturation in short SGA children 
with early onset of puberty is not uncommon. There is an urgent need 
for further research in this area because early puberty in short SGA 
children can abrogate the gains in height achieved with GH treatment. 

Side effects
No significant side effects have been associated with GH treatment in 
short SGA children. A study by van Dijk et al reported that, at 6.5 years 
after discontinuation of long-term GH treatment, common metabolic 
parameters (such as insulin sensitivity and body mass index) were 
equivalent for GH-treated and untreated young adults with SGA [12]. 
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The most serious and most frequently observed (albeit rare) adverse 
reactions during treatment with somatropin include [12]:
•	 glucose intolerance, including impaired glucose tolerance/

impaired fasting glucose, as well as (often unmasking latent) 
diabetes mellitus;

•	 intracranial hypertension, due to water retention;
•	 slipped capital femoral epiphysis;
•	 progression of pre-existing scoliosis;
•	 unmasking of latent central hypothyroidism; 
•	 injection site reactions, rashes, and lipoatrophy; and
•	 generalized hypersensitivity reactions.

In an additional study of 273 pediatric patients born SGA and treated 
with GH, the following clinically significant events were reported [29]: 
•	 mild transient hyperglycemia; 
•	 benign intracranial hypertension; 
•	 precocious puberty;
•	 jaw prominence; 
•	 aggravation of preexisting scoliosis; 
•	 injection site reactions; and
•	 self-limited progression of pigmented nevi. 

Anti-GH antibodies have not been detected in any patients treated with GH.

The growth hormone insulin-like growth 
factor 1 axis
The European Medicines Agency (EMA) recommended that insulin-like 
growth factor 1 (IGF-1) levels should not exceed the normal range during 
GH treatment, since there is concern that long term high IGF-1 levels can 
increase the risk for certain tumors (eg, breast cancer, prostate cancer) 
later in life. A 2001 study showed that IGF-1 levels in approximately 
2.3% of prepubertal children and 11% in pubertal children born with a 
GH deficiency exceeded the 95th centile of the reference values for their 
age group during GH treatment [30]. The recommendation is that if a 
high level is measured, it should be repeated and if it is again above the 
normal range, the GH dose should be reduced.
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Results from an ongoing study by Carel et al on the safety of GH 
treatments [31] suggest that patients treated with high doses of GH 
(>50 µg/kg/day) have an increased risk of mortality later in life (unpub-
lished data from the Santé Adulte GH Enfant [SAGhE] study). This 
study is controversial because study design issues but the EMA recom-
mends that doses exceeding 50 µg/kg/day should be avoided [31]. The 
issues and recommendations for GH treatment in children born SGA are 
summarized in Simon et al [32].

Changes in psychosocial features and 
body composition
Changes in psychosocial features 
In addition to growth acceleration and gain in adult height, further 
effects of GH treatment have been studied and described. In an uncon-
trolled Dutch study [33], changes in intelligence and psychosocial func-
tions of SGA children with GH treatment were measured and positive 
changes in IQ, behavior, and self-awareness were observed. These find-
ings are encouraging, but require independent confirmation by additional 
controlled studies. 

Changes in muscle, fatty tissue, and bone
Short children born SGA are characteristically slender and underweight. 
Compared to non-SGA peers, they have a severely reduced muscle mass 
and decreased fat mass. These findings come from studies that have 
examined the body composition of short SGA children in the following 
body parts with the following methods: upper arm with conventional 
anthropometric measurement methods [34], thigh with magnetic reso-
nance imaging [35], upper arm and femur with peripheral quantitative 
computed tomography (pQCT) [36], or total body by dual energy X-ray 
absorptiometry (DXA) [35]. During GH treatment, short children born 
SGA showed a significant increase in muscle mass and a significant 
decrease in fat mass compared to untreated controls [37]. The increase 
in muscle mass was associated with an increase in muscle strength 
(Figure 15.2) [36]. 
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The reduced muscle mass and the short stature in children born SGA 
leads to a different bone structure when compared to non-SGA peers 
that is partially normalized through GH treatment. Bone mineral density 
(measured by DXA) is lower in short children born SGA compared with 
controls and increases significantly during GH treatment [38]. This 
effect is mainly due to height gain, because the bone mineral density 
assessed with DXA in prepubertal children largely depends on stature. 
But even after correction for body height and using a pQCT method that 
can represent the structure of bones more exactly, a bone structure with 
reduced bone strength index is more likely to be found in short children 
born SGA. GH treatment leads to an increase in bone area and cortical 
thickness (following an initial decrease in cortical bone density), which 
nevertheless results in an increase in bone strength index after 2 years 
of treatment (Figure 15.3) [39]. The effect of GH on bone age was 
described by Sas et al [40]. They showed a slight acceleration of about 

Figure 15.2  Changes of muscle and fat during growth hormone treatment in short children 
born small for gestational age. GH, growth hormone; SDS, standard deviation score. Modified 
with permission from Schweizer et al [36].
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1.2–1.4 bone years per human year in the first 4 years of GH-treatment. 
Bone age acceleration is also observed in children born SGA not treated 
with GH. Therefore, the impact of the GH-induced acceleration on adult 
height remains controversial [41]. 

Changes in carbohydrate and lipid metabolism 
and blood pressure
On average, short children born SGA have a slightly increased insulin 
secretion compared with controls of similar age. During GH treatment, 
insulin secretion further increases, as would be expected [42]. There 
is a parallel decrease in insulin sensitivity which can be partially, but 
not fully, offset by the increase in muscle mass and decrease in fat mass 
[43]. Half a year after termination of GH treatment, insulin secretion 
was found to return to baseline levels [8] and to remain normal 6 years 
after GH treatment [12].

Figure 15.3  Changes of strength strain index during growth hormone treatment in short 
children born small for gestational age. GH, growth hormone; SGA, small for gestational 
age; SDS, standard deviation score; SSI, strength strain index. Modified with permission from 
Schweizer et al [36].
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The serum levels of cholesterol – high density lipoprotein (HDL) 
cholesterol and low density lipoprotein (LDL) cholesterol – are normal 
in most SGA children, although LDL cholesterol levels can decrease sig-
nificantly during GH treatment [7]. Children with initially increased 
cholesterol often show a normalization of their cholesterol levels under 
GH treatment (unpublished data from University Children’s Hospital 
Tübingen). The blood pressure of many children born SGA can be slightly 
increased and returns to normal levels during GH treatment [7]. 

These observations are especially interesting in the context of reports 
from epidemiological studies that low birth weight is associated with an 
increased risk for developing a metabolic syndrome (insulin resistance, 
lipid increase, blood pressure increase) later in life [44,45]. Meanwhile, 
most experts assume that the main cause for metabolic disruptions later 
in life is not low birth weight itself, but the combination of low birth 
weight with rapid weight gain in the first few years of life.

It seems plausible that the aforementioned described changes in 
metabolism and body composition during GH treatment do not increase 
the risk for metabolic syndrome. A follow-up of SGA patients after GH 
treatment even found a reduction of risk factors for metabolic syndrome 
compared to untreated SGA children [12].

Summary
GH is approved for the treatment of short stature in children born SGA 
and leads to an increase in height during childhood as well as an increase 
in adult height (mean of approximately 7 cm). The question as to what 
dose should be given or which parameters the dose should be titrated 
to has not yet been definitively answered. The effect on growth is dose 
dependent in the first years of GH treatment but this effect is not shown 
thereafter or with regards to adult height. The dose should probably not 
be below 35 µg/kg/day, and GH doses exceeding 50 µg/kg/day should 
be avoided. Treatment should start before puberty and continue until the 
end of growth since a disruption can lead to loss of the gained height. 

No definitive recommendation can be given with regards to the use 
of GnRH agonists to slow bone maturation, unless patients show signs 
of puberty before the age of 7 years, and further studies are needed. 
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To avoid potential late adverse effects the IGF-1 levels should be con-
trolled regularly and the GH dose titrated to keep IGF-1 levels within the 
normal range. Furthermore, glucose metabolism should be checked regu-
larly by determination of fasting insulin and blood glucose (Table 15.3). 
Besides increased growth, GH leads to an increase in the ratio of muscle 
mass to fat mass and appears to have a positive effect on the blood lipid 
profile and on blood pressure. The changes in glucose metabolism due 
to increased insulin levels are reversible upon cessation of GH treatment.

Minimum recommendations for regular controls during growth hormone 
treatment in short children born small for gestational age
Recommended controls Time span

Height, weight Twice a year  
(quarterly in the first 6 months)

IGF-1, IGFBP-3 Twice a year  
(quarterly in the first 6 months)

Fasting glucose, insulin, C-peptide Once a year

Blood pressure Once a year

X-ray of left hand for bone age Once a year

Table 15.3  Minimum recommendations for regular controls during growth hormone 
treatment in short children born small for gestational age. IGF-1, insulin-like growth factor 1; 
IGFBP-3, insulin-like growth factor-binding protein 3.
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Chapter 16

Renal function
Jörg Dötsch

Introduction 
It has been shown that there is a correlation between low birth weight 
and adverse cardiovascular and renal outcomes [1]. This relationship 
can become evident as early as childhood and may include arterial 
hypertension, glomerular disease, and renal failure; these conditions 
are often ascribed to a phenomenon called ‘fetal programming.’ Other 
conditions potentially leading to an adverse renal outcome caused by fetal 
programming are maternal diabetes mellitus, preeclampsia, maternal 
hypertension, excessive salt intake, and glucocorticoid use during preg-
nancy [Ref??]. There are numerous underlying mechanisms involved in 
fetal programming of renal disease including:
•	 reduced nephron number via diminished nephrogenesis;
•	 renal alterations (eg, via the intrarenal renal renin–angiotensin 

aldosterone system); and
•	 non-renal alternations (eg, changes in endothelial function).

Additionally, it seems likely that the outcome of fetal programming is 
influenced postnatally [2].

Low birth weight and renal function
Low birth weight has been found to be associated with an increase in 
arterial blood pressure in later life. A recent meta-analysis showed a drop 
of approximately 1 mmHg systolic blood pressure per kilogram of birth 
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weight [3]. Additionally, as shown in recent studies, end-stage renal failure 
has an increased prevalence in adults who were born small for gestational 
age (SGA) [4,5]. However, the following fundamental questions need to 
be addressed in more detail and require further elucidation:
•	 Is low birth weight a primary risk factor for renal dysfunction in 

later life?
•	 Is epidemiological evidence showing an increased risk of later renal 

dysfunction in low birth-weight infants robust?
Ultimately, further investigation is needed to reveal crucial underlying 
mechanisms and to delineate the role of the postnatal period in fetal 
programming of renal diseases.

Causes of fetal programming 
Low birth weight is only one possible cause leading to fetal programming 
of renal disease. Another hypothesis is an ’overload’ of nutrients in utero. 
This can either be observed on a general basis (eg, maternal obesity) or 
on a more specific basis (eg, maternal diabetes mellitus). Both conditions 
may cause infants to be born with a higher than average birth weight and 
have a subsequent predisposition for metabolic syndrome. This observation 
can be explained by the lower incidence of extreme variants, as well as 
by the more subtle phenotype outcomes in the offspring themselves [6].

The more heterogeneous group of programming events leading to 
fetal programming of renal disease includes maternal stress, preeclamp-
sia, maternal hypertension, glucocorticoid use, and excessive salt intake. 
Regardless of the origin, there is increasing data suggesting that the 
postnatal environment not only modifies intrauterine growth but may 
induce postnatal programming, even after a normal pregnancy [2]. This 
is due to the fact that critical windows for programming are not neces-
sarily ’closed’ with birth but may persist into infancy and even childhood. 
Therefore, both prenatal and postnatal situations need to be considered 
in the context of programming of renal function.

Perinatal programming and energy deficiency
Epidemiological and experimental evidence
A relatively low birth weight has been associated with many subsequent 
health problems. Over the last decade, various epidemiological studies 
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have tried to prove the association between lower birth weight and 
elevated blood pressure later in life. For example, a 2002 meta-analysis 
examined the impact of study size and investigators on the severity of 
hypertension. The authors found that studies with fewer participants 
showed a more pronounced inverse association between birth weight 
and blood pressure [7]. However, in larger studies (n>3000), the authors 
still found a systolic blood pressure decrease of 0.6 mmHg per kg of birth 
weight [7]. Even when an adjustment for present weight was omitted, 
the calculated blood pressure reduction reached 0.4 mmHg/kg.

These observations may indicate that low birth weight is a risk factor 
for later blood pressure elevation. However, an epidemiological linkage 
of birth weight and elevated arterial blood pressure later in life does 
not sufficiently address the issue of perinatal programming of hyper-
tension. Nevertheless, perinatal programming of hypertension should 
be considered when screening for and treating complex metabolic and 
cardiovascular diseases in later life due to the pathogenic link between 
excess body weight, blood pressure elevation, diabetes, and metabolic 
syndrome with low birth weight.

In 2000, Lackland et al reported that low birth weight was associated 
with early onset end-stage renal failure in US residents from a variety 
of ethnic backgrounds [8]. Within the study of patients (n=1230) with 
end-stage renal disease (ESRD), the odds ratio (OR) for renal failure was 
1.4 (95% confidence interval [CI], 1.1–1.8) for the entire group, including 
patients with diabetes mellitus and hypertension. More recently, Li et al 
reported that men who self-reported having a relatively low or a relatively 
high birth weight were more likely to display evidence of chronic kidney 
disease (CKD) when screened using estimated glomerular filtration rate 
(GFR) [9]. A U-shaped association between birth weight and CKD in men 
was observed; compared with men whose birth weight was 3000–3999 g, 
those whose birth weight was <2500 g were 1.65 times more likely to 
develop CKD (95% CI, 1.24–2.20), whilst those whose birth weight was 
>4500 g were 1.41 times more likely to develop CKD (95% CI, 1.06–1.88) [9]. 

Focusing on ESRD as a clinical endpoint, a large population-based 
cohort study of children born in Norway between 1967 and 2004 found 
that children with a birth weight below the 10th percentile (classified 
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as SGA) had a higher risk of end-stage renal failure than those who 
were not born SGA (relative risk 1.5; 95% CI 1.2–1.9) [5]. Furthermore, 
when compared to controls, the development of ESRD in children born 
SGA seemed to be more common before 14 years of age than after 
[5]. As patients under the age of 14 years are unlikely to have factors 
predisposing for chronic renal failure (eg, diabetes mellitus and hyper-
tension), the reason for higher incidence of ESRD under the age of 14, 
and whether it is related to congenital malformation, remains unclear. 
While this study was able to show an association between birth weight 
and ESRD, not all studies have been able to demonstrate altered renal 
function in SGA children [10].

In a meta-analysis by White et al that included 32 studies, 16 studies 
reported a significant association between low birth weight and risk of 
CKD, while 16 did not observe a correlation [11]. The combination of 
weighted estimates from the 18 studies for which risk estimates were 
available (n=46,249; total of 2,183,317 subjects from the record linkage 
study) gave an overall OR of 1.73 (95% CI, 1.44–2.08). Combined ORs 
were consistent in magnitude and direction for risks of albuminuria 
(OR=1.81; 95% CI, 1.19–2.77), ESRD (OR=1.58; 95% CI, 1.33–1.88), and 
low estimated GFR (OR=1.79; 95% CI, 1.31–2.45) [11]. An increased prev-
alence of albuminuria in children born SGA (even as early as 18 months 
of age) was shown in a more recent study [12]. 

Glomerular disease in childhood and relation to 
birth weight
Idiopathic or minimal lesion nephrotic syndrome in childhood is usually 
associated with a good prognosis and an initial complete response to 
glucocorticoids with resolution of proteinuria in about 90% of patients 
[13]. Retrospective clinical studies have reported that children with a 
history of low birth weight who develop idiopathic nephrotic syndrome 
have a higher incidence of relapses and steroid dependence [14,15]. Other 
recent studies have confirmed a more severe course and a higher rate of 
steroid resistance in children with nephrotic syndrome that were born 
SGA [16,17]. However, the underlying mechanisms linking low birth 
weight and glomerular disease have not yet been delineated.
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Data reported in the 1990s indicate that up to 30% of patients with 
immunoglobulin A (IgA) nephropathy (or Berger’s disease) presenting in 
childhood eventually develop end-stage renal failure [18]. A retrospec-
tive study of 62 children with IgA nephropathy reported three times as 
many sclerotic glomeruli among children with IgA nephropathy who 
were born SGA compared with those who had an average birth weight 
[19]. However, more recent data linking birth weight with progression 
of Henoch-Schönlein purpura nephritis, an IgA-mediated systemic vas-
culitic disorder, does not suggest a substantial influence of birth weight 
but rather indicates that postnatal catch-up growth subsequent to low 
birth weight might play a pivotal role on progression of renal disease [20].

Intrauterine growth restriction and later morbidity: 
animal models
Most data originating from human studies are based on epidemiological 
associations. Although epidemiological methods minimize confounding 
factors as much as possible, such studies are associative and thus cannot 
prove definitive causal relationships. Studies on laboratory animals 
have been useful in elucidating a causal relationship between an initial 
programming event such as intrauterine growth restriction (IUGR) and 
later morbidity. Protein restriction in laboratory animals has been the 
most widely used method for demonstrating how IUGR affects the car-
diovascular system and the kidney [21–23]. In such studies, pregnant 
rats are fed an isocaloric, protein-restricted diet, varying from 10–40% 
of normal protein intake. This model mimics protein restriction, which 
is thought to be a frequent cause for IUGR in developing countries. 

Animal models can be used to examine both causal relationships and 
mechanisms. For example, the protein-restricted model was employed 
to examine susceptibility to acquired renal diseases. Plank et al studied 
male IUGR offspring of protein-restricted mothers and observed that 
these offspring subsequently had increased susceptibility to a more 
severe and potentially chronic course of acute mesangioproliferative 
glomerulonephritis when this condition was induced by an injection of 
anti-Thy-1.1 antibody [24]. Similar observations were made for arterial 
hypertension [25]. 
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One interesting question recently addressed in the rat model is 
whether the impairment in nephrogenesis is passed on to further gen-
erations. Harrison and Langeley-Evans have shown that there is in 
fact intergenerational programming of impaired nephrogenesis and 
hypertension in the second generation [26]. The use of animal models 
in studying mechanisms of fetal programming are reviewed further by 
Langley-Evans and Nuyt [27,28]. 

Mechanisms contributing to fetal programming
Nephron number 
Nephron number has been acknowledged as a determinant of suscepti-
bility to renal disease and possibly the development of hypertension in 
both animal and human studies [29–35]. During nephrogenesis, both 
intrinsic and extrinsic factors ‘program’ an individual’s nephron number, 
ultimately resulting in what has been named ‘nephron endowment’ [35]. 
Following the completion of nephrogenesis no further nephrons are 
formed, and aging or renal injury decreases nephron number. 

The hypothesis was confirmed by Keller et al who showed an inverse 
relationship of glomerular count and blood pressure in previously healthy 
accident victims by renal autopsy [33]. For this study, kidney size was 
used as approximation for nephron number, and it was found that in 
children affected by IUGR, kidney size was reduced [33]. A recent study 
shows that twin infants born prematurely and SGA with a birth weight 
below the third percentile are unable to achieve catch-up growth in 
kidney length in the first 24 months of life [36]. In a retrospective cohort 
study (n=206), 36% of patients with a single functioning kidney showed 
hypertension, albuminuria, or a need for renoprotective medication at 
the median age of 9.5 years [37]. However, the hypothesis falls short 
of explaining why patients with unilateral renal agenesis do not suffer 
from hypertension in later life [38]. 

Renin-angiotensin-aldosterone system 
A number of vasoactive systems that contribute to nephrogenesis seem to 
be altered in response to a change in the intrauterine milieu. An important 
indicator of changes in the prenatal environment that might lead to 
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fetal programming of renal disease is thought to be an alteration in 
the renin-angiotensin-aldosterone system (RAAS) [39].

Experimental models of fetal programming have shown an increased 
renal renin expression in adult rats subsequent to IUGR due to maternal 
protein restriction during gestation. [39–41]. In neonatal rats born to 
protein-restricted dams, there was a suppression of the RAAS [21]. More 
recently, it was reported that the adrenal expression of the angiotensin II 
type-1b receptor in rats with IUGR is increased [41]. This is probably due 
to an epigenetic mechanism, as the authors observed that the proximal 
promoter of the angiotensin II type-1b receptor gene was hypomethylated, 
which facilitates heightened transcriptional activity. In humans, there is 
only one angiotensin II type-1 receptor, rendering it unclear whether these 
findings would apply to humans. However, increased salt sensitivity was 
reported to be present in children with low birth weight, which might 
indicate a higher aldosterone activity or a change in angiotensin II type-1 

receptor expression or affinity [42]. These results indicate that RAAS is 
primarily suppressed after IUGR before it becomes hyperactive later in 
life, which ultimately might contribute to hypertension and renal disease.

Another renal alteration that has been reported in models of maternal 
protein restriction is a deregulation of the activity of 11β-hydroxysteroid 
dehydrogenase [11βHSD]. This enzyme, present in the cells of the distal 
renal tubule, converts active cortisol into inactive cortisone [43]. Under 
physiological circumstances, this reaction protects the mineralocorti-
coid receptor from stimulation by cortisol. In the IUGR rat model, renal 
11βHSD expression is reduced, allowing for increased mineralocorticoid 
activity [44]. Interestingly, a reduction of 11βHSD has been reported in 
the placenta of human pregnancies complicated by IUGR [45,46]. These 
observations imply that maternal cortisol, which is usually inactivated by 
the placental 11βHSD type 2, can be passed to the fetus. As a consequence, 
cortisol may lead to growth restriction and potentially to a programming 
of renal 11βHSD deregulation in the unborn child [43,44,47].

Extrarenal tissue 
In addition to renal mechanisms, programming of extrarenal tissue has 
been investigated with regard to potential roles in increasing the risk 
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of future renal and vascular disease. For example, the endothelium and 
its interaction with vascular smooth muscle cells via multiple signaling 
systems (eg, renal nitric oxide system) may contribute to the likelihood 
of future arterial hypertension, and renal and vascular disease [48–51; 
Figure 16.1 and Figure 17.2]. Apart from functional changes at the vessel 
site, there is evidence that impaired vascular structure is encountered in 
IUGR. For instance, lower elastin content has already been shown in the 
aorta of rats with IUGR [52]. In addition, a rarefication of arterioles and 
capillaries is seen in former low-birth-weight infants at young adulthood 
[53]. However, these changes might be secondary due to the functional 
impairment of vascular regulation and hypertension. Newer studies 
show vascular and myocardial changes that are already present at birth 
in a protein restriction model of IUGR [54]. In line with these experi-
mental results, infants born with a low birth weight show an increased 
intima-media thickness at birth [55].

Endothelial mechanisms of vasoconstriction and vasodilatation

Renal factors

Figure 16.1  Endothelial mechanisms of vasoconstriction and vasodilatation.  
RAAS, renin-angiotensin-aldosterone system.
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Another extrarenal mechanism that has been considered in the context 
of fetal programming of kidney disease is increased sympathetic nerve 
activity, as there is a relation between birth weight and basal heart rate 
in adulthood [56]. The hypothesis that increased sympathetic nerve 
activity is a consequence of a challenging intrauterine environment is 
supported by animal data reporting that denervation of renal sympathetic 
nerve supply leads to normalization of blood pressure in IUGR rats [57]. 
Such a mechanism is important for renal function, as sympathetic nerve 
activity regulates intrarenal renin synthesis and salt retention.

Postnatal modification 
In animal studies, early postnatal and periodic supplementation with 
fish oil, a low sodium diet, angiotensin-converting enzyme inhibitors, 
the superoxide dismutase mimetic tempol, or immunosuppression with 
mycophenolate mofetil have been shown to counterbalance adverse fetal 
programming of arterial hypertension [58–60].

Endothelial interaction with vascular smooth muscle cells

Figure 16.2  Endothelial interaction with vascular smooth muscle cells. AT1b-R, angiotensin 
receptor subtype 1b; BH4, tetrahydrobiopterin; cGMP, cyclic guanosine monophosphate; 
NO, nitric acid; NOS, nitric acid synthase; O2•, oxygen free radicals.
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One of the potential strategies considered to prevent morbidity after 
IUGR in humans is the avoidance of hyperalimentation. An example 
of this can be seen when comparing data concerning the offspring of 
two famines that occurred during World War II: the Dutch famine and 
the Siege of Leningrad [61,62]. The offspring of women who endured 
the Dutch famine at the end of World War II had a higher incidence of 
metabolic diseases, such as type 2 diabetes mellitus, later in life if their 
mothers had been in the third trimester during the nutrient depriva-
tion [61]. In contrast, there was no increase in the incidence of glucose 
intolerance or type 2 diabetes among offspring whose mothers were 
pregnant during the siege of Leningrad [62]. The traditional explana-
tion, although challenged, is that intrauterine nutrient deprivation led 
to a programming of endocrine systems toward energy saving in fetal 
life (‘thrifty phenotype’). If there was continued nutrient restriction 
after birth, this would be well tolerated by a baby whose intrauterine 
environment was similarly deprived (as in the Leningrad offspring). 
In contrast, rapid reconstitution of energy supplies and, therefore relative 
surplus of energy, as was the case with offspring of the Dutch famine, 
would lead to deposition of adipose tissue, predisposing to pathological 
glucose tolerance. Details concerning this so-called ‘match–mismatch’ 
phenomenon are summarized in a recent review by Gluckman et al 
(see Figure 12.2) [63]. 

There is considerable evidence that rapid increase in caloric and 
protein intake postnatally plays an important pathophysiological role 
in developmental origins of disease [64]. Low birth weight and pre-
mature infants grow at different rates and rapid catch-up growth may 
not be beneficial and may even be associated with high blood pressure 
[65,66]. Given such reports, the International Societies of Pediatric 
Endocrinology and the Growth Hormone Research Society presently 
discourage nutrient-enriched diets for low birth-weight infants [64]. 

Whether these observations are of importance for renal function 
as well is not yet known and might be subject for future studies. In the 
previously discussed retrospective study of 62 children with idiopathic 
nephrotic syndrome, the authors looked at the course of the disease and 
related it to birth weight and weight gain in the first 24 months of life [16]. 
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In this study, an association between the extent of postnatal catch-up 
growth and the severity of disease was not observed. More recently, 
Alejandre Alcázar et al showed that postnatal hyperalimentation leads 
to a dysregulated signaling of neuropeptide Y in renal tissue. The data 
demonstrate that factors in the early postnatal environment exert impor-
tant changes in the tubular function [67]. Most interestingly, this was 
shown in animals with no former IUGR. 

Perinatal programming
Energy surplus 
The classical nutritional ‘surplus’ situation for a fetus is poorly controlled 
maternal diabetes mellitus. The pathophysiological context is quite well 
established: high maternal glucose concentrations are freely passed to the 
fetus via the placenta. This leads to beta cell stimulation and an excess 
in insulin secretion in the fetus. Hyperinsulinism not only leads to an 
increased cellular uptake of glucose in the macrosomic phenotype, but 
also to a stimulation of cerebral insulin receptors that modify energy 
expenditure and ‘program’ the hypothalamic regulation of appetite and 
energy expenditure later in life.

Human data on the fetal programming of arterial hypertension and 
renal function during maternal diabetes is very scarce. A recent study has 
addressed the changes in GFR and blood pressure in 19 non-diabetic off-
spring of mothers with type 1 diabetes and in 18 non-diabetic offspring of 
fathers with type 1 diabetes aged 18–41 years [5]. Under basal conditions, 
GFR, mean arterial pressure, and renal vascular resistances were similar 
between the two groups [5]. Only stimulation with amino acid infusions 
showed that GFR and effective renal plasma flow increased less in offspring 
of type 1 diabetic mothers than in control subjects. Additionally, mean 
arterial pressure and renal vascular resistances declined less in offspring 
from mothers with diabetes than in control subjects [5]. The authors con-
clude that maternal diabetes may lead to a reduced number of nephrons 
undergoing hyperfiltration and predispose offspring to glomerular and 
vascular disease [5]. The strength of this study is that it examined renal 
function with state-of-the-art in vivo methods and controlled for genetic 
variables by having offspring of diabetic fathers as the control group. 



218 • Caring for children born small for gestational age

Until now, however, there are no human studies that have measured 
nephron number in the offspring of diabetic mothers.

In male rat offspring, maternal diabetes had a long-term effect on 
vascular reactivity and renal function [68]. Exposure to maternal diabetes 
induces salt-sensitive hypertension and impairs renal function in adult rat 
offspring [69]. More recently, Chen et al demonstrated that the intrarenal 
renin-angiotensin and the transforming-growth-factor beta system might 
play a role in the perinatal programming of hypertension and renal injury 
[70]. A previous article from the same group also demonstrated a role for 
the NF-κB pathway in impaired nephrogenesis in the offspring of diabetic 
rats [71]. The effect of maternal diabetes can, at least in animal models, 
be enhanced by simultaneous sodium chloride overload [72].

A more complex situation of energy overload of the fetus is maternal 
obesity. This leads to hyperinsulinism and hyperleptinism in mothers 
and their fetuses. In addition, a number of partially proinflammatory 
adipokines are increased in the maternal circulation. It is quite likely 
that these alterations may influence the fetus and its renal development. 
However, data to support this notion is scarce.

There are some data on the effect of early postnatal overfeeding on 
renal function. Boubred et al have shown that postnatal hyperalimenta-
tion increases nephron number but impairs renal development by causing 
glomerulosclerosis [73]. In conclusion, nutrient surplus is at least as 
important for perinatal programming as nutrient deficiency.

Other causes 
Excessive salt intake 
Salt overload is an important risk factor for renal disease in postnatal 
life. Therefore, the hypothesis that an increased salt intake during preg-
nancy leads to renal impairment via fetal programming has been tested 
in various animal models [Ref??]. As expected, changes in the function 
of RAAS were observed after increased salt exposure during fetal life. 
The combination of prenatal and postnatal salt overload resulted in a 
more prominent phenotype with regard to the reduction of GFR and an 
increase in renal protein excretion [74]. In this context, a developmental 
window may exist which allows postnatal reprogramming of hypertension.
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Interestingly, in another animal model, mild overexposure to salt 
lead to a more rapid excretion of oral salt in the offspring [75]. However, 
when the salt exposure of the pregnant animal exceeded potential 
physiological intakes, the beneficial adaption of salt excretion was lost.

Glucocorticoids 
Pregnant women often have to take glucocorticoids for a variety of reasons: 
to prevent respiratory distress syndrome and enhance pulmonary matu-
ration in the fetus, to treat immunological diseases, or to avoid rejection 
after organ transplantation. Whether this leads to fetal programming in 
humans remains controversial.

There are data from animal studies showing an adverse effect of glu-
cocorticoids on renal development. For example, it has been shown that 
dexamethasone treatment of mice during mid-gestation reduces nephron 
number and leads to an increased expression of bone morphogenetic 
protein 4 and transforming growth factor beta in the fetus [76]. However, 
a 15–20 day course of dexamethasone had no effect on blood pressure in 
the offspring of rats [77]. Therefore, unlike the effect of glucocorticoids 
on the programming of the metabolic syndrome, no conclusive data for 
the effect of glucocorticoids on renal function are available [78].

Maternal hypertension and preeclampsia 
Up to 9.1% of all pregnancies are complicated by maternal hypertension. 
Preeclampsia, defined as a pregnancy-specific syndrome with blood pres-
sure elevation and albuminuria after gestational week 20, is diagnosed 
in 1.4–4.0% of all pregnancies [79]. Tenhola et al demonstrated blood 
pressure elevation by the age of 12 in study participants born to mothers 
with preeclampsia [80]. 

Additionally, in a large cohort of the Avon longitudinal study of parents 
and children, offspring of women with preeclampsia presented elevation 
of systolic and diastolic blood pressure [81]. Gestational hypertension of 
the mothers increased systolic blood pressure and diastolic blood pressure 
at that age. Interestingly, in none of the cohorts the offspring showed 
vascular alterations or metabolic derangements. The authors concluded 
that this might be indicative for a non-metabolic ‘shared mother–offspring 
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risk factor’ [81]. A second analysis of the same study excluded familial 
adiposity as the sole explanation for the development of blood pressure 
elevation in the offspring of hypertensive mothers. Nevertheless, the 
high rate of IUGR in the offspring of women with preeclampsia may 
cause a different, and perhaps more complex, pathogenic pathway in 
this population [82]. Although the association between a hypertensive 
prenatal environment and early blood pressure elevation during youth 
seems likely, additional data on the mediating mechanism is still needed.

It also seems likely that the outcomes of fetal programming may be 
influenced postnatally, for example, by the nutritional factors during 
critical vulnerable developmental periods (Figure 16.3). Thus, it is 
important to consider how much alimentation and salt intake should be 
provided during a neonatal intensive care unit stay, or whether, in some 
circumstances, it should be avoided altogether. 

Steps in perinatal programming

Figure 16.3  Steps in perinatal programming.
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Chapter 17

Pancreatic development
Patricia Vuguin and Paul Saenger

Introduction
Fetal undernutrition and low birth weight have been identified as risk 
factors for increased incidence of cardiovascular disease, type 2 diabetes 
mellitus, and precursors such as dyslipidemia, impaired glucose toler-
ance, and vascular endothelial dysfunction [1]. An unfavorable fetal 
environment can also lead to inappropriate development of the endocrine 
pancreas [2–5]. As such, type 2 diabetes and the metabolic syndrome 
represent examples of human diseases in which an altered intrauterine 
environment contributes to disease pathogenesis. 

The underlying molecular mechanisms responsible for these patholo-
gies have been poorly defined. It has been suggested that cellular mecha-
nisms such as mitochondrial dysregulation leading to oxidative damage, 
as well as molecular mechanisms such as epigenetic changes (including 
alteration of DNA methylation), may contribute to pathogenesis [6]. These 
changes could permanently alter pancreatic development, damaging the 
pancreatic beta cells and resulting in a population of insulin-secreting 
cells that may not be able to meet metabolic demand and oxidative stress 
later in life. While beta cell dysfunction has been considered to be the 
pathogenesis that leads to type 2 diabetes, decreased beta-cell mass also 
seems to play a major role in disease susceptibility [Ref??]. Therefore, 
the identification of factors that influence differentiation of endocrine 
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cells (with special emphasis on beta cell development) has important 
implications in the treatment of diabetes. 

The development of the endocrine pancreas is regulated by several 
cell and matrix interactions that generate a diverse array of intracel-
lular signals, which in turn determine the progression of a multipotent 
progenitor to a mature endocrine cell [Ref??]. This process involves 
interactions between the endothelial, epithelial, and mesenchymal cells, 
followed by coordinated signaling that contributes to the maintenance of 
the differentiated endocrine cell phenotype. Pancreatic development has 
been shown to be conserved among species (eg, rodents, sheep, humans) 
and the mouse model has been a well-established tool for understanding 
pancreatic development. The following chapter will discuss our current 
knowledge of the stages of pancreatic development and will compare 
the animal models of fetal programming of adult disease that have an 
associated pancreatic phenotype. 

Overview of pancreatic morphogenesis
The mammalian pancreas is a gland composed of exocrine and endocrine 
cells that produces digestive enzymes and hormones. Enzymes are pro-
duced by cells of the exocrine portion, while hormones are synthesized by 
cells clustered in the islets of Langerhans. The islet is comprised of beta 
cells that secrete insulin, alpha cells that secrete glucagon, delta cells that 
secrete somatostatin, epsilon cells that secrete ghrelin, and pancreatic 
polypeptide-producing (PP) cells that secrete pancreatic polypeptide. 
These endocrine cells play a central role in glucose homeostasis. Insulin 
released from beta cells after a meal promotes the uptake of glucose into 
target organs, such as skeletal muscle. The action of insulin is counter-
balanced by glucagon, a hormone produced by alpha cells that acts on 
the liver to stimulate glycogenolysis and gluconeogenesis. Somatostatin 
suppresses the release of pancreatic hormones. The organogenesis of 
the mammalian pancreas is a complex and highly coordinated process. 
[Please insert Refs 7–11 within text].
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Endocrine cell differentiation
The extrinsic signals that specifically promote endocrine cell differentia-
tion are not clearly defined. The pancreatic buds contain undifferentiated 
precursor cells that are specified towards the endocrine or exocrine line-
ages. All the cells that derive from the endoderm (endocrine, exocrine, 
and ductal cells) have been shown to express duodenal homeobox factor-1 
(PDX-1) [12]. From E-9.5 to E-12.5, the majority of endocrine cells formed 
are glucagon cells. Subsequently, during the so-called ‘secondary transi-
tion,’ endocrine cells differentiate in exponentially increasing numbers 
with insulin cells predominating [Ref??]. 
The cascade of transcription factors or intrinsic signals important for 
pancreas development can be grouped according to their expression 
pattern [13,14]: 
•	 transcription factors found in early non-hormone progenitor cells;
•	 transcription factors found in cells that produce each of the 

endocrine hormones; and
•	 transcription factors found in a specific hormone-producing cell type.

Early non-hormone progenitor cells
Several signals and transcription factors are necessary for the maintenance 
of early progenitors. The Notch signaling pathway, a highly conserved 
cell signaling system, is critical for the decision between endocrine and 
progenitor/exocrine fates in the developing pancreas [15]. In conjunc-
tion with the Notch pathway, the sex-determining region Y-box 9 protein 
(or Sox9) maintains the progenitor state [16]. A member of the trans-
forming growth factor-beta superfamily, bone morphogenetic protein 4, 
also promotes the proliferation of the progenitor cells [17]. In addition, 
a pair of opposing transcription factors, pancreas-specific transcription 
factor 1a (Ptf1a) and neurogenin-3 (Ngn3), act as the first fate-determin-
ing factors in the branching of pancreatic progenitors into the endocrine 
or exocrine pancreas [18]. Expression of Ptf1a, a transcriptional activa-
tor, gives rise to the exocrine cells, while Ngn3, a basic helix-loop-helix 
(bHLH) transcription factor, drives pancreatic precursors towards an 
endocrine cell fate [19–23]. During the differentiation of islet cells, Ngn3 
regulates the cell cycle; its down-regulation allows the mature islet cell 
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population to expand [24]. Cyclin-dependent kinase 4, member of the 
Ser/Thr protein kinase family, and its downstream transcription factor, 
the retinoblastoma-associated protein 1 (E2f1) regulate activation of 
Ngn3, increasing the pool of endocrine precursors [25]. Downstream of 
Ngn3 is the regulatory factor X,6 (Rfx6) which has been shown to play 
a crucial role in the development, maturation, and function of endocrine 
cell lines [26]. 

Hormone-producing endocrine precursors
The homeobox protein NK-2 homolog B (or Nkx2.2) belongs to the natural 
killed (NK) class of homeodomain-encoding genes and its expression 
is initiated at E-9.5 in the dorsal epithelium, becoming progressively 
restricted to alpha, beta, and PP-cell subtypes [27]. Nkx6.1, an additional 
member of the NK family, is also detectable at E-9.5 in both pancreatic 
buds, becoming specifically restricted to beta cells [28–30]. 

The second level of branching is directed by another pair of opposing 
transcription factors ‘Pax4-Arx’ [18]. Aristaless-related homeobox or Arx 
appears to specify the alpha-cell fate, whereas paired box 4 or Pax4 first 
allows the commitment towards a beta/delta-cell fate by repressing Arx 
and subsequently induces precursor cells towards a beta-cell fate through 
the inhibition of the delta-cell destiny [13, 31]. Pax4, a member of the 
paired-box family of transcription factors, is expressed around E-9.5 
in both of the pancreatic buds and becomes progressively restricted to 
beta cells until E-15 [31,32]. It has been shown that both Pax4 and Arx 
require the activity of Nkx2.2. In addition, Nkx2.2 and Pax4 control Arx 
gene activity in committed beta-cell precursors [33,34]. 

Specific hormone-producing cell type
Beta cell lineages
It has been proposed that there may be two separate beta-cell lineages: 
‘first wave’ or protodifferentiated beta cells that usually coexpress gluca-
gon and appear at E-10.5; and the ‘mature’ or second transition beta cells 
that appear at E-13.5 and persist during adulthood [35]. 
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Protodifferentiated cells
Protodifferentiated cells are multi-hormonal cells, co-expressing glucagon 
and insulin [29,36]. Although early studies contested the existence of 
these cells [37], this point has now been confirmed repeatedly [38–45]. 
Double- and triple-staining studies of early pancreatic buds show that the 
vast majority of the co-expressing glucagon-insulin cells are negative for 
PDX-1, Nkx6.1 [29], or Pax4 [31], suggesting that these cells derive from 
a different progenitor cell. They usually appear in clusters surrounded by 
alpha cells and express activin [45]. Furthermore, there is some evidence 
that the co-expressing glucagon-insulin cells can proliferate [36], which 
may contribute to a pull towards either alpha or beta cells. 

Mature cells
Mature cells arise directly from a non-hormone protodifferentiated epi-
thelial cell that expresses the facilitative glucose transporter 2 (GLUT2) 
as well as PDX-1 [35,46–48]. In mature organized insulin cells, PDX-1 
(which transactivates the insulin gene among others) is involved in glucose 
sensing and metabolism [35,49,50]. GLUT2 and glucokinase (GK) play 
key roles in glucose sensing and are the initial activating event in the 
pathway for glucose-stimulated insulin secretion [51]. The eukaryotic 
translation initiation factor 2-alpha kinase 3 (EIF2AK3 or PERK) expres-
sion during fetal life is also required for the differentiation of beta cells 
and development of normal islet architecture [52]. 

Other important transcription factors include neurogenic differentia-
tion (NeuroD), a basic helix-loop-helix transcription factor involved in 
promoting cell cycle exit [7]; and v-maf musculoaponeurotic fibrosarcoma 
oncogene homolog avian (MafA), which activate insulin transcription by 
binding to the insulin promoter [Ref??]. MafA also plays a crucial role 
in beta cell maintenance [53]. In addition, MafA interacts with PDX-1 
and NeuroD to activate insulin transcription [54]. 

Alpha cell lineages
Alpha cells share major similarities with beta cells [55]. Recently it has 
been demonstrated that alpha cells can transdifferentiate into beta cells 
[56–58]. Thus, it is important to understand how alpha cells develop. 
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Following the development of the endocrine progenitor, a third pair 
of opposing transcription factors (Arx and forkhead box A2 [FOXA2]) 
will direct the development of alpha cells. Arx and FOXA2 are impli-
cated in the initial or terminal differentiation of alpha cells. In addition, 
forkhead box A1, paired box 6 (Pax6), brain4 (Brn4) and islet-1 (Isl-1) 
are involved in the preproglucagon transcription and maintenance of 
alpha-cell function [59,60]. 

MicroRNAs (approx 20 nt) are posttranscriptional regulators that 
are integrated into an RNA-induced silencing complex to repress trans-
lation, leading to gene silencing [61]. These small noncoding RNAs are 
important during development of the pancreas and the fetal pancreas 
expresses at least 125 of them. During development, microRNAs are 
important in regulating ductal, exocrine, and endocrine development, 
particularly beta-cell neogenesis [62]. 
An overview of specific hormone-producing cells is depicted in Figure 17.1.

Human pancreatic development
The pancreas is first apparent at 25-to-26 day gestational age (dGA) 
and develops as a ventral and dorsal outgrowth [63]. These outgrowths 
elongate into a loose mesenchymal bed [64], which plays an important 
role in cell fate differentiation [65]. By 35th dGA, the ventral pancreatic 
bud begins to rotate, and eventually comes into contact and fuses with 
the dorsal bud during the 6th week of gestational age (wGA) [66–72]. 
By 9th–11th wGA, the mesenchymal tissue contains scattered hormone-
negative Ngn3-positive endocrine cells [65] which have been found to 
be associated with the ductal epithelium [73]. The critical window of 
differentiation of endocrine cells in humans is from the 9th to the 23rd 
wGA [65]. Glucagon cells are the first cells that appear (7th wGA) [74] 
followed by insulin, somatostatin and PP cells (8th–10th wGA) [69]. Peak 
proliferation of glucagon cells occurs at 20th wGA, followed by insulin and 
somatostatin cells at 23rd wGA [65]. Islets are seen as early as 11th wGA, 
and vascularized structures appear by 20th–23rd wGA [65,75]. 

Adult islets have two populations of cells: larger cells with dense cyto-
plasm that constitute the majority of the islet population, and distinctly 
smaller cells [76]. Mutation of several transcription factors mentioned 



Pancreatic de velopment • 231

Fi
gu

re
 1

7.
1 

Sp
ec

ifi
c h

or
m

on
e-

pr
od

uc
in

g 
ce

lls
. A

rx
, a

ris
ta

le
ss

-r
el

at
ed

 h
om

eo
do

m
ai

n 
pr

ot
ei

n;
 B

M
P, 

bo
ne

 m
or

ph
og

en
et

ic
 p

ro
te

in
; F

G
F, 

fib
ro

bl
as

t g
ro

w
th

 fa
ct

or
; 

H
N

F, 
he

pa
to

cy
te

 n
uc

le
ar

 fa
ct

or
; N

gn
3,

 n
eu

ro
ge

ni
n 

3;
 P

ax
6,

 P
ai

re
d 

bo
x 

ge
ne

 4
; P

D
X1

, p
an

cr
ea

tic
 a

nd
 d

uo
de

na
l h

om
eo

bo
x 

1;
 P

tf
1a

, p
an

cr
ea

s t
ra

ns
cr

ip
tio

n 
fa

ct
or

 1
a;

 
VE

G
F, 

va
sc

ul
ar

 e
nd

ot
he

lia
l g

ro
w

th
 fa

ct
or

.

Sp
ec

if
ic

 h
or

m
on

e-
pr

od
uc

in
g 

ce
lls

N
eu

ra
l t

ub
e 

no
to

ch
or

d 
do

rs
al

 a
rt

er
y

D
or

sa
l b

ud

Ve
nt

ra
l b

ud

H
ep

at
ic

 b
ud

 e
nd

ot
he

lia
l c

el
ls

 
vi

te
lli

ne
 v

ei
n

Pa
nc

re
at

ic
 

ve
ss

el
s a

nd
 

in
te

rs
tit

ia
l 

ce
lls

Pa
nc

re
at

ic

M
es

en
ch

ym
e

Pa
nc

re
at

ic

Pr
ec

ur
so

rs

Ex
oc

rin
e 

pr
og

en
ito

r

D
uc

ta
l/ 

ac
in

ar
 c

el
l

A
rx

Pa
x4

Pa
x6

M
aƒ

A

Pa
x6

PD
X1

Br
n4

Pa
x6

Pa
x6

PD
X1

M
aƒ

A
PD

X1

β/
δ

α/
PP

β αδ PP

Pt
ƒ1

a

N
gn

3

H
N

F4
α

H
N

F3
β

H
N

F1
α

FG
F

Ac
tiv

in

VE
G

F

BM
P 

in
hi

bi
to

rs



232 • Caring for children born small for gestational age

above have been found to be associated with maturity onset diabetes of 
the young, an autosomal disease characterized by early onset (<25 years 
of age) of a non-ketotic diabetes mellitus secondary to a major defect in 
pancreatic beta-cell function. Despite the similarity to rodents, human 
islets differ considerably in architecture and composition in that alpha, 
beta, and delta cells are dispersed throughout the islet [77]. Studies have 
shown microRNAs to play a role in targeting genes and transcription 
factors that are essential to pancreatic development [78].

Programming of endocrine pancreas by an altered 
intrauterine milieu
Human beta-cell dysfunction has been associated with low birth weight 
or being born small for gestational age (SGA). It has been demonstrated 
that first-phase glucose-stimulated insulin secretion is blunted in SGA 
fetuses diagnosed by ultrasound [79]. In addition, fetuses with intrauterine 
growth restriction have an increase in glucagon level which might reflect 
a compensatory response to hypoglycemia [80]. Regarding pancreatic 
morphology, the results have been inconclusive. One study showed no 
changes in beta-cell population in SGA fetuses at 36th wGA [81], while 
severe SGA has been associated with lower beta-cell fraction and smaller 
islets with less pronounced vasculature [82]. 

In children (as well as adults) born SGA, the evidence showing that 
insulin secretion and beta-cell function is impaired has been contradic-
tory. It has been shown that insulin secretion was reduced by 30% in 
the low birth weight group when expressed relative to insulin sensitivity 
[83,84]. Other studies have shown that SGA is associated with increased 
efficiency of proinsulin processing to insulin [85], increased insulin 
resistance, and hyperinsulinemia [86], rather than decreased beta-cell 
capacity [87]. Insulin sensitivity and secretion is related to catch-up 
growth following SGA [88].

Caloric restriction, protein restriction, glucocorticoid exposure, 
bilateral uterine ligation, high fat exposure, maternal obesity, mater-
nal diabetes, and nicotine exposure have all been associated with a 
decrease in insulin cell mass in animal models [References??]. Most of 
the interventions done during critical stages of development have shown 
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to alter beta cell development, beta cell proliferation and apoptosis, islet 
vascularization, and insulin content [References??].

Glucocorticoid exposure has been shown to alter beta cell develop-
ment, PDX-1 expression, and decrease islet insulin content [89–93]. Protein 
restriction decreases pancreatic weight, islet size, insulin cell prolifera-
tion, and islet vasculature, increases apoptosis and PDX-1 expression, 
and alters mitochondrial gene expression [94–101]. Interestingly, this 
phenomenon is transmitted over three consecutive generations [102]. 
In addition, taurine supplementation seems to restore the changes in the 
fetal pancreas [101]. Caloric restriction has also been associated with 
impaired beta-cell differentiation, reduced pancreatic weight, insulin 
content, islet density, and beta-cell mass [97,103–105]. Additional decline 
in beta-cell mass and insulin content are evident if the caloric restriction 
is sustained during the newborn period [104,106,107].

Bilateral uterine ligation has been associated with a decrease in beta-
cell proliferation, reduced vascular density, and absent first-phase insulin 
secretion [108–110]. PDX-1 expression is decreased upon changes in meth-
ylation of the PDX-1 gene along with deacetylation of histone H3 and H4 
[109]. There is also alteration in cytosine methylation in 1400 loci at con-
served intergenic regions near genes related to vascularization, beta-cell 
proliferation, insulin secretion, and cell death before the development of 
diabetes [111]. Interestingly, brief treatment with exendin-4, a GLP-1 agonist, 
during the newborn period restores chromatin structure, preserving PDX-1 
transcription [112]. Interestingly, if the uterine artery ligation is conducted 
earlier during development, beta-cell mass is prematurely reduced [113].

The effects of the exposure to high fat in utero seem to depend on 
the balance and composition of dietary nutrients [51,114,115]. One study 
examining a high-fat diet reported decreased beta-cell volume, reduced 
and altered PDX-1 localization, as well as reduced GLUT-2 expression 
[115,116]. In contrast, in a different high-fat diet composition, there was 
an increase in the numbers of large islets and a significant increase in 
the total pancreatic beta-cell mass during the newborn period [117]. 

In contrast to what is known regarding the effect of an altered intrau-
terine milieu on beta-cell development and function, little is known about 
the effect of an altered intrauterine environment on glucagon/glucagon 
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cell development and function. High fat exposure in utero has been 
associated with alpha cell hypertrophy and hyperplasia, resulting in an 
increase in alpha-cell volume and number in the newborn period [114]. 

Conclusion
Regulation of insulin and glucagon cell differentiation and maturation is a 
process that, in utero, depends on precisely timed expression of transcrip-
tion factors. These initiate and promote pancreas development and can be 
regulated by many intrinsic (hormones, growth factors) as well as extrinsic 
signals associated with the intrauterine environment. Thus, alterations 
in this environment may alter the signals that specifically promote endo-
crine cell differentiation. Until now, our understanding of the pancreatic 
phenotype associated with fetal programming of adult disease is limited. 
Because the ontogeny of alpha- and beta-cell development in rodents is 
similar to what has been observed in the human, our knowledge based 
on the outcomes of the animal studies will help clarify the mechanism of 
alpha- and beta-cell dysfunction found in subjects born SGA. 
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Chapter 18

Metabolic syndrome 
Thomas Reinehr

Introduction
Children born small for gestational age (SGA) have an increased risk 
for metabolic syndrome, which is defined by a clustering of cardiovas-
cular risk factors, and is also known as part of the ‘deadly quartet’ due 
to its association with heart attack, stroke, and atherosclerosis [1–3]. 
Studies reported an increased risk of cardiovascular disease (CVD) in 
adults when glucose intolerance, insulin resistance, (central) obesity, 
dyslipidemia, and hypertension group together [3–5]. Interestingly, this 
increased risk for metabolic syndrome is not caused by SGA status per se 
but to rapid weight gain in the first years of life [6,7]. Aside from chil-
dren born SGA, children with lipodystrophia, and especially overweight 
and obese children and adolescents, demonstrate an increased risk for 
metabolic syndrome [6,7].

To screen for metabolic syndrome, the following diagnostic procedures 
should be performed in all overweight children, as well as children born 
SGA with rapid catch-up weight gain:
•	 blood pressure measurements;
•	 waist circumference measurements;
•	 fasting high-density lipoprotein (HDL), cholesterol, triglyceride 

and glucose levels; and 
•	 an oral glucose tolerance test.
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Multiple definitions of the metabolic syndrome have been proposed for 
adults, and although they all generally agree on the essential components 
– glucose intolerance, (central) obesity, hypertension, and dyslipidemia - 
they can differ in the detail [8–10]. These definitions have been adapted 
to children and adolescents by different authors using widely varying 
criteria [7,11–13] leading to different estimates of the prevalence of the 
metabolic syndrome [12–14] (Table 18.1). 

Proposed definitions of metabolic syndrome for children and adolescents

Cook et al  
[15]

Ferranti et al  
[16]

Viner et al  
[17]

Weiss et al  
[7]

IDF  
[11]

>3 of 5 of criteria 
below:

>3 of 5 of criteria 
below:

>3 of 4 of criteria 
below:

>3 of 5 of criteria 
below:

waist 
circumference 
>90th percentile 
and 
>2 of criteria 
below:

waist 
circumference 
>90 percentile

waist 
circumference 
>75 percentile

body mass index 
>95th percentile

body mass index 
>97th percentile

–

BP 
>90th percentile

BP 
>90th percentile

systolic BP 
>95th percentile

BP 
>95th percentile

systolic BP 
>30 mmHG  
or  
diastolic BP 
>85 mmHg

triglycerides 
>110 mg/dL

triglycerides 
>100 mg/dL

triglycerides 
>110 mg/dL

triglycerides 
>150 mg/dL

HDL-cholesterol 
<40 mg/dL

female: 
HDL <50 mg/dL

male: 
HDL <45 mg/dL

1 of 3 of the 
following 
criteria:
•• triglycerides 

>150 mg/dL
•• HDL  

<35 mg/dL 
•• total 

cholesterol 
>95th 
percentile

HDL cholesterol 
<40 mg/dL

HDL cholesterol 
<40 mg/dL

impaired fasting 
glucose

impaired fasting 
glucose

impaired 
fasting glucose 
or glucose 
tolerance

impaired 
glucose 
tolerance

impaired fasting 
glucose

Table 18.1  Proposed definitions of metabolic syndrome for children and adolescents. BP, blood 
pressure; HDL. high density lipoprotein; IDF, International Diabetes Federation; LDL, low density 
lipoprotein. Data taken from [7,11,15–17].
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Cardinal factors
The pathogenesis of the metabolic syndrome is still not fully understood. 
Cardinal factors are insulin resistance and obesity, but also include ethnic-
ity, genetic predisposition, inflammation, adipocytokines such as leptin, 
adiponectin, tumor necrosis factor alpha, and interleukin-6, as well as 
oxidative stress (Figure 18.1) [18]. Insulin resistance is suggested as a 
key component of metabolic syndrome [3] and interestingly, SGA status 
is associated with insulin resistance [6,7] (see Chapter 14). 

Since insulin resistance is a cardinal factor of metabolic syndrome, 
it is not surprising that the risk for metabolic syndrome increases in 
puberty since this age range is associated with an insulin resistant 
status [13]. Furthermore, diseases associated with insulin resistance are 
more frequent in children with metabolic syndrome, such as polycystic 
ovarian syndrome (PCOS) and non-alcoholic fatty liver disease (NAFLD) 
[Ref??]. While NAFLD is frequently asymptomatic, PCOS manifests 
with hirsutism and an irregular menstrual cycle [Ref??]. Androgens 
and sex hormone-binding globulin are useful to diagnose PCOS, while 

Figure 18.1  Pathogenesis of the metabolic syndrome. SGA, small for gestational age.
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kines

Obesity

Visceral fat
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determination of transaminases and liver ultrasound should be per-
formed to screen for NAFLD, which can be diagnosed only by liver biopsy 
[Ref??]. In clinical practice, all children with metabolic syndrome should 
be screened for NAFLD and all pubertal girls with metabolic syndrome 
should be screened for PCOS.

Defining metabolic syndrome
Even if pediatricians ‘diagnose’ metabolic syndrome [13], in recent years, 
the definition of metabolic syndrome has continued to be debated, espe-
cially in children and adolescents [12,13]. In a study of obese children 
and adolescents, only 9% fulfilled all of the proposed definitions of meta-
bolic syndrome [13], while the prevalence of metabolic syndrome had a 
wide range (6%–39%) using the different proposed definitions. These 
findings point to a low degree of overlap between different definitions 
of metabolic syndrome. 

One major problem is the determination of insulin resistance. Insulin 
levels without respect to glucose concentrations are not a good predic-
tor of insulin resistance [19]. Furthermore, values of fasting insulin 
levels are limited by great intra- and inter-individual variability [19]. 
Accurate assessment of insulin resistance requires a complicated test - 
the hyperinsulinemic euglycyemic clamp technique. Its application in 
children is invasive and impractical, so clinicians prefer simple tools 
such as measuring fasting glucose levels. However, only 1% of children 
demonstrate impaired fasting glucose, even when using the most up-
to-date World Health Organization definition [1]. Furthermore, central 
obesity is a major element in the definition of the metabolic syndrome 
in adults, and not the degree of overweight as used in some definitions 
for children [Ref??]. However, waist circumference percentile cut-offs 
for European children do not seem to be very specific, since the major-
ity of overweight children had waist circumferences above the proposed 
thresholds [13]. Due to the low degree of overlap between the different 
definitions of metabolic syndrome, an internationally accepted, practi-
cal, uniform definition needs to be established specifically for children 
and adolescents.
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In order to attain the best definition of the metabolic syndrome, it 
would be ideal to study the impact of the different proposed definitions 
on clinical endpoints such as stroke, heart attack, or premature death. 
However, such longitudinal studies over decades are very difficult to 
perform. A measurement of early cardiovascular changes already detect-
able in childhood and adolescence, which has been shown to be predic-
tive for later atherosclerotic diseases, would be an alternative, yet still 
practical, surrogate for such a clinical endpoint. 

Measuring the intima-media thickness (IMT) of the common carotid 
artery, as a non-invasive marker for early atherosclerotic changes, has 
been reported to be reliable and predictive for development of later CVD 
[20–22]. A study in adults demonstrated that the prevalence of meta-
bolic syndrome predicts IMT values [18]. Furthermore, in overweight 
children and adolescents, dyslipidemia, hypertension, and disturbed 
glucose metabolism were related to IMT [23,24]. Comparing different 
proposed definitions of metabolic syndrome, the best predictive value 
for increased IMT in children was achieved by the definition determined 
by Weiss and colleagues [7].

However, the entire concept of the metabolic syndrome is still con-
troversial (at least in children) [Ref??]. A major concern is the use of 
cut-off points for the various risk factors, thus implying that the values 
above the specified thresholds are associated with an excess risk. Yet the 
rationale for the different cut-off points has not yet been clearly delin-
eated [12,13]. Moreover, the artificial dichotomization of continuous 
variables such as lipids, waist circumference, and blood pressure values 
seems debatable because dichotomization leads to an unnecessary loss 
of information [25]. This nonlinear relationship makes it all the more 
difficult and highlights the issue of how risk in the conglomeration of 
metabolic syndrome could be weighted more appropriately. 

Finally, metabolic syndrome is based on the concept that the clustering 
of risk factors is predictive for CVD above and beyond the risks associated 
with its individual components [3,9,12–13]. However, this concept has 
not yet been tested empirically in childhood and adolescence. Analyzing 
the relationships between IMT and different definitions of metabolic 
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syndrome, we have found no evidence of an increased risk beyond the 
sum of its components [14]. Furthermore, using the proposed cut-offs 
for these cardiovascular risk factors reduced the predictive value for 
increased IMT [14]. 

Indications for therapy
Indications for therapeutic procedures should be based on the estimation 
of the individual CVD risk factors, rather than on the dichotomous vari-
able metabolic syndrome. Weight loss and increased physical activity are 
appropriate first-line approaches to reduce the related health risks associ-
ated with metabolic syndrome. For example, we have analyzed changes 
of weight status, two hour glucose levels from oral glucose tolerance 
tests (oGTT), fasting glucose, lipids, blood pressure, and the prevalence 
of metabolic syndrome in a one-year outpatient-lifestyle intervention 
that was based on physical activity, dietary counseling, and behavioral 
therapy in 288 obese children [26]. The data were compared to a study 
of 186 obese children without intervention with similar distributions of 
age, gender, and weight status. We found that the lifestyle intervention 
led to a significant weight decrease, while children without intervention 
demonstrated weight gain. Also, children in the lifestyle intervention 
group had a significant decrease of metabolic syndrome prevalence 
(from 19% to 9%) and an improvement of waist circumference, blood 
pressure, and two hour glucose values in the oGTT, in contrast to obese 
children without intervention [26] (Figure 18.2). The degree of weight 
loss was significantly associated with the amount of improvement of 
the components of the metabolic syndrome. Particularly, the children 
with a body mass index standard deviation score (BMI–SDS) reduction 
of >0.5 showed an improvement in all components associated with 
metabolic syndrome, as well as a decrease of IMT [26,27] A reduction of 
0.5 SDS-BMI is equal to body mass index reduction of 2 kg/m2 (or a stable 
weight in the course of a year in growing children).

If lifestyle intervention does not work, pharmaceutical drugs should 
be used for treatment of cardiovascular risk factors. Hypertension 
should be treated (apart from restriction of sodium in the diet and stress 
management) with drug angiotensin inhibitors, calcium antagonists, or 
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diuretics; beta blockers should not be used in obese patients, as they can 
reduce the basic metabolic rate [Ref??]. 

Pharmaceutical intervention for dyslipidemia is seldom necessary 
in metabolic syndrome, as triglycerides are usually below 300 mg/dL. 
However, if triglycerides are above 350 mg/dL, fish oil, fibrates, or 
nicotinic acid are effective [Ref??]. Since the major feature of dys-
lipidemia in metabolic syndrome is hypertriglyceridemia and low HDL 
cholesterol concentrations, increased low density lipoprotein cholesterol 
levels rarely occur. 

Type 2 diabetes should be treated with metformin (if appropriate). 
However, the use of metformin in impaired glucose tolerance is remains 
controversial [28,29]. 

Conclusion
Children born SGA that experience rapid weight gain should be regularly 
screened for components of the metabolic syndrome. In these patients, 
first-line treatment for cardiovascular risk factors (eg, obesity, impaired 
glucose tolerance) should be lifestyle intervention.
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Chapter 19

Cardiovascular risks and diseases 
Prakash M Kabbur, Nisha I Parikh

Introduction
During fetal development, body tissues and organ systems go through 
critical periods of development which coincide with rapid cell division 
[1]. This ‘programming’ is a process whereby a stimulus or insult during 
critical periods of development programs genetic and metabolic changes, 
resulting in life-long health outcomes [2]. Thus, programming in utero 
and in early-life can result in increased risks for developing cardiovascu-
lar disease (CVD), subclinical CVD, and ultimately overt cardiovascular 
events, including myocardial infarction and stroke [2]. From this, it is 
now becoming clear that being born small for gestational age (SGA) has 
implications for developing CVD that persist across the person’s lifes-
pan and may necessitate 19.1). Fetal programming is discussed in more 
detail in Chapter 11.

SGA as a primordial cardiovascular disease 
risk factor
Established nonbehavioral risk factors for CVD include hypertension, 
dyslipidemia, and diabetes mellitus [3]. Excess adiposity is considered a 
secondary risk factor for cardiovascular disease because it can influence the 
development and progression of hypertension, dyslipidemia, and diabetes 
mellitus [3]. Being born SGA can influence the trajectories of all of these 
CVD risk factors, and can thus be considered a primordial risk factor [4]. 
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Accordingly, the importance of primordial disease prevention has been 
increasingly emphasized in scientific and public health communities, [5] 
and mounting evidence supports the influence of early developmental 
influences such as being born SGA on CVD risk factor development. 

Early nutrition imbalances that lead to babies being born SGA can 
affect blood pressure trajectories, cholesterol metabolism, insulin sen-
sitivity, and a range of other metabolic, endocrine, and immune func-
tions [6-8]. Human fetal adaptation to undernutrition is marked by an 
immediate catabolic response whereby the body begins to consume its 
own substrates to provide energy [9]. In utero, stressors can program 
hypertension through mechanisms which lead to a reduction in functional 
nephrons [10,11]. This paucity in the total number of nephrons can down-
regulate the renin-angiotensin-aldosterone axis, leading to later renal 
dysfunction and hypertension [12]. A systematic meta-analysis of five 
high-quality studies of babies with low birth weight and preterm delivery 
demonstrated that these infants went on to have elevated blood pressure 
(3.8 mmHg; 95% CI, 2.6–5.0 mm Hg) later in childhood, adolescence, 
or adulthood [12]. 

It is widely accepted that growth-restricted infants lack skeletal 
muscle, which in turn decreases glucose uptake and causes insulin 

Small for gestational age and cardiovascular disease: a dual continuum of  
risk and clinical care that exists across the lifespan

Figure 19.1  Small for gestational age and cardiovascular disease: a dual continuum of risk 
and clinical care that exists across the lifespan. CVD, cardiovascular disease; HTN, hypertension; 
IMT, intima-media thickness.
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resistance [13,14]. Insulin resistance that develops early in life is associ-
ated with abnormal vascular development, leading to various metabolic 
problems and predisposition to hypertension [13]. Furthermore, early-
life insulin resistance is also a risk factor for heart attack and congestive 
heart failure [14,15]. Studies have demonstrated associations between 
early growth restriction and postnatal accelerated growth with dispro-
portionate fat mass accumulation and lack of skeletal muscle [14,16,17]. 
Furthermore, adults who were SGA at birth, of lower weight when com-
pared to children not born SGA at 2 years of age, and who put on weight 
rapidly thereafter, were more prone to experience coronary events [17]. 
These data demonstrate that the rate of increase in body mass index (BMI) 
in childhood is more important than increase in BMI attained during any 
age in terms of the accompanying excess CVD risk [17].

Catch-up growth and cardiovascular disease
Low birth weight combined with rapid postnatal growth appears to be 
associated with later childhood and adult sequelae of hypertension, 
impaired glucose tolerance, and obesity [18]. Rapid growth after age 
2 years may represent a particularly high-risk group for developing CVD 
risk factors and events [2]. As put forth by Barker, the adaptive responses 

Small for gestational age and cardiovascular disease: a dual continuum of  
risk and clinical care that exists across the lifespan

In utero exposures/mechanisms
•• Maternal nutrition
•• Adverse pregnancy complications 

(eg, HTN, preterm delivery)
•• Famine
•• Stress
•• Genetic imprinting

Early childhood nutrition
•• Excess calories
•• Catch-up growth
•• Formula versus 

breastfeeding

Primordial factors
•• Abnormal nephrogenesis
•• Insulin resistance
•• Increased visceral 

fat deposition

CVD risk factors
•• Hypertension
•• Dyslipidemia
•• Diabetes mellitus

Subclinical CVD
•• Endothelial dysfunction
•• Increased carotid IMT
•• Aortic stiffness

Internist/family medicine Cardiologist

Overt CVD



254 • Caring for children born small for gestational age

to environmental insults during early life can be harmful above and 
beyond the initial insults [19,20] and it is important to note the impact 
of maternal undernutrition on young adults who were born SGA [21,22].

Observational studies conducted from regions affected by famine 
and war demonstrate the combined need for a healthy fetus, healthy 
mother, and a healthy postnatal course upon long-term health [23]. 
Individuals exposed to famine conditions (ie, lack of adequate nutrition) 
in utero were found to have a greater risk of impaired glucose tolerance, 
microalbuminuria, dyslipidemia, obesity, as well as three-fold increase 
in prevalence of coronary heart disease at age 50 [23].

Encouraging breastfeeding is of paramount importance, along with 
nutritional supplementation when deemed necessary, in order to main-
tain or minimize weight gain within recommended parameters [6,7]. 
Recommendation for catch-up growth in children born SGA have tradi-
tionally focused on providing adequate energy in order to prevent cog-
nitive dysfunction, rather than focusing on limiting energy in order to 
prevent later cardio-metabolic deficiencies [Ref??]. Given the dearth of 
randomized nutrition-focused studies evaluating multiple endpoints of 
catch-up growth (eg, cognitive health), it is difficult to provide clinical 
recommendations that focus solely on preventing the cardio-metabolic 
sequelae associated with aggressive catch-up growth. Nutrition during 
pregnancy is discussed in more detail in Chapter 3.

Subclinical cardiovascular disease
Markers of subclinical atherosclerosis reflect early-onset CVD and can 
predict incident CVD events. These include: brachial artery reactivity 
(a marker of endothelial function), arterial stiffness (a marker of vascu-
lar remodeling), and carotid intima-media thickness (IMT; a marker of 
atherosclerosis and vascular remodeling). 

Metabolic syndrome
The metabolic syndrome consists of insulin resistance, hypertension, 
dyslipidemia, and adiposity, and predisposes to the development of 
CVD and diabetes in adults (see Chapter 18). Insulin resistance and 
dyslipidemia affect the endothelium and arterial wall which contributes 
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to hypertension, CVD, and atherosclerosis [24,25]. Insulin is noted to 
have vasoactive and anticholinergic actions including direct actions on 
cellular and structural constituents of vascular wall [26,27]. Compared 
to normal birth weight infants, those with SGA showed a blunted vascular 
flow mediated dilation/endothelial function in childhood, adolescence, 
and adulthood [28–31]. 

Arterial stiffness
An important factor in regulation of blood pressure is wall stiffness of 
medium-to-large arteries [32]. Increased arterial stiffness in large arteries 
of children, adolescents, and adults who were born SGA is demonstrated 
through noninvasive methods such as pulse wave velocity measurement 
and pressure waveforms [33,34]. Arterial stiffness was measured by Ligi 
et al in very-low birth weight infants as early as fifth day of life using 
Doppler echocardiogram and pulse blood pressure measurements [35]. 
The association between SGA and arterial stiffness persisted until the 
7th week of life [36]. Furthermore, coronary arteries and aortic root 
diameter are smaller and cardiac structure is altered in SGA infants [37]. 

Specific tissue biomarkers may mediate the association between arte-
rial stiffness and hypertension. In particular, elastin deficiency plays a 
major role in the causation of stiffness of aorta and its major branches in 
growth-impaired fetuses [38]. The younger the gestational age, the lower 
the elastin content, as elastin accumulates in the late prenatal period. 

Adiposity and atherogenic factors
Female infants born SGA are at risk for enlarged adipocytes, hyperinsu-
linemia, hypoadiponectinemia, faster bone maturation, and increased 
visceral and total adiposity in the absence of obesity [39] Compared to 
subcutaneous adipose depots, visceral adiposity is believed to have more 
deleterious cardiometabolic effects [39]. 

Infant size is related to endothelial dysfunction [40] through mecha-
nisms of nutrition-mediated nitric oxide synthesis [41]. Thus, endothelial 
dysfunction in children and young adults born small may underlie the 
pathogenesis of adult atherosclerosis [31]. Greater IMT of the aorta, 
an early marker of atherosclerosis, was shown in late fetal life and in 
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childhood among pregnancies associated with placental insufficiency 
and growth restricted newborns [42–45]. Higher blood pressure and 
fasting insulin were associated with higher IMT, and also increased 
risk for stroke [43]. Furthermore, thicker carotid IMT in relation to 
lumen size was seen in very-low birth weight infants as compared to 
term infants [43]. 

In the general population, serum lipid levels can be tracked over 
several years and childhood measurements may predict total cholesterol 
and low-density lipoprotein (LDL) cholesterol levels in adults [46,47]. 
When serum lipid levels were measured in children and young adults, 
they were demonstrated to be significantly associated with atheroscle-
rotic changes in adulthood [48]. This particular finding was shown in 
20-year-old adults who were born SGA [49]. Additionally, subjects with 
SGA had higher LDL and lower high-density lipoprotein (HDL) cholesterol 
levels when compared to non-SGA controls [50]. 

Conclusion
Being born SGA poses not only near-term harmful effects on growth 
and cognitive development early in life, but also increases the risk of 
developing CVD through several multifactorial mechanisms. SGA may 
predispose a patient to major non-behavioral CVD risk factors including 
hypertension, dyslipidemia, insulin resistance, and excess adiposity. The 
presence of these risk factors can in turn lead to subclinical atheroscle-
rosis in childhood, adolescence, and early adulthood, and to overt CVD 
in adulthood. The recognition of being born SGA as a critical upstream 
mediator of several CVD pathways by health care providers across the 
lifespan continuum (eg, obstetricians, neonatologists, pediatricians, and 
internal medicine care providers) is critical to effectively addressing 
primordial, primary, and secondary CVD prevention.
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Chapter 20

Ophthalmological findings and 
visual function disorders 
Barbara Käsmann-Kellner

Introduction
The wide-ranging sequelae of premature birth on morphology and func-
tion of the visual system are now well known following the discovery of 
an inverse relationship between prevalence of retinopathy of prematurity 
(ROP) and critical birth weight [1]. Parallel to the continuing decrease 
in critical and life-threatening birth weight, many papers have described 
the general and ocular outcomes in premature children, as more children 
survived despite their low birth weight [2–5].

The ocular and visual consequences of starting life as a child small for 
gestational age (SGA) – born prematurely or full-term – have not been 
widely described in ophthalmological literature. Particular attention should 
therefore be paid to children who have been delivered on due day, but 
who are born SGA. Generally, these children usually are not given oph-
thalmological screening examinations during the first weeks of their lives, 
in contrast to premature children. For example, in Germany, in general, 
no ophthalmological or visual attention is given to children born SGA 
until the third year of life, when a pediatrician (not an ophthalmologist) 
performs an eye screening and vision test in the mandatory preventive 
medical check-up. If the pediatrician notices any vision deficit or visual 
acuity asymmetry, it is only then that an ophthalmologist becomes involved. 
If this is not the case in infancy, the child may well live up to 6 or 7 years 
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of age before visual deficits become evident. Thus, there are still a number 
of children whose visual deficit is only noticed when they enter school 
and undergo a school entry health exam.

Children born SGA at term may show morphological and functional 
abnormalities of the visual system, which may be present at birth or 
may develop during childhood years [6,7]. The pathological ocular and 
central findings can affect any structure of the eye and any quality of 
vision (eg, visual function, visual field, binocularity, strabismus, visual 
perception) [7].

The visual system forms nearly one-third of the telencephalon volume 
and the visual pathways connect many other neural structures on their 
way from the frontal to the occipital cortex and into the associative higher 
areas. Concerning ocular anatomy, the development of the retinal vessels 
is of particular interest, as this is the origin of pathological development 
in retinopathy of prematurity (ROP). Unlike with brain and cortical 
structures, one can examine retinal vessels in vivo, thus, as in ROP, being 
able to draw inferences to other critical vessel development sites, such 
as kidneys, gastrointestinal tract, and any neuronal structures. 

Altered retinal vascular architecture
Retinal vascular structure changes in relation to the retinal locus. For 
example, at the vascular and non-functional center of the retina (the optic 
nerve head); the vessels are completely different from those in the retinal 
periphery [8]. Just as the retinal neural dendrites thin away in the periph-
ery, the capillary net of the retinal vessels changes accordingly [8]. At the 
posterior pole, retinal vessels are surrounded by a dense and thick network 
of perivascular mesenchymal capillaries [8]. At the equator, this capillary net 
is already considerably thinner. In the peripheral retinal area that merges 
into the ora serrata, the capillary extensions are barely detectable [8].

Both in prematurity (very evident with the risk of development of ROP), 
as well in infants born SGA, it has been postulated that critical alimentary 
shortage and malnutrition before birth leads to permanent changes in 
some physiological and metabolic variables which are essential for normal 
vessel development [9,10]. It has been demonstrated that children born 
SGA, both in utero and postpartum, exhibit reduced levels of insulin-like 
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growth factor (IGF-I), which in turn activates vascular endothelial growth 
factor leading to increased endothelial cell proliferation and survival [9]. 
Thus, IGF-I has a direct influence on retinal angiogenesis. In children born 
SGA, a reduced retinal vascularization has been found, apparent by a 
reduced number of retinal vessel branchings in the periphery [9]. Thus, 
not only retinal vascularization, but also the shape and morphology of 
the optic nerve head, can be affected in preterm and children born SGA. 

Exemplary work on retinal vessel development and optic nerve head 
anomalies in children born SGA has been performed in recent years by 
using digital image analysis [11–14]. The researchers elucidated certain 
distinct differences in ocular and visual system changes between different 
etiological groups, such as SGA with prematurity, SGA due to fetal exposi-
tion to alcohol or nicotine, and SGA in septo-optic dysplasia (de Morsier 
syndrome, often accompanied by low levels of growth hormone). Table 20.1 
gives a summary of the results from the aforementioned studies examining 
children with varying underlying causes of malnutrition.

Figure 20.1 and Figure 20.2 show the results of one of the most impor-
tant papers written by Helstrom and colleagues, who first described the 
retinal findings in SGA in a standardized way, supplying standardized 
photographic evaluations to underline their findings. 

In Figure 20.2, both for subjects with IUGR and children born SGA, 
the number of vessel branchings were more often significantly below 
the median of normal infants [15]. The altered development of retinal 
vascular and neural structures under malnutrition conditions occurred 
in utero and directly after birth. However, these tissues are definitely not 
the only vascular and neural structures in the growing human which are 
affected by malnourishment leading to a child being born SGA. 

Figure 20.3 shows the retinal vascular pattern in children of nearly the 
same age who received an evaluation of their strabismus. Here, besides 
the atypical branching, the paleness of the optic nerve head in SGA is 
clearly evident.

Figure 20.4 shows the difference between adult persons (one born 
AGA and other born SGA), both in their early twenties, with reduced 
adult retinal vascularization [16]. The images demonstrate that these 
differences persist beyond childhood.
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Literature survey: Alterations of the optic nerve head and retinal vessels 
in small for gestational age
Etiology of malnutrition Optic nerve head Retinal vessels

Controls: 100 healthy 
non-preterm and non-SGA 
adolescents

Reference group for the digital image analysis of the subgroups 
examined

Premature children 
without PVL

Normal Less ramifications

Premature children with 
PVL

Larger cup-disc relation Less branching

Small for gestational age 
(SGA)

Small neuroretinal rim of the optic 
nerve head

Optic nerve head small

Lower number of retinal 
vessels

Fetal ethanol Syndrome Small optic nerve head Arteries and veins show 
tortuositas

Formerly IUGR; Age upon 
examination=18 years

Small neuroretinal rim of the optic 
nerve head, correlating to the 
extend of SGA

It still is unclear whether the 
individual neurons show less 
volume or if there is a reduced 
number of dendrites

Significantly less retinal 
vessels and less vessel 
branching; this correlates 
to the extent of SGA

Septo-optic Dysplasia  
(de Morsier Syndrome)

Extremely small and dysplastic 
optic nerve head and optic nerve

Tortuositas only of the 
venous vessels

Isolated growth hormone 
deficiency

Optic nerve head may be smaller Lower numbers of retinal 
branchings

Laron-Syndrome Optic nerve head may be smaller Lower numbers of retinal 
branching

Table 20.1  Literature survey: Alterations of the optic nerve head and retinal vessels in small 
for gestational age. IUGR, intrauterine growth restriction; PVL, periventricular leukomalacia. 
Data compiled from [11–14].

Typical SGA findings as compared to normal findings in ophthalmoscopy

Figure 20.1 Typical SGA findings as compared to normal findings in ophthalmoscopy. 
A, Reduced retinal vascularization in an 18-year-old woman with a birth weight SGA and fetal 
aortic BFC III; B, Normal vascularization in an 18-year-old woman with a normal birth weight and 
normal fetal aortic BFC. BFC, blood flow class. Reproduced with permission from Hellström et al [15].

A B
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Other ophthalmological sequelae of SGA
The following is an abbreviated list and discussion of other possible con-
sequences of IUGR and being born SGA on the eyes and visual system. 
Many of them may have a negative impact on the visual function of the 
child, which can cause life-long impairment. These include:
•	 changes to ocular morphology; 
•	 lanugo (fine downy hair) of the eyelids (Figure 20.5);
•	 persistent tunica vasculosa lentis;

–	 fine vessels from the stroma to the anterior lens surface
–	 severe maturation disorders
–	 slow decline in visual function
–	 lens opacification (cataracta subcapsularis anterior)

Figure 20.2  Retinal architecture in AGA, SGA, and IUGR. Number of retinal vascular branching 
points in test subjects with IUGR (n=21; white dots), in subjects with SGA (n=23; black dots) 
and a healthy control group (AGA; not represented). Solid line: median of vessel branchings 
depending on the birth weight in AGA infants; dotted lines: maximum and minimum of 
vessel branchings in AGA. Black dots: SGA; white dots: IUGR. AGA, average for gestational age; 
IUGR, intrauterine growth restriction; SGA, small for gestational age. Reproduced with permission 
from Hellström et al [15].
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•	 retinal vascular architecture (Table 20.1; Figure 20.2, Figure 20.3; 
Figure 20.4);

•	 changes to optic nerve head (Figure 20.3 and Figure 20.6);
–	 reduced and smaller neuroretinal rim
–	 reduced diameter of the optic nerve head
–	 larger excavation
–	 pale optic nerve head
–	 depending on etiology of SGA, there may be prominent 

tortuositas of the retinal vessels (Figure 20.6).

Retinal vascular pattern and optic nerve head findings in children born 
AGA and SGA

Figure 20.3  Retinal vascular pattern and optic nerve head findings in children born AGA 
and SGA. AGA, appropriate for gestational age; ONH, optic nerve head; SGA, small for gestational age.

Female, 10 years

AGA
•• ONH vital
•• Normal branching 

numbers of retinal 
vessels

Female, 11 years

SGA
•• ONH pale
•• Less branchings of 

retinal vessels

Figure 20.4  Differences in AGA and SGA adult retinal vascularization. AGA, appropriate for 
gestational age; SGA, small for gestational age. Reproduced with permission from Kistner et al [16].

Differences in AGA and SGA adult retinal vascularization

A Female patient, AGA, 25 years of age, normal 
branching of retinal vessels; best to be seen in 
inferior retina

B Female patient, SGA, 27 years of age, clearly 
reduced branching of retinal vessels, including 
atypical branching of the inferior veins; best seen 
in the lower part of the retina
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Refraction
Children born SGA are, on average, slightly more hyperopic than an AGA 
control group and, when compared to former preterm infants, myopia 
was more frequent than in children born SGA) [13,17].

Ocular alignment and ocular motility
Early childhood strabismus syndrome (congenital esotropia) is found 
in children born SGA more frequently (Figure 20.7), but the difference 
when compared with children born AGA is not significant [18].

Postchiasmatic visual pathway and visual cortex 
Cerebral morphometry in children born SGA and AGA and in children 
born with a very low birth weight (VLBW) has been found to have 

Marked lanugo above brows and on forehead and shoulders

Figure 20.5  Marked lanugo above brows and on forehead and shoulders.

Septo-optic dysplasia (de Morsier Syndrome)

Figure 20.6  Septo-optic dysplasia (de Morsier Syndrome). Optic nerve head dysplasia, paleness 
especially of the temporal part of the optic nerve head, massively torted veins and arteries.
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several differences. In a 2011 study, children born AGA and SGA showed 
comparable morphometric values and both showed normal morpho-
metric values of white matter [19]. However, a significant reduction of 
gray matter and cortical white matter was only found in children born 
with a VLBW [14,20]. A slight enlargement of the anterior horn of the 
ventricular system was also only seen in VLBW, as is a distinct narrow-
ing of the corpus callosum [20]; no significant differences were found 
between children born AGA and SGA [19].

Functional impairments
Development of visual acuity
In children born SGA and low-risk premature infants, there is no signifi-
cant difference in the development of the grating acuity within the first 
2 years of life as compared to children born AGA [3]. However, in a study 
of 4-year-old children born SGA, there was significantly worse detection 
acuity as compared to children born AGA [3]. Additionally, children born 
SGA show more recognition problems when viewing far away objects as 
compared to children born AGA [3] (Figure 20.8). 

As previously noted, strabismus (in which the eyes are not properly 
aligned with each other) is often seen in children born SGA and is a 

Typical signs of early onset strabismus syndrome in a boy born small for 
gestational age

Figure 20.7 Typical signs of early onset strabismus syndrome in a boy born small for 
gestational age. Child in the figure exhibits esotropia, cross fixation, and anomalous head 
posture, as well as severe amblyopia of the right eye.
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condition that carries an increased risk of amblyopia (or ‘lazy eye’) and 
stereopsis, a lack of binocular depth perception [16,18,21].

Development of the visual fields
In children born SGA and low-risk premature infants there is no evidence 
of significant differences in the development of the peripheral visual 
field borders in the first 2 years of life when compared to children born 
AGA [21]. In formerly premature babies, there was a very slight, but sig-
nificantly faster, development of the upper half of the visual field [22]. 
Even at the age of 4 years, there were no significant differences between 
children born AGA and SGA concerning visual fields [3].

Visual field lesions and defects. In IUGR and children born SGA, 
when compared to AGA controls, more relative scotomas were found in 
the computer-aided perimetry of the central 30 [Ref??]. These findings, 
however, do not apply to another technique of visual field examination, 
the so-called frequency-doubling perimetry [Ref??].

Color vision. Children born SGA were not found to have a greater 
risk of color vision deficiencies when compared to a control group [23].

Contrast sensitivity. There are no known differences in contrast 
sensitivity between children born SGA and AGA [16].

Disorders of fixation gaze deviations. Conditions associated with 
SGA/IUGR include:
•	 deficient slow eye movements;
•	 difficulties performing saccades;
•	 reading deficits (in childhood); and
•	 gaze deviations (rare compared to premature children).

Evaluating grating acuity in preverbal children using LEA grating paddles

Figure 20.8  Evaluating grating acuity in preverbal children using LEA grating paddles.
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Visual perception disorders
Pronounced visual perception deficits can be present in normal or near-
normal cognition and intelligence [24]. Typically, the child displays 
inconsistent behavior and appears to have normal sight, while at other 
times, the same child can appear to be severely visually handicapped. 
Visual perception disorders could be classified into the following groups:
•	 recognition;
•	 orientation;
•	 depth perception;
•	 spatial detection;
•	 motion perception;
•	 simultaneous vision; and
•	 combination of the above.

An example of a visual perception disorder can be seen in Figure 20.9. 

Major visual pathways
The area of the visual pathway where motion is perceived is called the 
dorsal (or “where”) pathway. This area is often affected in premature 
or SGA-related brain damage [25]. If a lesion in this pathway is present, 
the child may have impaired visually-guided motor activity, especially 
concerning the legs, and impaired saccades and deficits of fixational 
changes [25,26]. These perception deficits are often combined with 
bilateral lower visual field defects. 

Perception disorders of children born small for gestational age

Figure 20.9  Perception disorders of children born small for gestational age. These disorders 
can include reading and drawing upside down. They are often transient but may be early indicators 
of severe perceptual deficits. 

Up

Bottom part of page
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Another large visual pathway is the so-called ventral (or “what”) 
pathway. Lesions in this area lead to deficits in shape recognition, figure-
ground problems, and problems of facial recognition [27,28]. For example, 
maps may be hard to read and understand. 

Children born SGA who were admitted to a medical department 
for the visually-impaired were found to present with a higher degree 
of central visual perception disorders [22]. Visual impairment due to 
morphological damage to the eye (eg, retinopathy of prematurity, optic 
atrophy) were significantly less frequent than the damage to the higher 
visual pathway and consequential perceptual disorders [23,29,30].

Table 20.2 gives a summarized overview on the different impacts of 
prematurity and being born SGA have on the visual system and on visual 
perception. Although some of the deficits are comparable, there are clear 
differences between premature children and children born SGA concerning 
some morphological aspects and the degree of perceptual deficits. 

Conclusion
Children born SGA should be subjected to the same routine ophthalmo-
logical and orthoptic screening examinations as those that are performed 
in premature children, as it has been established that being born SGA can 
yield multiple morphological and functional disorders to the eye and the 
higher visual centers. Only standardized orthoptic and ophthalmological 
examinations during the first six years of life can detect any SGA-related 
changes in early childhood and can induce treatment. 

A suitable time for a first eye and vision exam would be the fourth month 
of life for all full-term children born SGA; children born SGA who have 
additionally been born prematurely should be first examined 4 months after 
the expected delivery date. In the long-term, children born SGA should be 
seen by an ophthalmologist and an orthoptist on a regular basis, as ocular 
and functional deficits may not become apparent during infancy, and, just 
as in preterm infants, may only become evident in school age. This espe-
cially applicable to perception deficits, which often become evident around 
the sixth year of life when a child starts learning how to read and write.
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Survey of the morphological and functional findings in premature children  
and in children born small for gestational age without prematurity

Prematurity and visua l system

Morphology of the eye / Optic nerve head Optic pathways, visual

First weeks of life •• Persistent tunica vasculosa lentis
•• Cataract
•• Glaucoma
•• Retinopathy of prematurity Stage I to V
•• Retinal detachment

•• Ascending or descending optic atrophy 
due to retinal and/or cerebral lesions

•• Glaucomatous optic nerve cupping 
and atrophy

•• Cerebral hemorrhages
•• Periventricular leukomalacia (PVL)
•• Hydrocephalus
•• No/little fixation
•• Gaze deviations

First year of life •• Ectopic macula
•• Residual retinal scar formation (Stage I to V retinal scar 

formation following ROP, phthisis and atrophia bulbi)
•• High refractive anomalies (esp. myopia)
•• Late-onset cataract
•• Late-onset glaucoma

•• Optic atrophy
−	 Of cerebral origin
−	 Of retinal origin
−	 Glaucomatous
−	 Mixed

•• Important: in optic atrophy the optic 
nerve head shows no swelling in elevated 
cerebrospinal pressure!

•• Delayed visual maturation (DVM)
•• DD: Central visual impairment (CVI)
•• Gaze deviations
•• Nystagmus
•• Strabismus

First to fifth year of life •• Elevated risk of retinal detachment esp. in 
myopic children

•• Progression of myopia
•• Astigmatism
•• Late-onset cataract
•• Late-onset glaucoma
•• Slow improvements of central visual acuity may occur 

up to the 6th year of life

•• See above
•• In the case of non-diagnosed late-onset 

glaucoma progression of optic nerve 
atrophy occurs in spite of seemingly 
unaltered cerebral and ocular findings

•• Regular measurements of intraocular 
pressure mandatory

•• CVI, Nystagmus
•• Strabismus, gaze deviations
•• Visual performance depends on the 

location and on the degree of sustained 
cerebral hemorrhage and on the extent 
of PVL

•• Visual field defects and
•• Perceptual deficits become apparent

School age, youth and adult •• Direct correlation exists between degree of ocular 
pathology and central visual acuity

•• Children with any form of former ROP always show 
a higher frequency of late ocular complications such as:
−	 Retinal detachment
−	 Cataract, glaucoma
−	 Phthisis/atrophia bulbi

•• See above
•• Regular VEP-monitoring might help to 

distinguish the different forms of optic 
atrophy and might be a help to diagnose 
progression of optic atrophy

•• Severe optic atrophy and low vision often 
prevents the diagnosis of concurrent 
perception deficits

•• No direct correlation between the degree 
of morphological cerebral changes and 
amount of visual and perceptual deficits

•• Visual perception deficits may be on the 
sensory side (visual field, color perception, 
face recognition, movement detextion) 
or on the motor side (gaze deviations, 
no stereopsis)

Clinical pearls •• Mandatory yearly exams in multiply handicapped 
children include:
−	 Ophthalmoscopy
−	 Intraocular pressure
−	 Retinoscopy /
−	 Refraction

•• No multiply handicapped child may be subjected to 
missing corrective glasses or to omitting necessary 
medication just because the ophthalmologist does not 
manage the child’s examination

•• Lack of treatment means lack of early supportive 
measurements and lack of developmental possibilities

•• Description of the cup-disc-relation should 
start during ROP-screening during the first 
weeks of life

•• Documentation of CDR at every exam 
facilitates the diagnosis of late-onset 
glaucoma

•• If in doubt: perform an exam under general 
anaesthesia

•• Regular VEPs help to monitor the course 
of optic atrophy of any kind and is the only 
way to document glaucoma treatment, as 
the children usually are not able to perform 
visual field exams

•• Keep in mind that visual perception is 
transferred into the brain via two ways

•• “Where”-pathway: detection of 
movement, orientation (dorsal pathway)

•• “What”-pathway: object and face 
recognition, figure-grund-discrimination, 
colour discrimination (ventral pathway)

•• Perceptual deficits can arise in only one or 
both sectors of visual signal transmission 
and the two pathways should therefore be 
tested separately

Table 20.1  Survey of the morphological and functional findings in premature children and in 
children born small for gestational age without prematurity (continues overleaf).
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Survey of the morphological and functional findings in premature children  
and in children born small for gestational age without prematurity

Prematurity and visua l system

Morphology of the eye / Optic nerve head Optic pathways, visual

First weeks of life •• Persistent tunica vasculosa lentis
•• Cataract
•• Glaucoma
•• Retinopathy of prematurity Stage I to V
•• Retinal detachment

•• Ascending or descending optic atrophy 
due to retinal and/or cerebral lesions

•• Glaucomatous optic nerve cupping 
and atrophy

•• Cerebral hemorrhages
•• Periventricular leukomalacia (PVL)
•• Hydrocephalus
•• No/little fixation
•• Gaze deviations

First year of life •• Ectopic macula
•• Residual retinal scar formation (Stage I to V retinal scar 

formation following ROP, phthisis and atrophia bulbi)
•• High refractive anomalies (esp. myopia)
•• Late-onset cataract
•• Late-onset glaucoma

•• Optic atrophy
−	 Of cerebral origin
−	 Of retinal origin
−	 Glaucomatous
−	 Mixed

•• Important: in optic atrophy the optic 
nerve head shows no swelling in elevated 
cerebrospinal pressure!

•• Delayed visual maturation (DVM)
•• DD: Central visual impairment (CVI)
•• Gaze deviations
•• Nystagmus
•• Strabismus

First to fifth year of life •• Elevated risk of retinal detachment esp. in 
myopic children

•• Progression of myopia
•• Astigmatism
•• Late-onset cataract
•• Late-onset glaucoma
•• Slow improvements of central visual acuity may occur 

up to the 6th year of life

•• See above
•• In the case of non-diagnosed late-onset 

glaucoma progression of optic nerve 
atrophy occurs in spite of seemingly 
unaltered cerebral and ocular findings

•• Regular measurements of intraocular 
pressure mandatory

•• CVI, Nystagmus
•• Strabismus, gaze deviations
•• Visual performance depends on the 

location and on the degree of sustained 
cerebral hemorrhage and on the extent 
of PVL

•• Visual field defects and
•• Perceptual deficits become apparent

School age, youth and adult •• Direct correlation exists between degree of ocular 
pathology and central visual acuity

•• Children with any form of former ROP always show 
a higher frequency of late ocular complications such as:
−	 Retinal detachment
−	 Cataract, glaucoma
−	 Phthisis/atrophia bulbi

•• See above
•• Regular VEP-monitoring might help to 

distinguish the different forms of optic 
atrophy and might be a help to diagnose 
progression of optic atrophy

•• Severe optic atrophy and low vision often 
prevents the diagnosis of concurrent 
perception deficits

•• No direct correlation between the degree 
of morphological cerebral changes and 
amount of visual and perceptual deficits

•• Visual perception deficits may be on the 
sensory side (visual field, color perception, 
face recognition, movement detextion) 
or on the motor side (gaze deviations, 
no stereopsis)

Clinical pearls •• Mandatory yearly exams in multiply handicapped 
children include:
−	 Ophthalmoscopy
−	 Intraocular pressure
−	 Retinoscopy /
−	 Refraction

•• No multiply handicapped child may be subjected to 
missing corrective glasses or to omitting necessary 
medication just because the ophthalmologist does not 
manage the child’s examination

•• Lack of treatment means lack of early supportive 
measurements and lack of developmental possibilities

•• Description of the cup-disc-relation should 
start during ROP-screening during the first 
weeks of life

•• Documentation of CDR at every exam 
facilitates the diagnosis of late-onset 
glaucoma

•• If in doubt: perform an exam under general 
anaesthesia

•• Regular VEPs help to monitor the course 
of optic atrophy of any kind and is the only 
way to document glaucoma treatment, as 
the children usually are not able to perform 
visual field exams

•• Keep in mind that visual perception is 
transferred into the brain via two ways

•• “Where”-pathway: detection of 
movement, orientation (dorsal pathway)

•• “What”-pathway: object and face 
recognition, figure-grund-discrimination, 
colour discrimination (ventral pathway)

•• Perceptual deficits can arise in only one or 
both sectors of visual signal transmission 
and the two pathways should therefore be 
tested separately
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Survey of the morphological and functional findings in premature children  
and in children born small for gestational age without prematurity  
(continued)

SGA and visual system

Morphology of the eye / Optic nerve head Optic pathways

First weeks of life •• Morphology depends on the cause for IUGR and SGA
•• Lanugo, persistent tunica vasculosa lentis
•• Cataract (anteriorly)
•• Reduced number of retinal vessels
•• Reduced number of vessel branchings
•• Tortuous arteries and veins (FES, SOD)

•• Morphology depends on the cause of IUGR 
and SGA

•• Small neuroretinal rim of the optic nerve
•• Optic nerve head small
•• Larger CDR in children with additional PVL
•• Extreme optic hypoplasia/dysplasia in 

septo-optic dysplasia (SOD-Syndrome)

•• Damage of the optic pathways depends 
mainly on the underlying cause of SGA and 
may be normal or severely pathological

•• Delayed onset of fixation
•• Gaze deviations more frequent than in AGA

First year of life •• Macula hypoplasia or dysplasia
•• Refractive anomalies: hyperopia much more often  

than in premature children
•• Retinal vessels: see above

•• Optic nerve head often pale and small
•• Optic atrophy has to be ruled out (VEP)
•• Enlarged CDR
•• Up to now, glaucoma has not been 

identified as a complication of IUGR and 
nonsyndromatic SGA

•• Visual development up to 2 years 
comparable to AGA children

•• Moderate delayed visual maturation may 
occur during the first 6 months

•• Strabismus more frequent than in AGA
•• Nystagmus rare

First to fifth year of life •• Retinal vessels: see above (less ramifications, 
occasionally tortuous)

•• Moderate to high hyperopia and astigmatism

•• Morphology depends on the cause for 
IUGR and SGA

•• Small neuroretinal rim of the optic 
nerve head

•• Optic nerve head small
•• No differences in visual field examinations 

up to the age of 4 between SGA and AGA

•• Detection and recognition acuity are 
significantly lower than in AGA children

•• Early strabismus syndrome and no 
stereopsis is frequent

•• Perceptual deficits may become apparent 
even if no cerebral pathologies can be 
detected (less often than in prematurity, 
but more often than in AGA)

School age, youth and adult •• Significantly less retinal vessels and less vessel branching
•• The amount of vessel rarefication correlates to the extend 

of IUGR and SGA
•• Macular differentiation often lacks foveolar reflex 

characteristics

•• Small neuroretinal rim of the optic nerve 
head, correlating to the extend of SGA

•• It still is unclear whether the individual 
neurons show less volume or if there is 
a reduced number of dendrites

•• Relative scotomata are more frequent in 
SGA than in AGA children

•• Distinctly more visual perception deficits 
than in AGA children

•• Perceptual deficits may exist in children of 
normal intelligence

•• Perceptual deficits can often not clearly be 
correlated to the 2 visual pathways

•• Colour discrimination normal
•• Contrast sensitivity comparable to AGA

Clinical pearls •• Mandatory yearly exams in SGA children include:
•• Ophthalmoscopy
•• Intraocular pressure
•• Retinoscopy /
•• Refraction

•• Lack of diagnosis of treatable findings such as hyperopia, 
strabismus, amblyopia means lack of early supportive 
measurements and lack of developmental possibilities

•• If there are discrepancies between (good) central visual 
acuity and poor visual performace → exclude perception 
deficits!

•• In small and pale optic nerve heads 
always think of the possibility of  
septo-optic dysplasia!

•• Neuroimaging necessary
•• Endocrine exam should be performed
•• In small and pale and/or dysplastic optic 

discs regular VEPs should be performed 
every one or two years

•• The smaller the optic nerve head is, the 
more probable visual field defects are → 
visual field exams should be performed 
even if SOD could be excluded

•• SGA children often show marked 
differences between good recognition 
acuity and visual performance!

•• Rule out perceptual deficits and visual 
field defects

•• If perceptual vision deficits are present, 
they are less clearly associated to just 
one of the two transmission pathways 
and less often accompanied by visible 
cerebral defects than is the case in former 
premature children

Table 20.1  Survey of the morphological and functional findings in premature children and 
in children born small for gestational age without prematurity (continued).
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Survey of the morphological and functional findings in premature children  
and in children born small for gestational age without prematurity  
(continued)

SGA and visual system

Morphology of the eye / Optic nerve head Optic pathways

First weeks of life •• Morphology depends on the cause for IUGR and SGA
•• Lanugo, persistent tunica vasculosa lentis
•• Cataract (anteriorly)
•• Reduced number of retinal vessels
•• Reduced number of vessel branchings
•• Tortuous arteries and veins (FES, SOD)

•• Morphology depends on the cause of IUGR 
and SGA

•• Small neuroretinal rim of the optic nerve
•• Optic nerve head small
•• Larger CDR in children with additional PVL
•• Extreme optic hypoplasia/dysplasia in 

septo-optic dysplasia (SOD-Syndrome)

•• Damage of the optic pathways depends 
mainly on the underlying cause of SGA and 
may be normal or severely pathological

•• Delayed onset of fixation
•• Gaze deviations more frequent than in AGA

First year of life •• Macula hypoplasia or dysplasia
•• Refractive anomalies: hyperopia much more often  

than in premature children
•• Retinal vessels: see above

•• Optic nerve head often pale and small
•• Optic atrophy has to be ruled out (VEP)
•• Enlarged CDR
•• Up to now, glaucoma has not been 

identified as a complication of IUGR and 
nonsyndromatic SGA

•• Visual development up to 2 years 
comparable to AGA children

•• Moderate delayed visual maturation may 
occur during the first 6 months

•• Strabismus more frequent than in AGA
•• Nystagmus rare

First to fifth year of life •• Retinal vessels: see above (less ramifications, 
occasionally tortuous)

•• Moderate to high hyperopia and astigmatism

•• Morphology depends on the cause for 
IUGR and SGA

•• Small neuroretinal rim of the optic 
nerve head

•• Optic nerve head small
•• No differences in visual field examinations 

up to the age of 4 between SGA and AGA

•• Detection and recognition acuity are 
significantly lower than in AGA children

•• Early strabismus syndrome and no 
stereopsis is frequent

•• Perceptual deficits may become apparent 
even if no cerebral pathologies can be 
detected (less often than in prematurity, 
but more often than in AGA)

School age, youth and adult •• Significantly less retinal vessels and less vessel branching
•• The amount of vessel rarefication correlates to the extend 

of IUGR and SGA
•• Macular differentiation often lacks foveolar reflex 

characteristics

•• Small neuroretinal rim of the optic nerve 
head, correlating to the extend of SGA

•• It still is unclear whether the individual 
neurons show less volume or if there is 
a reduced number of dendrites

•• Relative scotomata are more frequent in 
SGA than in AGA children

•• Distinctly more visual perception deficits 
than in AGA children

•• Perceptual deficits may exist in children of 
normal intelligence

•• Perceptual deficits can often not clearly be 
correlated to the 2 visual pathways

•• Colour discrimination normal
•• Contrast sensitivity comparable to AGA

Clinical pearls •• Mandatory yearly exams in SGA children include:
•• Ophthalmoscopy
•• Intraocular pressure
•• Retinoscopy /
•• Refraction

•• Lack of diagnosis of treatable findings such as hyperopia, 
strabismus, amblyopia means lack of early supportive 
measurements and lack of developmental possibilities

•• If there are discrepancies between (good) central visual 
acuity and poor visual performace → exclude perception 
deficits!

•• In small and pale optic nerve heads 
always think of the possibility of  
septo-optic dysplasia!

•• Neuroimaging necessary
•• Endocrine exam should be performed
•• In small and pale and/or dysplastic optic 

discs regular VEPs should be performed 
every one or two years

•• The smaller the optic nerve head is, the 
more probable visual field defects are → 
visual field exams should be performed 
even if SOD could be excluded

•• SGA children often show marked 
differences between good recognition 
acuity and visual performance!

•• Rule out perceptual deficits and visual 
field defects

•• If perceptual vision deficits are present, 
they are less clearly associated to just 
one of the two transmission pathways 
and less often accompanied by visible 
cerebral defects than is the case in former 
premature children
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Chapter 21

Auditory function disorders
Philipp S van de Weyer and Peter K Plinkert

Introduction
Hearing loss is one of the most common human sensory disabilities 
and both children and adults can be affected. For example, in Germany 
approximately 15 million people (or 18.5% of the population) have expe-
rienced hearing loss to some degree [1]. Additionally, approximately 
2–3 out of every 1000 newborns are born with congenital deafness [2]. 
Risk factors for developing congenital hearing loss include multiple 
pregnancies, intrauterine infections, hyperbilirubinemia, and being born 
small for gestational age (SGA) [2].

Auditory development
The auditory system can be divided anatomically into: the middle ear, 
inner ear, and the central auditory pathway (Figure 21.1). 

After conversion of sound waves into mechanical motion through the 
middle ear, a nerve signal is generated by the hair cells of the inner ear 
and the resulting nerve signal causes stimulation of the auditory cortex. 
The central auditory pathway develops over approximately 15 years and it 
appears that cognitive development is closely linked to an adequate auditory 
stimulation of the central nervous system (CNS) [3,4]. Electrical signals 
of the CNS (eg, auditory evoked potentials) indicate neural information 
processing, while abnormal event related potentials in the neonatal period 
are associated with later deficiencies in language-processing skills [5].
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Auditory dysfunction in children born small for 
gestational age
Increased rates of deformity or functional impairment of the middle ear 
have not yet been described for children born SGA. However, in the area 
of the central auditory pathway, subtle differences have now been rec-
ognized and may be related to intrauterine growth restriction and head 
growth [6]. Also, it has been found that from the second trimester of 
development, the fetal brain is able to discriminate auditory information. 
[7]. After birth, it is possible to measure its capacity non-invasively by 
monitoring auditory evoked potentials [8,9]. Additionally, the running 
time of more centrally-generated waves (III and V) in children born 
SGA are significantly extended [3,6]. This is visible directly after birth, 
develops over the first year, and cannot be reserved. Thus, children born 
SGA may have hearing difficulties throughout life [10,11].

Auditory sytem: outer, middle, and inner ear

Figure 21.1  Auditory sytem: outer, middle, and inner ear.
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Diagnosing and treating auditory disorders in 
children born small for gestational age
Early detection of hearing loss is essential, especially for infants and young 
children. During the sensitive phase of speech development, adequate 
hearing is necessary to ensure the development of the child’s verbal and 
listening skills. Otherwise, speech delays, learning difficulties, and other 
associated limitations of social and intellectual development can occur.

For children born SGA, a complete diagnostic determination of loca-
tion and presence of hearing loss is essential. The first hearing test should 
be performed immediately after birth in the hospital, or shortly after at 
another appropriately-equipped facility. In cases where irregularities are 
detected, a diagnostic confirmation should be undertaken in a pediatric 
audiology or an ear-nose-throat department that is especially equipped 
for further investigation and assessment.
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Chapter 22

Neurological, neurocognitive, and 
behavioral aspects
Fritz Haverkamp 

Introduction
Being born small for gestational age (SGA) is associated with increased 
neonatal morbidity and mortality [1]. Additionally, children born SGA are 
at increased risk for other chronic health conditions such as cardiovas-
cular disease and diabetes mellitus later in life [1]. Thus, it is important 
to address key health issues and methods for providing the necessary 
care for children born SGA.

When compared with chronic diseases in general, neonatal survival 
rates of very-low birthweight infants has improved considerably in the 
last two decades, mostly due to improved prenatal and perinatal care [2]. 
Also, especially during the last 10 years, research into clinical care for the 
neurocognitive, emotional, and behavioral effects of being born SGA has 
increased [3–5]. However, many times it is not until a child starts school 
(ie, the first setting that requires complex social, emotional, and cogni-
tive skills outside of the home) that deficits in vulnerable developmental 
areas related to being born SGA are recognized and diagnosed [6,7]. 

In this chapter, the available empirical evidence for neurocognitive 
impairment in children born SGA will be discussed, and the importance of 
early detection to prevent potential developmental delays will be highlighted. 
As prematurity is an independent risk factor, studies will be classified in 
accordance to gestational age either in full-term or in preterm children. 
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Neurological and visuosensory handicaps
In very preterm infants (gestational age of 22–32 weeks) born SGA, the 
prevalence of neurodevelopmental handicap, including cerebral palsy, 
microcephaly, mental retardation, blindness, and deafness is double the 
rate reported in infants born average for gestational age (AGA) [8]. The 
etiology of neurodevelopmental morbidity, including cerebral paresis, 
remains unclear but is thought to be multifactorial. In the past, neu-
rodevelopmental morbidity was attributed to hypoxia and/or ischemia 
associated with perinatal asphyxia [9]. However, only a small propor-
tion of children who are neurologically impaired have evidence of acute 
perinatal stress [10]. There is increasing evidence that intrauterine or 
early postnatal inflammation or placental insufficiency due to a different 
etiology may play a role in the development of cerebral paresis and other 
neurological handicaps in SGA [11–13]. 

Intelligence, neurocognitive domains, and learning
Intelligence refers to neuropsychological functions such as visual and 
auditory perception, abstract reasoning, and cognitive processing. It is 
essential for learning and is often evaluated as a person’s intelligence 
quotient (IQ). While there is evidence that general IQ is lower in indi-
viduals born SGA, irrespective if the infant was born preterm or on 
time, it never exceeds 1 standard deviation (<15 IQ points) [14]. It is 
also widely accepted that the mean IQ in children born SGA in most 
studies still remained in the average range of the normal population 
(85–115 IQ points) [11,15–19].

In individuals born SGA, a higher prevalence for a specific delay or 
disorder in each of the developmental cognitive and motor domains such 
as speech, language, visual-spatial perception and processing, verbal and 
non-verbal memory, attention, executive functions (such as planning), 
and developmental motor coordination disorder have also been identified 
[20,21]. Additionally, there have been studies showing higher rates (up 
to 55%) of learning disabilities, such as reading and writing disability, 
dyscalculia [6,15,20,22].
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Behavioral and emotional problems
In addition to the neurosensory and cognitive deficits, many studies 
[2,12,17,23] have found a correlation between prematurity and IUGR/
very low birth weight (VLBP) and later emotional and behavioral prob-
lems and mental health disorders, with up to 25% of study participants 
being affected. A wide range of symptoms either with externalizing or 
internalizing psychiatric disorders (eg, attention deficit hyperactivity dis-
order, aggressive and delinquent behavior, low self esteem, withdrawal, 
anxiety, poor social skills, depression) have been reported. Compared to 
individuals born AGA, the prevalence of these disorders is three times 
as great [2,12,17,23]. 

These emotional and behavioral problems or disorders generally 
become apparent or even more pronounced upon school enrollment 
[22,23]. It is thought that this is because, for most children, school acts 
as the first setting that requires complex social skills, such in coping with 
children of different ages and genders, and finding ways of relating to 
peers [23]. For psychological and educational surveillance of children 
born SGA in a clinical care setting, it is important to consider clinical 
precursors of emotional behavioral disorders (some of which may already 
present at preschool age) [17,24]. 

SGA-related risk factors
The overall likelihood of an individual born SGA developing neurocogni-
tive, behavioral, and/or emotions problems is result of a complex inter-
action between several specifically SGA-related and non SGA-related 
factors and processes. Furthermore postnatal catch-up growth of both the 
body and head can follow various patterns [11]. In literature specific to 
predicting SGA-related neurocognitive, emotional and social outcomes, 
study parameters often refer to:
•	 the point of time of IUGR and weight retardation occurred; 
•	 head growth pattern. 

Further key players in determining outcome are perinatal complications 
(eg, prematurity) [11]. 
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Onset and severity of intrauterine and postnatal 
growth retardation
If IUGR is already present at the 26th week of gestation, the affected 
children will have a higher risk of developing psychomotor problems, 
as compared to those demonstrating a later onset of growth restriction 
[25]. The same is true for the onset and severity of weight retardation. 
Thus, the earlier the onset, and the more severe it is, the greater the 
neurodevelopmental risk [17].

Prenatal and postnatal microcephaly
An optimal intrauterine environment is essential for brain development. 
The neurocognitive prognosis in SGA is dependent on the coexistence of 
accompanying microcephaly [26]. There is evidence that SGA is associ-
ated with reduced brain volume, though it is unclear if this is caused by a 
reduction of cerebral gray matter or cerebral white matter volume [27,28].

If a microcephaly is present at birth and persists beyond the second 
year of life, the patient has a greater likelihood of developing neurocog-
nitive deficits [29]. Another high risk group is children with congenital 
microcephaly who have catch up head circumference growth that places 
them into normal head circumference range [29]. In case of a normal 
head circumference at birth (but growth that decreases postnatally), the 
risk for disturbed psychomotor development also increases [6]. Children 
with a normal head circumference at birth and postnatally have the best 
prognosis for healthy psychomotor development [29]. However even in 
this subgroup, children born SGA show more subtle deficits, especially 
in language development (eg, spelling) [29]. 

Determining an overall risk of children born SGA (which comprises 
IUGR, low birth weight, prematurity, and microcephaly) developing a 
neurological disorder remains controversial in literature [30].

General risk factors
Postnatal health and socioeconomic status
In general, children born SGA are similarly affected by the same deleteri-
ous (and protective) influencing factors and processes as other children. 
Therefore postnatal health, parental care, environmental, educational, 
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and psychological co-influences are very important determinants in 
neurological, neurocognitive, and behavioral outcomes [31]. 

It has been repeatedly shown that parents with lesser education 
and inferior income are more likely to have children born SGA [32]. 
Therefore, offspring born SGA are more likely to live in unfavorable 
health and literacy conditions and environments [32]. This alone may be 
responsible for the higher occurrence of emotional and social problems 
later in life, as well as for specific developmental delays (eg, language 
development) and learning disabilities. Conversely, in general, children 
born SGA from families with a high socioeconomic status have a better 
neurodevelopmental prognosis and postnatal catch up growth. This is 
thought to be due to differences in educational resources, as well as 
better environmental conditions [29,33].

Postnatal nutrition
Cooke and Foulder-Hughes found in a study of 280 preterm babies and 
210 full-term children that impaired postnatal growth (length, weight, 
head) did not seem to be exclusively determined from the intrauterine 
clinical course, but was also influenced by parental postnatal feeding 
and care [13]. Similarly, McCowan et al provided evidence that chil-
dren who were not fed with breast milk during the first three months of 
their life had lower psychomotor development index scores (odds ratio 
[OR] 3.5; 95% CI 1.2–10.1) regardless of birth weight [34]. However, a 
recent study did not confirm this hypothesis. In fact, in children born 
SGA, catch-up growth was not found to be associated with an increase 
of cognitive functioning [35]. 

Socioeconomic status
IUGR has been associated with indicators of socioeconomic status, as 
well as physical environment [36]. This issue is an important health 
concern, due to the increasing body of evidence that suggests adverse 
health processes or events that occur very early in life (or indeed, in 
vitro) can lead to diseases in childhood and later in life [24,36]. In 
this manner, socioeconomic status is an important indicator, as it can 
generally act as a measure of access to health care, empowerment, level 
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of stress and violence, and likelihood of exposure to environmental 
factors (eg, air pollution) [33]. Living under restricted life conditions 
(eg, low income, high crime neighborhood, exposure to pollution, etc) 
has often problematic consequences for the offspring [24,37,38]. Among 
others, they usually experience a lower level of education and have lower 
literacy rates, resulting in inferior academic participation, as compared 
to offspring of middle-class parents [38].

A biopsychosocial model of psychomotor 
develepment in SGA
In the face of the confounding SGA-related and non-SGA related risk 
factors, a challenge is to identify and differentiate the direct effects of 
being born SGA on neurological, neurocognitive, and behavioral out-
comes. In general, it has been recognized that the greatest risks exist for 
those children born SGA that had early onset IUGR, microcephaly, and 
have minimal postnatal catch-up growth, especially beyond the second 
year of life [1,38]. Careful and comprehensive surveillance and care 
(especially for children from lower socioeconomic backgrounds) from the 
beginning of life is crucial. This can be provided through optimal post-
natal nutrition, supporting strong mother-child bonding and interaction, 
and promoting an adequate psychological and educational atmosphere. 
In Figure 22.1, an advancement of an earlier biopsychosocial model of 
psychomotor development for SGA is demonstrated [8]. 

If clinical symptoms such as neurological disturbances (eg, microceph-
aly) or other developmental problems (eg, feeding and sleep problems), 
are present and/or the parental background is at higher risk for impairing 
a child’s development, the respective child and family should be offered 
early intervention. Again, because lower social status is overrepresented 
in this subgroup of children, children born SGA should be considered 
for educational and psychological intervention and implementation of 
interdisciplinary care settings, which may also include social workers.
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Biopsychosocial inclusive diagnostic and care processes in children born 
small for gestational age

Figure 22.1  Biopsychosocial inclusive diagnostic and care processes in children born small 
for gestational age.
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Chapter 23

Prevention and long-term care
Siegfried Zabransky 

Introduction
Primary prevention of children being born small for gestational age 
(SGA) and intrauterine growth restriction (IUGR) should target the main 
etiology and mechanisms, which in developed countries are smoking, 
alcohol, infection, and preeclampsia as major causes of decreased pla-
cental flow [1]. In light of the topics discussed in this book, the following 
preventative measures should be taken:
•	 no alcohol, smoking, or ingesting other toxic substances (eg, illegal 

drugs) during pregnancy and breastfeeding periods;
•	 regular surveillance of body weight, blood pressure, urine analyses, 

control of fetal growth;
•	 adequate quantity and quality of nutrition with sufficient intake of 

vitamins and trace elements; and
•	 hygienic precautions in order to prevent infections.

Upon examination of clinical and experimental data, overnutrition during 
neonatal life and in infancy should be regarded as a primary cause of del-
eterious long-term outcomes in children born SGA and/or with IUGR [2]. 
Avoidance of early overnutrition can be most effectively realized by breast-
feeding. Breastfeeding for at least 6 months should be recommended wher-
ever possible and promoted, not only with respect to the short-term benefits 
(eg, adequate nutrition, greater immunity to infection), but also long-term 
benefits such as decreased risk of high blood pressure and obesity [3,4].
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There should be regular documentation of body length, head cir-
cumference, and weight. If there is no catch up growth during the first 
2 years, a physician should check for an indication for growth hormone 
therapy [5]. 
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Chapter 24

Considerations for future research
Jörg Dötsch, Miguel A Alejandre Alcázar, Sarah Appel, 
Ruth Kuschewski, Eva Nüsken, Kai Nüsken, Eva Rother

Future research
The study fields of investigating children born small for gestational age 
(SGA) and developmental origins of health and disease (DOHaD) have 
been closely linked in the past few decades, leading to new perspectives 
in both areas and increased understanding of functional adaptations 
during fetal life and childhood that may predict future course of health 
and disease.

In what ways can the field further develop? Are there opportunities 
for future research? Will researchers be able to develop treatment and 
prevention studies that are affordable for health systems that are under 
constant financial pressure? In this short chapter, a personal approach 
to these questions will be offered. These considerations are based on 
personal perspectives in the field.

Approaches for further experimental research
Experimental studies should focus on the examination of underlying 
molecular mechanisms. The discovery of such mechanisms will provide 
the opportunity to explain concepts of DOHaD and help to develop effec-
tive preventive and therapeutic strategies. Because IUGR has no uniform 
etiology, approaches on different levels need to be made to clarify the 
underlying mechanisms that determine individual and population-based 
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risks for poor health and development. These levels include continuation of 
basic research and evaluation of follow-up programs for continuous control 
of somatic and neurologic development in later infancy and adulthood 
and improvement of medical care during pregnancy and around birth.

Additionally, the role of epigenetic pathways should be explored with 
regard to the underlying mechanisms and should not stop at looking for 
methylation patterns only. Hypothesis generation methods (eg, arrays, 
metabolomics) might help initiate a mechanistic approach. Longitudinal 
data needs to be generated to further elucidate developmental kinetics 
in the effects of programming factors and systematic experimental 
approaches are needed to determine the vulnerable time windows for 
each relevant compromising factor (eg, fetal growth restriction). 

Aims for further clinical research
The broad variety of underlying causes for being born SGA must be care-
fully considered when recruiting study populations. An in-depth charac-
terization of all study participants should start as early as implantation 
to determine whether or not fetal programming may have taken place. 
Human studies should aim to identify clinical parameters and biomarkers 
that can serve as targets for interventional and experimental approaches. 
Translational approaches, building a bridge between clinical observa-
tions and molecular mechanisms, will ultimately help to move the field 
of perinatal programming towards a providing greater scientific impact.

Interventional studies
Interventional studies should be focused and based on molecular 
mechanisms that have been identified in experimental approaches. 
Interdisciplinary approaches involving obstetricians, pediatricians, 
and midwives are needed to implement comprehensive preventive and 
interventional strategies. 

The goals for future research of medical care during pregnancy and 
around birth may include the following: early detection of maternal risks 
that lead to asymmetric and symmetric growth retardation; using the 
best method to monitor maternal and fetal health; developing protective 
obstetric practices; determining the optimal time and mode of delivery, 
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using a multidisciplinary approach; taking precautions against the 
heightened neonatal morbidities of growth-restricted infants, especially 
the risk of hypoglycemia; and putting together treatment strategies for 
the infant that involve specialized care from a pediatric endocrinologist 
and/or neurologist.

Another goal for future studies should be to contribute to an area of 
research that is well-recognized among other research fields, not for its 
spectacular theories, but for its profound research methods.
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