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1. ABSTRACT

Background. The improved prognosis of early preterm birth has created a

generation of surviving small preterm infants whose health needs in adulthood are

poorly known. Epidemiological studies in subjects born at term have repeatedly shown

an association between small size at birth and increased risk of adult cardiovascular

disease. While considerable variation in this risk is already related to small differences

within the normal range of size at birth, small preterm infants frequently exhibit severe

postnatal or prenatal growth retardation, or both, and are often exposed to growth-

inhibiting treatments such as glucocorticoids. There is thus reason for serious concern

about increased cardiovascular risk when surviving small preterm infants become

older.

Endocrine programming – lifelong effects of early nutrition and hormonal milieu

on endocrine systems such as the insulin-like growth factor (IGF) system and the

hypothalamic-pituitary-adrenal axis (HPAA) – is likely to play a major role in linking

size at birth with adult disease. Because direct assessment of late-life health in small

preterm infants would require decades of follow-up, we studied endocrine mechanisms

of growth in two distant parts of the life span: in small preterm infants and in

65- to 75-year-old adults with birth and childhood measurements recorded. Our

secondary aim was to find a biochemical indicator of growth velocity for small preterm

infants.

Subjects and methods. Cord vein IGFs and IGF-binding proteins (IGFBPs) as well

as markers of collagen turnover were studied in 98 infants born at <32 weeks’

gestation. Forty-eight infants with birthweight < 1500 g underwent a 9-week follow-up

with repeated determinations of these factors and a rigorous protocol of frequent,

accurate weight and lower leg length measurements (knemometry). In 107 infants of

<32 weeks’  gestation, placental 11β-HSD2 activity [enzyme converting active cortisol

(F) to inactive cortisone (E)] was measured together with cord vein F and E

concentrations.

In the adult study, 421 men and women born at term, now aged 65 to 75 years,

underwent total and free F, IGF-I and IGFBP-1 measurements in conjunction with a

detailed clinical examination.
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Results. In small preterm infants, IGF-I and IGFBP-3 were associated with relative

birthweight (r=0.58, p<0.0001 and r=0.44, p<0.0001, respectively) and postnatal

growth velocity, and IGFBP-1 was inversely correlated with relative birth weight

(r=-0.50, p<0.0001). In adults, high IGF-I and low IGFBP-1 were associated with

impaired glucose tolerance and elevated blood pressure, whereas low IGF-I was

associated with increased waist circumference and percentage body fat. IGF-I was

unrelated to birth measurements, while IGFBP-1 was correlated with birthweight

(r=0.11, p=0.03). Tall height and high body mass index at 7 years predicted low IGF-I

and high IGFBP-1 in adulthood, but only in subjects of low adult lean body mass.

The most robust indicator of growth velocity in small preterm infants was the ratio

of marker of type I collagen degradation to a marker of its synthesis (ICTP / PINP

ratio), which may be sufficiently sensitive and specific for clinical use in detecting

slow growth.

In small preterm infants, reduced inactivation of F to E by placental 11β-HSD2

was associated with low relative birth weight (r=0.56, p<0.0001) and severe foetal

distress (p=0.02). Findings in adults showed complex interactions in the early

determinants of adulthood F concentration. In subjects born between 37 and 39 weeks’

gestation, low birthweight was associated with high fasting total (p=0.02) and free

(p=0.09) F in adulthood, whereas in subjects born after 40 weeks’  gestation, the trend

was inverse: low birthweight predicted low fasting total (p=0.06) and free F (p=0.002)

(p for interaction = 0.01 for total and 0.003 for free cortisol).

Conclusions. Differences in circulating IGFs and IGFBPs as well as cortisol in 65-

to 75-year-old subjects relate to minor variation in birth measurements and childhood

growth. These hormonal parameters show marked aberrations in small preterm infants,

who frequently suffer from pre- or postnatal growth restriction. This suggests that early

life programming of adulthood disease has the potential of becoming a major health

burden when the present-day small preterm infants become older. Our findings urge for

systematic long-term follow-up studies in small preterm survivors to assess the risk of

cardiovascular disease and other adverse health consequences and to search for

preventive means.
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3. ABBREVIATIONS AND DEFINITIONS

11β-HSD1 11β-hydroxysteroid dehydrogenase-1; enzyme converting

E to F

11β-HSD2 11β-hydroxysteroid dehydrogenase-2; enzyme converting

F to E

ALS Acid-labile subunit

ACTH Adrenocorticotrophic hormone (corticotrophin)

ACTH1-24 Tetracosactin; synthetic, biologically active form of ACTH

commonly used in ACTH stimulation test

AGA Appropriate for gestational age

BMI Body mass index [weight / (height2)]

CBG Corticosteroid-binding globulin

CRH Corticotrophin-releasing hormone

CRP C-reactive protein

DM Diabetes mellitus

E Cortisone

EDTA Ethylenediaminetetracetate

ELBW Extremely low birthweight (< 1000 g)

F Cortisol (hydrocortisone)

Fat BMI Fat body mass index [body fat weight /(height2)]

Free cortisol index [Cortisol (µmol/l)/CBG (mg/ml)] X 100

GH Growth hormone

Gh Gene encoding growth hormone

GHR Growth hormone receptor

Ghr Gene encoding growth hormone receptor

HDL High-density lipoprotein

hpIGFBP-1 Highly phosphorylated IGFBP-1

HPAA Hypothalamic-pituitary-adrenal axis

HPLC High-performance liquid chromatography

ICTP Carboxyterminal telopeptide of type I collagen

IGT Impaired glucose tolerance

IGF Insulin-like growth factor
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Igf Gene encoding insulin-like growth factor

Igf1r, Igf2r Gene encoding insulin-like growth factor receptor 1 and 2,

respectively

IGFBP Insulin-like growth factor binding protein

Igfbp Gene encoding insulin-like growth factor binding protein

Ins Gene encoding insulin

IUGR Intrauterine growth restriction

LDL Low-density lipoprotein

Lean BMI Lean body mass index [lean body weight /(height2)]

lpIGFBP-1 Lesser phosphorylated IGFBP-1

MAb Monoclonal antibody

MMP Matrix metalloproteinase

NAD Nicotinamide adenine dinucleotide

PICP Carboxyterminal propeptide of type I procollagen

PINP Aminoterminal propeptide of type I procollagen

PIIINP Aminoterminal propeptide of type III procollagen

Ponderal index Weight / (length3)

RDS Respiratory distress syndrome

SGA Small for gestational age

SD Standard deviation

SDS Standard deviation score

VLBW Very low birthweight (< 1500 g)

VNTR Variable number of tandem repeats
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4. INTRODUCTION

During the last decades the introduction of new therapeutic modalities, such as

treatment with surfactant (Merritt et al. 1986) and antenatal glucocorticoids (Crowley

2000), has brought along dramatic improvement in the prognosis of infants born

severely preterm (Koppe et al. 1998). This progress has created growing populations of

surviving small preterm infants, the oldest of whom are currently young adults. While

the long-term neurological and pulmonary outcomes of these survivors have been

reasonably well elucidated, little is known about their other possible health needs in

adult life.

A large number of epidemiological studies have shown an association between low

birthweight in subjects born at term and increased risk of adult cardiovascular disease.

Together with experimental studies in animals, they have introduced a concept of early

programming of adult disease (Barker 1998a). Recent research has suggested a much

wider range of adulthood disorders is affected by early programming, including

osteoporosis (Cooper et al. 2001), schizophrenia (Wahlbeck et al. 2001) and various

cancers (Hilakivi-Clarke et al. 2001). The mechanisms of programming are still poorly

understood, but important putative mechanisms include permanent changes in body

composition as well as lifelong alterations in the function of key endocrine systems

such as the hypothalamic-pituitary-adrenal axis (HPAA) (Phillips et al. 1998, 2000)

and the insulin-like growth factor (IGF) system (Barker et al. 1993).

Small variation in size at birth within normal ranges of term birth is already

associated with major differences in adult cardiovascular and other morbidity. Small

preterm infants, by contrast, experience conditions that are far from normal. Many of

them have been growth restricted already in utero, and the postnatal period after early

preterm birth is characterized by frequent severe illness, insufficient nutrition and

growth-inhibiting treatments such as glucocorticoids. There is thus reason for serious

concern about an increased burden of cardiovascular and other common adult disorders

as the generations of surviving small preterm infants age.

To firmly establish that small preterm infants are indeed at increased risk of e.g.

adult cardiovascular disease would require decades of follow-up. This is impractical

and thus surrogate ways to gain information need to be applied. We aimed at an unique

approach for this problem by studying growth and its endocrine mechanisms at two
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distant parts of the life span: in small preterm infants and in 65- to 75-year-old adults

whose birth measurements and childhood growth data have been recorded.
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5. REVIEW OF THE LITERATURE

5.1 GROWTH

5.1.1 Per iods of growth dur ing human life

Growth can be defined as an increase in cell size and complexity (Milner and

Gluckman 1996), usually achieved by increases in cell size and number and, to a lesser

extent, by accumulation of extracellular matrix. It is a fundamental aspect in the life in

all multicellular organisms. Apart from pure cell replication and hypertrophy, the

concept of growth comprises cell differentiation, migration of cells to specific

anatomic sites and interaction with other cells and tissues to form organs. Apoptosis,

i.e. programmed cell death, of a subset of the cell population is an essential feature of

the process.

Humans, as well as other mammals, have a clearly defined period of growth during

the early part of the life span. After this period, development approaches completion

and, irrespective of whether the genetically determined maximal body size has been

achieved or not, growth occurs only in selected tissues and mostly by means of

increase in cell size (Rosenfeld and Cara 1995). Consequently, impairment in growth

of the whole body or a specific tissue may have lifelong consequences.

In relative terms, most of the growth in humans occurs in utero. The foetus

undergoes some 42 successive mitotic divisions in progressing from a fertilized ovum

to a term infant, with only five more divisions being necessary to achieve adult size.

During the early foetal period an increase in cell number overshadows an increase in

cell size, with this trend gradually reversing towards the end of pregnancy. Growth

velocity, expressed as a fractional change per unit time, is greatest for length at

approximately 20 weeks of gestation (Figure 1) and for weight at 34 weeks, and during

the late foetal period, of its daily energy requirement of 95 kcal/kg/d, the foetus uses

40 kcal/kg/d for growth (Milner and Gluckman 1996). Therefore, if growth is

restricted during the foetal period, lifelong adverse consequences are likely to follow,

their pattern being dependent on the period of gestation during which growth
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restriction has occurred. Moreover, dependency on the placental delivery of nutrients

and oxygen adds to the vulnerability of the foetus to growth restriction.

Postnatal growth, in turn, can be modelled as consisting of three components

(Figure 1; Karlberg et al. 1987a, 1987b): 1) the rapid infancy growth, sharing many

features with foetal growth and regulated by the nutrition-insulin-IGF and GH-IGF

axes (See section 5.2.1); 2) the more steady childhood growth, regulated predominantly

by the GH-IGF axis; and 3) the pubertal growth spurt, where sex steroids play a central

role. When studying the early postnatal growth of small preterm infants, it is essential

to take into account both the foetal and infancy growth aspects and the consequences

of the premature transition between these two phases of growth.

2 4 6 8 10 12 14 16
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m
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Childhood

Infancy
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Figure 1. Growth velocity throughout the human growth period. Combined from Dattani and Preece
(1998) and the infancy-childhood-puberty model by Karlberg et al. (1987). The scale of the Y axis  is
the same for both parts of the figure, illustrating the high growth rate during the foetal period
compared with postnatal life.
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5.1.2 How to measure growth

A prerequisite for studying growth is the ability to obtain accurate measurements.

In newborns, especially in sick preterm infants, this requires appropriate training,

attention to detail and the right equipment (Wales et al. 1997). When an infant is

severely ill, some measurements may be difficult or impossible to obtain. No single

ideal measurement exists, and both clinical practice and research protocols may benefit

from using a combination of these.

Weight is the most commonly used measure in neonatal practice. Birthweight is

obtained from virtually every newborn, and accurate recordings are easy to follow up

on a day-to-day basis. However, the interpretation of weight gain data may be

complicated. Anabolic tissue growth is of primary interest for the practising clinician;

however, short-term changes in weight are more likely to reflect rapid changes in

hydration, particularly during the immediate postnatal days (Shaffer et al. 1987; Pauls

et al. 1998).

Crown-to-heel length is unaffected by changes in hydration or fat mass and is

considered to be a more appropriate indicator of adequate growth than weight (Babson

and Bramhall 1969). However, without appropriate training and equipment, neonatal

length measurements may be highly inaccurate, especially in the smallest babies

(Wales et al. 1997). Moreover, length measurements may be contraindicated in sick,

ventilated infants, a group in which accurate growth velocity assessment is of

particular importance.

Head circumference is routinely used in neonatal wards both to indicate brain

growth (Lindley et al. 1999) and to detect or follow up obstructive hydrocephaly.

Apart from the common concerns of measurement inaccuracy, longitudinal head

circumference data may be difficult to interpret because of changes attributable to head

moulding or cephalohaematoma during the first days after birth, and subsequently

because of plagiocephalic changes characteristic of growing small preterm infants

(Wales et al. 1997).

Knemometry, the measurement of knee-heel length with a purpose-built device, is

probably the most accurate method to assess skeletal growth. The technique was first

described in children (Valk et al. 1983). Subsequently, a hand-held electronic caliper

for use in small preterm infants has been validated (Michaelsen et al. 1991) (Figure 2).
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The technical error of the method, 0.31 mm, is comparable with an average growth

velocity of 0.43 mm/d between 24 weeks’  gestation and term, thus enabling detection

of changes in growth velocity within periods as short as 1 to 2 weeks (Gibson et al.

1993a; Michaelsen 1997; Wales et al. 1997). Knemometry is virtually unaffected by

changes in hydration (Gibson et al. 1993a; Michaelsen 1997), and even the negative

lower leg growth velocities occasionally observed have been reproducible (Gibson et

al. 1993b; Kaempf et al. 1999). Importantly, the measurement is safe to perform even

in infants requiring minimal handling (Michaelsen 1997). Yet, knemometry is not free

from disadvantages. While remarkable accuracy is achieved in measuring lower leg

growth, the growth of the spine and soft tissues are not taken into account. Moreover,

the accuracy requires measurement to be performed by a single, trained observer

(Gibson et al. 1993a), which has left the use of knemometry largely in the research

domain.

Figure 2. A knemometer for measuring lower leg length in infants (Bisgaard 1993, with permission).

Assessment of body proportions and composition. With regard to possible long-

term consequences of impaired growth, body composition variables, such as

percentage body fat or bone mineral content, could theoretically provide more relevant

information than simple length and weight measurements.

In newborn infants, two distinct patterns of foetal growth restriction have

traditionally been referred to: symmetrical and asymmetrical (Robinson and Owens

1996). Infants with symmetrical growth restriction show a proportional reduction in
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weight, length and head circumference. This may hint at genetically regulated

smallness, either as a cause of normal polymorphisms in multiple growth-related genes

or a single-gene disorder associated with pre- and usually postnatal growth retardation.

Asymmetrically growth-restricted infants demonstrate in turn a disproportionate

reduction in weight, whereas their length and head cirumference are closer to normal.

These infants are thus thin and are characterized by a low ponderal index

[weight / (length3)]. This is thought to be a consequence of impaired supply of oxygen

or nutrients, or both, resulting into sparing of important organs such as the brain at the

expense of others including the muscle. Although helpful, this division must be

recognized as relatively rough. Disproportionate growth restriction may occur already

early in pregnancy (Robinson and Owens 1996). Glucocorticoid excess, which is

associated with reduced foetal substrate supply, could be expected to cause a reduction

in longitudinal growth rather than thinness (Hughes and Cutfield 1996).

Several methods to assess body composition have been developed. In general, each

method records a measurable quantity (e.g. electric impedance) and calculates the

quantity of interest (e.g. body fat mass) by a mathematical formula that is based on

measurements in a reference population (Heymsfield et al. 1996). It is thus crucial that

the method has been validated in a population similar to the one studied. Widely used

methods include bioelectric impedance analysis (Heymsfield et al. 1996) and dual

x-ray absorptiometry (Genton et al. 2002), both validated in different adult

populations. Because bioelectric impedance analysis utilizes a relatively simple device,

it is particularly useful in large-scale population studies.

Recently, methods to assess body composition have been introduced for VLBW

populations. However, each method has its limitations. Dual x-ray absorptiometry

(Rigo et al. 1998) involves radiation exposure and is not easily applicable in an

intensive care setting. Bioelectric impedance, although non-invasive and easy to use

bedside even repeatedly, adds little to an estimation based on anthropometric

measurements and gestational age (Raghavan et al. 1998). Estimating body fat content

by skinfold thickness, however simple, may be inappropriate because of the small

amounts of subcutaneous fat during this period (Wales et al. 1997). Thus, in VLBW

infants, the benefit of these technical methods in assessing body composition has thus

far not been clearly established, leaving these methods for use in research protocols

focusing on a particular aspect of neonatal body composition.
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5.1.3 Biochemical indicators of growth velocity

Theoretically, a biochemical indicator, i.e. a laboratory test, reflecting growth

velocity has two major advantages compared with repeated anthropometric

measurements. First, it could allow rapid detection of changes in growth velocity,

which when obtained from repeated measurements could be observed only afterwards.

Second, a laboratory test could be helpful when measurements are difficult to perform

like during neonatal intensive care. An ideal biochemical growth velocity indicator

should reflect the growth process itself, and both its synthesis and clearance from

serum should be stable enough to allow measurement reproducibility. It should have

satisfactory sensitivity and specificity to detect clinically relevant slow growth.

Moreover, a routine biochemical assay should be possible to develop. Not many

biochemical compounds meet these strict requirements. Among those that come closest

are markers of type I and III collagen metabolism.

5.1.4 Markers of type I  and I I I  collagen turnover

Collagens are the major connective tissue proteins. Over 90% of the organic

matrix of bone is type I collagen, which is the only collagen found in mineralized bone

and, together with type III, the most abundant collagen in soft tissues (Risteli and

Risteli 1999). The turnover of collagen, both synthesis and degradation, is more

abundant during growth and involves the production of specific by-products useful as

markers of turnover rate.

Biochemical background. Type I and III collagens are synthesized and secreted into the

extracellular space as procollagen molecules, after which two bulky domains are cleaved from

each end to acquire a collagen molecule capable of being assembled into the collagen fibre.

For type I collagen, the cleaved proteins are called type I procollagen aminoterminal

propeptide (PINP) and type I collagen carboxyterminal propeptide (PICP), a corresponding

designation for the aminoterminal domain of type III collagen being PIIINP (Figure 3). The

synthesis of these propeptides thus reflects the rate of collagen synthesis. They are cleared by

the liver at a reasonably stable rate, PINP and PIIINP by the scavenger receptor (Melkko et al.

1994) and PICP by the mannose receptor (Smedsrød et al. 1990). Although their utility may

theoretically be affected by PINP and PIIINP not always being cleaved from the
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procollagen molecule or by hormonal influences on their elimination (Risteli and

Risteli 1995), the biochemical background of these markers has prompted several

clinical studies to assess their utility as growth indicators.

Figure 3. Type I procollagen molecule (Burgeson and Nimni 1992). Assembly of the molecule into
collagen fibres requires cleavage of the aminoterminal (PINP) and carboxyterminal (PICP) residues
depicted at both ends of the molecule. Serum concentrations of these residues can thus be used as
markers of the rate of type I collagen synthesis.

Skeletal growth encompasses two parallel processes: bone formation by

osteoblasts and bone resorption by osteoclasts. These are jointly called bone modelling

(Manolagas 2000). Bone formation involves the synthesis, and bone resorption the

degradation of type I collagen, the combination of which is defined as collagen

turnover. The degradation of type I collagen is an essential part of normal skeletal

growth, but it may be increased in various pathological conditions (Risteli and Risteli

1999). Its assessment is relatively complex, with different assays measuring slightly

different epitopes of the degradation by-product. Part of the complexity is explained by

osteoclasts being able to degrade type I collagen by at least two different pathways. In

normal bone resorption, the predominant enzyme involved is cathepsin K. The matrix

metalloproteinase (MMP) pathway is likely to predominate in pathological conditions

such as rheumatoid arthritis, multiple myeloma (Sassi et al. 2000) or rachitis (Scariano

et al. 1995). ICTP, the epitope of which is destroyed by cathepsin K, is likely to be a

specific indicator of the MMP pathway, in contrast to the CrossLaps and NTx assays,

which reflect type I collagen degradation through both pathways (Risteli and Risteli
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1999). ICTP has been suggested to indicate pathological bone resorption and deviant

growth (Sassi et al. 2000), a view which has, however, been conflicted by the finding

that ICTP is abundant in normally growing children (Wolthers et al. 1997).

 IGF system, glucocorticoids and collagen turnover. Both the IGF axis and

glucocorticoids play a central role in regulating collagen turnover. In keeping with

their growth-promoting function, IGF-I and IGF-II increase collagen synthesis (Canalis

1980; McCarthy et al. 1989; Grinspoon et al. 1995), an effect augmented by IGFBP-3

(Rechler 1993) and inhibited by IGFBP-1 (Peterhofsky et al. 1994). Glucocorticoids, at

least in pharmacologic doses, inhibit the synthesis of type I and III collagen (Oikarinen

et al. 1992; Wolthers et al. 1997) and likewise inhibit the degradation of type I

collagen, as assessed by ICTP concentrations (Wolthers et al. 1997).

The serum concentrations of markers of type I and III collagen turnover decrease

from the foetal period to adulthood, reflecting changes in growth velocity (Trivedi et

al. 1991; Vanhaesebrouck et al. 1994a, 1994b; Wolthers et al. 1997; Hytinantti et al.

2000; Seibold-Weiger et al. 2000; Saarela et al. 2001). Their concentrations in cord

serum are about 50-fold higher than those in healthy adults (Vanhaesebrouck et al.

1994a; Risteli and Risteli 1999; Hytinantti et al. 2000; Garnero et al. 2001). During

childhood ICTP, PICP and PIIINP reflect growth velocity (Trivedi et al. 1991;

Wolthers et al. 1997).

In cord serum, intrauterine growth retardation is associated with lower PIIINP

(Vanhaesebrouck et al. 1994b), PICP (Seibold-Weiger et al. 2000), PINP and ICTP

(Saarela et al. 2001), although some of these findings have not been confirmed in all

studies in term infants (Namgung et al. 1996; Hytinantti et al. 2000). Of special

interest are two papers assessing the utility of these markers in postnatal VLBW

infants. Crofton et al. (1999) found growth velocity, as assessed by weekly weight and

knemometry measurements, to be reflected by PIIINP but not PICP concentration,

whereas another study (Seibold-Weiger et al. 2000) suggested that PICP

concentrations reflect weight growth velocity. This discrepancy may well be explained

by slight differences in populations and measurement protocols as well as by chance.

Nevertheless, these markers constitute promising candidates for clinically useful

indicators of growth velocity in VLBW infants.
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5.2 THE INSULIN-LIKE GROWTH FACTOR SYSTEM

 5.2.1 Members of the IGF family

The insulin-like growth factor family consists of two growth factors, IGF-I and

IGF-II, at least six binding proteins (IGFBP-1 to IGFBP-6) and at least five IGFBP-

related proteins (Hwa et al. 1999). Since their discovery (Salmon and Daughaday

1957), these growth factors, previously designated as somatomedins (Daughaday et al.

1972), have been found to play a multitude of roles in both paracrine and endocrine

regulation of tissue growth and differentiation. This literature review will focus on

IGF-I and IGF-II and on IGFBP-1 and IGFBP-3, which are the most significant

circulating IGF-binding proteins in regulation of body and tissue growth (Rajaram et

al. 1997).

Mechanisms of action. IGF-I and IGF-II stimulate growth by affecting both the cell

cycle and function. In general, the effects on cell cycle consist of promotion of mitosis

and cell differentiation and inhibition of apoptosis (Jones and Clemmons 1995). The

effects of IGF-I on cell function include insulin-like metabolic actions, such as

increase of glucose and free fatty acid uptake (Boulware et al. 1992), and the synthesis

of various intra- and extracellular proteins including type I and III collagen (Canalis

1980; McCarthy et al. 1989; Puistola 1993; Grinspoon 1995). In addition, hormone

secretion from many cell types is regulated by the IGFs.

Most of the actions of both IGF-I and IGF-II are mediated by type 1 IGF receptor,

which is a transmembranic dimeric tyrosine kinase receptor (Jones and Clemmons

1995). Considerable structural homology is present between this receptor and the

insulin receptor, which also binds both IGFs with a weak affinity and is an important

additional mediator for at least IGF-II during the foetal period (Nakae et al. 2001)

(Figure 4C). In addition, IGF-II binds to type 2 IGF receptor. The signalling effects of

this phenomenon, if any, remain poorly known, but a soluble form of this receptor has

been suggested to regulate the clearance of circulating IGF-II (Ludwig et al. 1996;

Nakae et al. 2001), thus inhibiting its action on foetal growth (Ong et al. 2000).
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Figure 4.
A. Selected regulators of the IGF system. Reduced availability of nutrients and oxygen result in

decreased GH and insulin and increased cortisol secretion. These are followed by decreased IGF-
I, IGFBP-3 and ALS concentrations as well as increased IGFBP-1 concentrations, with
subsequent reduced IGF activity. + = stimulatory effect;  - = inhibitory effect; (1) =
glucocorticoids stimulate IGF-I and IGFBP-3 synthesis but inhibit their biologic activity by a yet
unknown mechanism. (2) = glucocorticoids stimulate IGFBP-1 in situations of low insulin
concentration.

B. Regulation of IGF bioavailability by IGFBP-1 and IGFBP-3. Lesser-phosphorylated isoforms of
IGFBP-1 have reduced affinity for IGF-I and thus are likely to have lesser inhibitory effect on
IGF-I. The ternary complex consisting of IGF-I, IGFBP-3 and ALS releases free IGF-I after
cleavage of IGFBP-3 by specific proteases in the vicinity of IGF receptors.

C. IGF-I and IGF-II bind both to insulin receptor and IGF receptor-1, their affinity for insulin
receptor being considerably lower. Not depicted in this figure is IGF receptor-2, the main function
of which is to facilitate clearance of IGF-II from circulation.

 For references, see text.
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Table 1. Genetically engineered mouse models illustrating the role of the GH-IGF axis in foetal and
postnatal growth.

Transgenic
model

Onset of
growth

abnormality

B
ir

th
w

ei
gh

t
(%

 n
or

m
al

)

A
du

lt
 w

ei
gh

t
(%

 n
or

m
al

)

Phenotype Reference

Gh over 1-2 weeks
after birth

N up to
200

Large liver, increased skeletal growth Palmiter et al. 1983a,
Palmiter et al. 1983b

Igf1  over 1-2 months
after birth

N 130 Large spleen, pancreas, brain and kidney,
normal skeletal growth

Mathews  et al. 1988

GH def
Igf1 over

N N Large brain, normal skeletal growth Behringer et al. 1990

GH def 1 month
after birth

N 60 Small brain, liver and pancreas, decreased
skeletal growth

Behringer et al. 1990

Igf1 (-/-)
Ghr (-/-)

40 17 Abnormal growth plates Lupu et al. 2001

Ghr (-/-) 90 50 Large brain, small spleen and kidneys,
abnormal growth plates

Lupu et al. 2001

Igf1 (-/-) E 13.5 60 30 Most die before adulthood Liu et al. 1993

Igf2 (p-) E 11.0 60 Placental hypoplasia, slightly delayed
ossification, normal postnatal growth

DeChiara et al. 1990
Baker et al. 1993

Igf1 (-/-)
Igf2 (p-)

E 11.0 30 Immediate postnatal death
Placental hypoplasia, delayed ossification

Liu et al. 1993
Baker et al. 1993

Igf1r (-/-) E 11.0 45 Immediate postnatal death, no respirations,
muscle hypoplasia, delayed ossification

Liu et al. 1993
Baker et al. 1993

Igf1r (-/-)
Igf1 (-/-)

45 Immediate postnatal death,
indistinguishable from Igf1r (-/-)

Liu et al. 1993

Igf1r (-/-)
Igf2 (p-)

E 11.0 30 Immediate postnatal death
Placental hypoplasia, delayed ossification

Liu et al. 1993
Baker et al. 1993

Igf2r (m-) 130 Most die in utero, large heart Lau et al. 1994

Igf2r (m-)
Igf2 (p-)

60 Igf2r (m-) mice are rescued from probable
intrauterine death by Igf2 (p-)

Ludwig et al. 1996

Igf1r (-/-)
Igf2r (m-)

E 13.5 N N Igf2r (m-) mice are rescued from probable
intrauterine death by Igf1r (-/-)

Ludwig et al. 1996

Igf2 (p-)
Igf1r (-/-)
Igf2r (m-)

29 Louvi et al. 1997

Igfbp1  over In utero 90 80 Small brain, large spleen, hypoglycemia Rajkumar et al. 1995

Igfbp3  over N N Large spleen, liver and heart Murphy et al. 1995

Als (-/-) 2 weeks
after birth

N 87 IGF-I, IGFBP-3: normal synthesis, reduced
serum concentrations

Ueki et al. 2000

E, days of gestation; N, normal; def, deficiency; over, overexpression; Gh, gene encoding GH; Ghr, gene
encoding GH receptor; Igf1, gene encoding IGF-I; Igf2, gene encoding IGF-II; Igf1r, gene encoding IGF
receptor 1; Igf2r, gene encoding IGF receptor 2; Igfbp1, gene encoding IGFBP-1; Igfbp3, gene encoding
IGFBP-3; Als, gene encoding acid-labile subunit; (-/-), null mutation homozygote; (m-), null mutation in
maternally inherited allele; (p-), null mutation in paternally inherited allele. Igf2 and Igf2r are imprinted; Igf2 is
expressed only at paternally inherited and Igf2r only at maternally inherited allele.
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Genetically engineered mouse models. The major role of the IGF system in

regulating foetal growth is illustrated by the phenotypes of mice in which the IGF,

IGFBP or GH genes have been genetically manipulated. These phenotypes,

summarized in Table 1, have several key implications. First, a level of GH resistance

during the foetal period is suggested by neither the disruption nor the overexpression

of GH having any effect on prenatal growth, despite increased circulating GH levels

during this period (Palmiter et al. 1983b). Moreover, the phenotypes of different

combinations of null mutants in genes encoding IGF-I, IGF-II, and type 1 and 2

receptors show that in mice 1) IGF-I is essential for both pre- and postnatal growth; 2)

IGF-II is necessary for prenatal but not postnatal growth; 3) the type 1 receptor

mediates the in vivo signalling of both IGF-I and IGF-II; 4) IGF-II reacts in addition to

the type 2 receptor, which facilitates clearance of IGF-II from circulation; 5) genes

encoding IGF-II and IGF-receptor 2 are imprinted: Igf2 is expressed only at the

paternally inherited allele and Igf2r only at the maternally inherited allele (for

references, see Table 1). Mice with IGFBP-1 or IGFBP-3 null mutations have not been

reported (Mouse Genome Database 2002), and overexpression of these binding

proteins produces relatively minor changes in phenotype and size of different organs.

Human disorders affecting the IGF system. In humans, there are clinical conditions

that elucidate the role of these growth factors. A homozygous IGF-I gene deletion

produces a phenotype corresponding to that of mice: marked pre- and postnatal growth

retardation and developmental deficiency (Woods et al. 1996). Similar characteristics

have recently been reported in association with type 1 IGF receptor mutations

(Abuzzahab et al. 2000). The minor, albeit significant, role of GH in regulating foetal

growth is, in turn, indicated by findings in conditions with GH deficiency.

Correspondingly, the growth retardation associated with ”common” GH deficiency

(Gluckman et al. 1992) or GH receptor defect (Laron syndrome; Savage et al. 1993) is

only moderate at birth but, if untreated, becomes severe in childhood and adulthood

when it is accompanied by increased body fat, reduced lean body mass and low IGF-I,

IGF-II and IGFBP-3 concentrations. The Beckwith-Wiedemann syndrome, a

heterogenous disorder associated with reorganization of the complex imprinting

machinery at the 11p15.5 locus encompassing the IGF-II and insulin genes and thus

increasing at least IGF-II expression, is associated with increased birthweight (Elliott

and Maher 1994). Moreover, one of the few common genetic polymorphisms thus far

associated with birth weight in humans (Ins VNTR; Dunger et al. 1998) is located in
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the same region and is associated with the expression of not only the insulin gene but

also the neighbouring IGF-II gene (Paquette et al. 1998).

IGFBP-1 and IGFBP-3 as regulators of IGF bioavailibility. Figure 4B depicts the

role of IGFBP-1 and IGFBP-3 as regulators of IGF-I and IGF-II bioavailability. With

regard to IGFBP-1, the mode of this regulation has been controversial, with some

studies showing a stimulatory (Elgin et al. 1987) and others an inhibitory (Rutanen et

al. 1988b) effect on IGF-I. This discrepancy may be explained by IGFBP-1 circulating

in different phosphoisoforms, the lesser-phosphorylated of which have decreased

affinity for IGF-I (Jones et al. 1991; Westwood et al. 1997), and thus, possibly a

weaker IGF-I-inhibiting or even stimulating effect. IGFBP-3, in turn, circulates in a

ternary complex together with IGF-I or IGF-II and a protein called acid-labile subunit

(ALS). This complex extends the half-life of the IGF in circulation to approximately

15 h, compared with the 20-30 min of the IGF-IGFBP-1 complex and the 10-12 min of

free IGF-I (Guler et al. 1989). In addition, the ternary complex is believed to further

stimulate IGF-I action with the help of specific IGFBP-3 proteases that release free

IGF-I from the complex in the vicinity of IGF receptors (Rajaram et al. 1997).

Regulation of the IGF system. Main regulators of the IGF system are shown in

Figure 4A. Insulin as one of these exerts its effects mainly by stimulating IGF-I

(Thissen et al. 1994), inhibiting IGFBP-1 (Suikkari et al. 1988) and stimulating

IGFBP-3 (Kalme et al. 2001) synthesis. GH, in turn, stimulates the synthesis of IGF-I

(Mathews et al. 1986), IGFBP-3 (Kalme et al. 2001) and ALS (Ooi et al. 1997). In

addition, while IGFBPs affect IGF bioavailability, both IGF-I and IGF-II stimulate

IGFBP-3 synthesis (Kalme et al. 2001).

Apart from GH and insulin, glucocorticoids are important regulators of the IGF

system. The modes of regulation are extremely complex, with each step of the GH-IGF

cascade showing a different response to glucocorticoids, depending on the magnitude

and duration of glucocorticoid exposure (Tönshoff and Mehls 1997). In vivo,

pharmacologic doses of glucocorticoids cause a decrease in IGF bioactivity despite an

increase in IGF-I and IGFBP-3 and a decrease in IGFBP-1 (Miell et al. 1993). This

discrepancy is commonly attributed to IGF inhibitors, which have not been

characterized in detail (Tönshoff and Mehls 1997). Some clarity has, however, been

achieved as to the molecular regulation of IGFBP-1 synthesis. IGFBP-1 gene

transcription is stimulated by a glucocorticoid-inducible element and inhibited by an

insulin-responsive element (Goswami et al. 1994), with clinical studies suggesting
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regulation by glucocorticoids to be prominent during fasting, i.e. during low insulin

concentrations (Levitt Katz et al. 1998). In addition, IGFBP-1 synthesis is stimulated

through a hypoxia-responsive element in the IGFBP-1 gene (Tazuke et al. 1998).

Ontogeny of the IGF system. Regulation of the IGF system during the foetal period

and in infancy is complex, and both transcriptional and posttranscriptional mechanisms

are involved (Rajaram et al. 1997). The pattern of regulation seems to differ from that

during childhood and adulthood. In the foetus, IGF-dependent growth is primarily

controlled by the glucose-insulin axis which allows rapid response to nutritional

fluctuations (Gluckman et al. 1999), while the effect of GH is lesser, albeit not

negligible (Palmiter et al. 1983a, 1983b; Behringer et al. 1990; Gluckman et al. 1999).

Birth involves a rapid step in the development from the relatively GH-resistant state of

the foetus, with high GH levels and a small number of GH receptors, to the fully active

GH-IGF-I axis during childhood growth (Gluckman et al. 1999). However, the timing

of this step after preterm birth is not known, although high postnatal GH levels in

preterm infants (Miller et al. 1992) have suggested a degree of GH resistance,

comparable with the foetal period, continues after preterm birth.

During childhood, puberty and adulthood, GH is the main regulator of the IGF

system, even if nutrition has an important role to play, at least in extreme conditions.

This is illustrated by studies in obese prepubertal children (Argente et al. 1997a) and

female adolescents with anorexia nervosa (Argente et al. 1997b), showing complex

sets of alterations in the IGF system that appear independent of modifications in GH

secretion. Throughout adulthood, the activity of the GH-IGF-I axis is considered to

decline, although the complexity of the axis makes thorough assessment difficult (Ho

and Hoffman 1993).

5.2.2 IGF system and growth

Clinical studies. Most clinical data regarding the role of the IGF system in

regulation of foetal growth come from studies that have compared foetal size with IGF

and IGFBP concentrations in cord blood, obtained either by cordocentesis (Lassarre et

al. 1991; Bang et al. 1994; Östlund et al. 1997) or after birth (Fant et al. 1993;

Verhaeghe et al. 1993; Giudice et al. 1995; Barrios et al. 1996; Léger et al 1996;

Klauwer et al. 1997). According to these studies, performed in both preterm and term
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infants, small size at birth (in relation to gestational age) is associated with decreased

IGF-I and IGFBP-3 and increased IGFBP-1. Corresponding data on circulating IGF-II

are contradictory, with some studies reporting low IGF-II in small foetuses (Verhaeghe

et al. 1993; Giudice et al. 1995), whereas others show no such association (Lassarre et

al. 1991; Fant et al. 1993; Klauwer et al. 1997).

IGFBP-1 and IUGR. To what extent these differences in circulating IGF and

IGFBP concentrations reflect regulation of normal growth variation in healthy foetuses

and to what extent pathological phenomena, such as intrauterine growth restriction, has

not been fully clarified. In this respect, probably the best characterized member of the

IGF family is IGFBP-1, which seems to play a special role as a growth inhibitor,

particularly in conditions associated with limited substrate availability such as pre-

eclampsia. Apart from foetal serum, its concentrations are also high in the maternal

circulation and amniotic fluid in foetal growth restriction (Hakala-Ala-Pietilä et al.

1993) or pre-eclampsia (Iino et al. 1986; Wang et al. 1996; Giudice et al. 1997). In

severe pre-eclampsia, IGFBP-1 at the foeto-maternal interface is also markedly

elevated, suggesting that elevated decidual levels of IGFBP-1 may have a role already

in the early pathophysiology of pre-eclampsia by restricting the effects of placental

IGFs and thereby reducing placental invasion (Ritvos et al. 1988; Giudice et al. 1997).

Similarly, the elevated IGFBP-1 levels in foetal circulation may act as down-regulators

of IGF-mediated intrauterine growth when nutritional conditions are inadequate.

Growth velocity. One of the puzzling features of the IGF system as a growth

regulator is that across the whole growth period - from foetal life to adulthood - the

overall pattern of changes in mean serum concentrations is opposite to the changes that

occur in growth velocity. The circulating IGF-I, IGFBP-3 and ALS concentrations rise

throughout the mid-late foetal period (Lassarre et al. 1991; Verhaeghe et al. 1993;

Bang et al. 1994; Barrios et al. 1996, 2000), reach a plateau during early infancy

(Kaplowitz et al. 1982; Rajaram et al. 1995; Low et al. 2001), continue to increase

during childhood and peak at puberty (Argente et al. 1993; Juul et al. 1995; Barrios et

al. 2000). IGF-II shows a similar trend with weaker changes (Lassarre et al. 1991;

Argente et al. 1993; Verhaeghe et al. 1993; Bang et al. 1994; Juul et al. 1995; Ong et

al. 2000), whereas the pattern of IGFBP-1 is roughly the reverse (Argente et al. 1993;

Juul et al. 1995; Barrios et al. 1996; Ong et al. 2000). Importantly, nevertheless, short-

term alterations in growth velocity, such as those during puberty, are reflected by

corresponding changes in at least IGF-I and IGFBP-3 concentrations (Argente et al.
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1993; Juul et al. 1995; Gelander et al. 1999). In addition, during childhood and

puberty, IGF-I and IGFBP-3 indeed reflect prevailing growth velocity and do increase

during GH treatment (Mandel et al. 1995).

Postnatal growth of small preterm infants. The aforementioned associations with

growth velocity have, however, been noted during the largely GH-dependent childhood

and puberty growth periods. By contrast, uncertainty exists about the role of circulating

IGF-I and IGFBPs in term and preterm infants during the postnatal period, when a

certain degree of GH resistance is likely to prevail. Most studies have focused on IGFs

and IGFBPs as predictors of catch-up growth after intrauterine growth restriction over

a period of months after birth, with some studies reporting an association with higher

IGF-I (Theriot-Prevost et al. 1988; Léger et al. 1996; Özkan et al. 1999) and IGFBP-3

(Özkan et al. 1999), but some failing to show any associations (Cianfarani et al. 1998).

Moreover, no previous study has focused on the growth of VLBW infants during the

postnatal period, which is characterized by long hospitalization, significant morbidity,

undernutrition and growth-inhibiting treatments such as glucocorticoids.

5.2.3 IGF system and r isk of adult cardiovascular  disease

For several decades, factors such as smoking, high serum cholesterol,  elevated

blood pressure and type 2 diabetes have been recognized as risk factors of

arteriosclerotic disease. These traditional factors, however, explain only partly the

interindividual variation in the risk of adult cardiovascular disease. Recently,

alterations of the GH-IGF axis have been uncovered as novel potential risk factors.

Adult patients with hypopituitarism and subsequent GH deficiency have increased

mortality from cardiovascular disease (Rosen and Bengtsson 1990). In normal adult

populations, low serum IGF-I concentrations predate impaired glucose tolerance

(Sandhu et al. 2002) and coronary heart disease (Spallarossa et al. 1996; Janssen et al.

1998; Janssen and Lamberts 2002).  Low serum IGFBP-1 is strongly associated with

impaired glucose tolerance, elevated blood pressure and obesity (Heald et al. 2001).

However, some studies have shown conflicting results. High circulating IGF-I levels

have been demonstrated to predict coronary artery disease progression in young

survivors of myocardial infarction (Ruotolo et al. 2000), and high IGFBP-1 is

associated with increased cardiovascular and overall mortality in elderly men (Harrela
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et al. 2002). Despite these discrepancies, the GH-IGF axis is an important candidate

mechanism in explaining the association of small size at birth with adult cardiovascular

disease.

5.3 GLUCOCORTICOIDS

5.3.1 Physiological actions and regulation

Physiological glucocorticoids with their numerous effects on development and

metabolism also play manifold roles in prematurity-associated conditions and in

common adulthood conditions, such as arteriosclerosis and many psychiatric disorders.

In addition, they serve as an indispensable tool in treatment and prophylaxis of a range

of disorders, including those associated with severe prematurity.

Mechanisms of glucocorticoid action. The effect of glucocorticoids is mediated

through the glucocorticoid receptor, which belongs to the nuclear receptor superfamily

and directly controls the transcription of glucocorticoid-responsive genes. The

bioavailability of cortisol to the receptor is regulated both inside and outside the cell,

as shown in Figure 5B. In the cytoplasm, a portion of the cortisol is transformed to

inactive cortisone (structure of these molecules is presented in Figure 6) by the high-

affinity enzyme 11β-HSD-2, which is abundant particularly in the placenta and kidney

(Seckl 1997). Active cortisol, by contrast, may be produced locally from circulating

cortisone by the low-affinity cytoplasmic enzyme 11β-HSD-1, which plays an active

role at least in liver, brain and adipose tissue (Masuzaki et al. 2001; Seckl and Walker

2001), while only a minor activity is observed in the placenta (Sun et al. 1998).

Moreover, most of circulating cortisol is bound to high-affinity binding protein CBG,

which is likely to affect its release to the cytoplasm (Hughes and Cutfield 1996).
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Figure 5 (facing page).
A. Pathways of adrenal steroidogenesis.
Enzymes catalysing each reaction are shown in
italics. All of these, except 3� -hydroxysteroid
dehydrogenase (HSD), are part of the
cytochrome P450 system. Some components
of this enzyme complex catalyse several steps
of the cascade. Each zone of the adrenal cortex
is predominantly responsible for producing a
single class of steroids: mineralocorticoids are
produced in the outer, glucocorticoids in the
middle and androgens in the inner zone
(Hughes and Cutfield 1996).
B. Glucocorticoid action. A major part of
circulating cortisol is bound to corticosteroid-
binding globulin (CBG) or albumin. By
contrast, cortisone, which is biologically
inactive, circulates unbound to any protein.
Cortisol and cortisone may be interconverted
in the cytoplasm by 11� -HSD1, which
converts cortisone to active cortisol, or by 11� -
HSD2, which catalyses the inverse reaction.
The function of these enzymes is to regulate
the access of bioactive glucocorticoids to
glucocorticoid (and mineralocorticoid)
receptor, and their expression and activity vary
according to cell and tissue type.
Glucocorticoid receptor in the unliganded state
resides in the cytoplasm bound to a heat shock
protein (HSP, e.g. HSP70 and HSP90). When
glucocorticoids bind to the receptor, HSP
dislocates and the receptor-glucocorticoid
complex is transferred into the nucleus, where
it regulates gene expression by binding to a
DNA glucocorticoid response element
(Hughes and Cutfield 1996; Masuzaki et al.
2001; Seckl and Walker 2001).

Figure 6 (right). Basic steroid nucleus
represented with 21 carbon atoms. Conversion
from cortisol to cortisone by 11� -HSD2
involves the dehydrogenation of the oxygen
atom at the C11 position. The synthetic
glucocorticoids betamethasone and
dexamethasone have a fluor atom at C9 and an
additional methyl group at C16. These
glucocorticoids differ from each other only on
the basis of the cis-trans configuration of the
C16 methyl group. They are poor substrates
for 11� -HSD2 and circulate unbound to CBG.
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Physiological actions and effects on growth. The majority of the physiological

actions of glucocorticoids, including the promotion of tissue maturation, effects on

glucose homeostasis, maintenance of vascular integrity, elevation of blood pressure

and anti-inflammatory effects (Hughes and Cutfield 1996), have practical implications

during the foetal period, in small preterm infants and in adults as modifiers of

cardiovascular risk. With regard to this study, the inhibition of growth by

glucocorticoids is of particular importance. Its mechanisms, incompletely understood

to date, are referred to in sections 5.1.4 (collagen turnover) and 5.2.1 (IGF system),

while the roles of glucocorticoids in adult health are described in section 5.3.3

(glucocorticoids and health in adulthood).

Regulation of cortisol secretion, HPAA. Cortisol, or hydrocortisone, is the

biologically active glucocorticoid in humans. It is synthesized in the zona fasciculata

(middle layer) of the adrenal cortex. The pathway of adrenal steroidogenesis is shown

in Figure 5A. A major stimulator of cortisol production is ACTH, released from the

hypophysis, this release being in turn stimulated by CRH and vasopressin secreted

from the hypothalamus. Together with the negative feedback that glucocorticoids exert

on the synthesis of these stimulatory hormones, this hormonal system is commonly

referred to as the hypothalamic-pituitary-adrenal axis (HPAA). ACTH, and as a

consequence cortisol, exhibits a clear circadian rhythm, with the highest values

achieved during early morning usually after awakening. This rhythm is established

during infancy but has not been reliably detected in newborn babies. Whether the

foetal cortisol concentrations reflect the mother’s circadian rhythm remains obscure

(Hughes and Cutfield 1996).

Placental 11β-HSD2. Regulation of foetal circulating cortisol differs from that

during postnatal life. The main regulator is the placenta, with foetal adrenals playing a

minor role (Seckl 1997). Placental 11β-HSD2 protects the foetus from excess maternal

cortisol, the concentrations of which are 2- to 10-fold higher than the foetal ones, by

converting it to inactive cortisone (Seckl 1997). The hypocortisolemic foetal milieu is

in addition believed to be crucial for adequate development of the foetal HPAA

(Stewart et al. 1995). A body of animal and human data highlights the importance of

placental 11β-HSD2 in regulating foetal growth. In rodents, foetal glucocorticoid

excess, both by maternal dexamethasone treatment and by inhibiting placental

11β-HSD2 with carbenoxolone, has similar consequences: smaller offspring that have

elevated blood pressure in adulthood (Benediktsson et al. 1993; Lindsay et al. 1996).
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In humans, placental 11β-HSD2 activity is highly variable between individuals and

correlates with birthweight in most (Benediktsson et al. 1995b; Stewart et al. 1995;

McCalla et al. 1998) but not all (Rogerson et al. 1997) studies. The activity is reduced

in pre-eclampsia (McCalla et al. 1998) and intrauterine growth restriction (Shams et al.

1998; McTernan et al. 2001). Moreover, rare mutations of the 11β-HSD2 gene are

associated with low birthweight (Kitanaka et al. 1996).

5.3.2 Small preterm infants and glucocor ticoid treatment

Synthetic glucocorticoids. A number of synthetic glucocorticoid analogues with

somewhat differing properties have been developed, including betamethasone and

dexamethasone widely used in perinatology and neonatology (Figure 6). Importantly,

these compounds are not bound by CBG (Hughes and Cutfield 1996) and they are

transferred intact through the placenta (Anderson et al. 1977; Seckl 1997).

There are two principal settings in which glucocorticoid treatment is commonly

used during the perinatal and neonatal periods: antenatal glucocorticoid treatment to

reduce the risk of prematurity-associated complications, and postnatal therapy to treat

ongoing complications.

Antenatal glucocorticoid treatment. The efficacy of antenatal glucocorticoid

treatment has been recognized for three decades (Liggins and Howie 1972) and has

been established to encompass a reduction in mortality, respiratory distress syndrome

and intraventricular haemorrhage (Crowley 2000). The doses of betamethasone or

dexamethasone in standard clinical protocols are small compared with the commonly

used postnatal doses. Although these are associated with reduced cord vein cortisol

concentration for a period of about 7 days (Ballard et al. 1980) and reduced postnatal

cortisol concentration (Karlsson et al. 2000b), standard-dose ACTH or CRH tests have

been unable to reveal an association with postnatal adrenal insufficiency (Ohrlander et

al. 1977; Ng et al. 1997; Ng et al. 1999). Controversy centres around the repeated use

of antenatal glucocorticoid treatments in mothers who remain undelivered at continued

risk of preterm birth. On these occasions, the possible side effects of repeated

treatment may outweigh any benefits (Banks et al. 1999, Crowley 2000).

Postnatal glucocorticoid treatment. Much greater controversies concern the

appropriate indications and regimens in postnatal glucocorticoid treatment in small
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preterm infants (Kari et al. 1996; Halliday and Ehrenkranz 2000a, 2000b, 2000c). A

42-day dexamethasone treatment for ventilator-dependent infants starting at two weeks

with a high dose was long used in many institutions after it had been found, in

comparison with a 18-day treatment, to be associated with a reduced duration of

respirator treatment and, in a group of 18 infants, improved neurological outcome at

15 months (Cummings et al. 1989). Although a smaller total dose of dexamethasone

may also be beneficial (Halliday and Ehrenkranz 2000c), major concern has been

raised by reports on long-term side effects including an increased incidence of cerebral

palsy (O’Shea et al. 1999) and up to a 30% reduction in brain size (Murphy et al.

2001). The field has been further confounded by reports on an association between

early adrenal insufficiency (during the first postnatal days) and the risk of subsequent

chronic lung disease (Watterberg et al. 1995; Korte et al. 1996; Huysman et al. 2000;

Banks et al. 2001), a risk which appears to be reduced by a low-dose cortisol

substitution (Watterberg et al. 1999). Thus, a glucocorticoid dose that provides

maximal benefit likely exists but remains to be established.  Moreover, most studies on

postnatal glucocorticoid treatment have assessed VLBW infants as one group, although

postnatal glucocorticoid treatment might be beneficial for some infants and harmful for

others. An attractive hypothesis is that intrauterine glucocorticoid excess due to

deficient placental 11β-HSD-2 function, commonly associated with e.g. pre-eclampsia

(McCalla et al. 1998), could be associated with early postnatal adrenal insufficiency,

but this has not yet been studied.

5.3.3 Glucocor ticoids and health in adulthood

Glucocorticoids play a part in the pathophysiology of several common adulthood

disorders. Severe glucocorticoid excess in Cushing’s disease or high-dose long-term

glucocorticoid therapy is characterized by marked abdominal obesity, insulin

resistance, dyslipidemia and elevated blood pressure (Newell-Price et al. 1998).

Recently, increased activity of the HPAA, even within normal limits, has been

associated with elevated blood pressure and impaired glucose tolerance (Phillips et al.

1998, 2000; Reynolds et al. 2001). However, defining the pattern of HPAA activity

associated with increased cardiovascular risk is difficult. Rosmond et al. (1998) have

identified a subgroup of abdominally obese men with increased cardiovascular risk
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factors who have low morning cortisol concentrations, probably as a sign of blunted

diurnal variability of cortisol secretion.

Similar controversies are associated with the role of HPAA in psychiatric and

psychosomatic disorders. Patients with depression have long been recognized to have

high cortisol concentrations as a sign of hyperactive HPAA and impaired negative

feedback (Stokes et al. 1984). By contrast, post-traumatic stress disorder is

characterized by low cortisol concentrations (Yehuda 2002). A series of recent studies

have expanded the range of disorders associated with decreased HPAA activity to also

encompass atypical forms of depression, chronic fatigue syndrome and fibromyalgia

(Heim et al. 2000).

5.3.4 Assessment of HPAA function

Owing to the complexity of the HPAA, several tests have been developed to assess

different aspects of this axis. Most of these tests have, however, been developed in

adults to detect distinct endocrine disorders such as Cushing’s or Addison’s disease.

These tests may not be ideal for use in population studies of healthy adults or in sick

VLBW infants.

Insulin-induced hypoglycemia, which assesses the entire HPAA by activating it

with hypoglycemia as a standard physiological stress, is considered a gold standard in

diagnosing HPAA insufficiency. However, the test is labour-intensive and involves a

risk of hypoglycemia.

ACTH tests involve the administration of synthetic ACTH1-24 and the determination

of cortisol concentration before and at fixed intervals after ACTH. In addition to

measuring the function of adrenal glands, these tests provide indirect information on

pituitary and hypothalamic disorders, which suppress the capacity of the adrenal glands

to respond to exogenous stimulation after a period of about two weeks (Grinspoon and

Biller 1994; Puhakka 2001). A traditional, standard-dose ACTH test utilizes an

ACTH1-24 dose of 250 µg/1.73 m2, which is, however, supraphysiologic and may be too

insensitive to detect mild or moderate defects in adrenal function. A low-dose ACTH

test employs a clearly smaller dose, around 1 µg/1.73 m2 (Crowley et al. 1991), which

is believed to cause a more physiologic stimulation of the adrenals. The studies

addressing the prognostic efficacy of the ACTH test in VLBW infants have employed



REVIEW OF THE LITERATURE

38

the low dose (Watterberg et al. 1995, 2000; Korte et al. 1996; Huysman et al. 2000),

although it has also been suggested that in these infants the CRH test might be more

sensitive (Karlsson et al. 2000a).

The CRH test gives a direct estimate of both pituitary and adrenal function, and the

100 µg dose used is considered to induce only a partial ACTH release from the

pituitary (Oelkers et al. 1988). However, the standard protocols of four to six blood

samplings with both ACTH and cortisol measurements are labour- and cost-intensive,

and thus, seldom used in large population studies.

Fasting cortisol concentration. Because of the circadian pattern of cortisol

secretion with peak concentrations during the morning, fasting morning cortisol

concentration may be used as a measure of HPAA activity. Although this test is of little

use on an individual level, in population studies it provides a simple albeit somewhat

rough estimate of HPAA activity. Given the strain of an overnight fast, early morning

travel to an often unfamiliar clinic, and venipuncture, fasting cortisol concentration

may actually serve as a kind of stress test (Phillips et al. 2000).

5.4 POSTNATAL GROWTH OF VLBW INFANTS

The birth of a VLBW infant interrupts the period of highest growth velocity during

human life by forcing a premature shift away from placental nutrition and rendering

the infant susceptible to a range of growth-inhibiting disorders and treatments.

Frequently, VLBW infants have been severely growth-restricted already in utero.

Optimal postnatal growth is therefore a key aim in the care of these infants.

5.4.1 How should VLBW infants grow?

Defining normal growth is problematic in VLBW infants, who are by definition

abnormal. Basing the recommendation for optimal growth on an outcome variable,

such as adulthood or even late childhood stature or body composition, is impractical.

Such an approach would yield a guideline only after a long follow-up of a population

that may have undergone fundamentally different treatments than the VLBW



REVIEW OF THE LITERATURE

39

population today. The remaining alternative is thus to base these guidelines on

surrogate, i.e. sooner obtainable, outcome variables and physiological common sense.

5.4.2 Growth curves used to assess postnatal growth of VLBW infants

Two different approaches have been used in designing growth curves for clinical

use in neonatal wards: longitudinal observations of growing preterm infants and cross-

sectional measurements at preterm or term birth. These approaches lead to different

meaning and interpretation of the graphs.

Repeated observations of e.g. weight, length and head circumference in ”healthy”

preterm infants represent an observed average, which is not necessarily the same as

optimal growth. Different curves may be presented depending on gestational age at

birth, birthweight, or both. Ylppö (1919) presented a series of postnatal length curves

for groups of infants with different birthweights. The presentation of the growth grids

by Dancis et al. (1949), which were widely used at least in the United States for

decades, represents a piquant historical lesson on what medical practice may be based

on. This publication openly declares that the curves based on birthweight solely ”were

drawn by inspection”  and ”no attempt was made to achieve statistical accuracy” .

Subsequently, Babson (1970) introduced curves in which gestational age at birth and

intrauterine growth restriction were taken into account, and thereafter, a number of

different curves (Shaffer et al. 1987; Wright et al. 1993; Pauls et al. 1998; Ehrenkranz

et al. 1999) have been developed, each presenting slight changes in mean growth and

increasing numbers of smaller infants studied.

Alternatively, a graph may be modelled to represent normal intrauterine growth.

Such a graph is commonly based on birth measurements of infants born at different

gestational ages, with the exclusion of infants with disorders affecting growth.

Although such curves may represent a better estimate for an optimal growth pattern,

the arbitrariness of the definition of a growth-affecting disorder introduces a degree of

inaccuracy. This inaccuracy is illustrated (Table 2) by the differences between relative

birth measurements obtained by use of different intrauterine growth curves (Lubchenco

et al. 1963, 1966; Bäckström and Kauppinen 1968; Usher and McLean 1969; Pihkala

et al. 1989). In Finland, a graph of this type (Pihkala et al. 1989) is currently in clinical

use both to express relative weight, length and head circumference at birth and to
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follow up postnatal growth of preterm infants. It is noteworthy that Ylppö in 1919

presented gestational age-based standards of birthweight and length which are

remarkably similar to present-day standards at earlier gestational ages, although at a

more advanced gestational age they tend to lag behind.

Due to the lack of a rational basis to recommend otherwise, maintaining

intrauterine growth rate is commonly considered to be a reasonable goal when

optimizing postnatal growth in VLBW infants (Ylppö 1919; American Academy of

Pediatrics 1977, 1985). However, basing this goal on weight gain rather than the more

accurate assessment of body composition has been criticized because such a weight

gain results in a three-fold higher fat accumulation in a VLBW infant compared with a

foetus of similar gestational age (Reichman et al. 1981).

Table 2. Examples illustrating differences between selected growth standards of birth measurements
in preterm infants. Infants with birth measurements of 0 or –2 SD according to present-day Finnish
standards (Pihkala et al. 1989) would have gained considerably different SD scores (Usher and
McLean 1969) or percentiles (Lubchenco et al. 1963, 1966; Bäckström and Kauppinen 1968) of birth
measurements.
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Male 25 weeks
800 g/32.9 cm/23.4 cm

0.0 0.0 0.0 <50 -0.5 -1.1 -0.2 25

Female 29 weeks
1340 g/38.8 cm/27.4 cm

0.0 0.0 0.0 <75 >50 >50 0.7 0.0 0.6 >50

Female 27 weeks
730 g/33.0 cm/23.5 cm

-2.0 -2.0 -2.0 <10 <25 <25 -2.1 -2.3 -1.0 10

Male 32 weeks
1510 g/41.1 cm/28.6 cm

-2.0 -2.0 -2.0 >25 <50 25 -1.0 -0.8 -0.7 >25
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5.5 LONG-TERM CONSEQUENCES OF IMPAIRED GROWTH

5.5.1 Ear ly programming of adult disease

Epidemiological studies. Data from both animal and human studies indicate that

the earlier the growth of the foetus is restricted, the more likely the restriction is to

have lifelong effects on body composition, function and health (Milner and Gluckman

1996; Barker 1998a). During the previous decade this topic has been under intense

debate since a growing number of epidemiological studies in countries including the

UK (Barker et al. 1989), India (Stein et al. 1996), Sweden (Lithell et al. 1996) and

Finland (Eriksson et al. 1999, 2001; Forsén et al. 1999) have shown clear associations

between small size at birth or infancy and arteriosclerosis in adult life. These

relationships have been independent of the length of gestation and thus reflect low

rates of foetal growth, not prematurity. Subsequently, with a significant input by

studies in Finland, this framework of early origins of adulthood disease has been

expanding towards the role of childhood growth (Eriksson et al. 1999, 2001; Forsén et

al. 1999) and, in addition, towards other common adulthood consequences such as

osteoporosis (Cooper et al. 2001), breast cancer (Hilakivi-Clarke et al. 2001), and

schizophrenia (Wahlbeck et al. 2001) and even marital status (Phillips et al. 2001).

The concept of programming. These findings have brought up the concept of

programming - a process whereby a stimulus or insult, at a sensitive or ‘critical’  period

of development, has lasting or lifelong significance (Lucas 1994). The concept itself is

not new. Manifold examples from animal studies range from female rats, whose

ovulation and female behaviour can be inhibited by a single testosterone injection but

only before postnatal age of five days (Barraclough 1961), to many reptile species,

whose sex depends on the temperature at which the eggs are incubated (Deeming and

Ferguson 1992). In evolutionary terms, such a plasticity during development may

indeed be advantageous in, for example, adjusting the metabolic needs of an individual

already during the foetal period for nutritional conditions that are likely to prevail

during the life-course. At the individual level, however, the effects may be harmful,

particularly if the environmental forecast is incorrect, i.e. if the deficient nutritional

conditions adjusted for in utero are not sustained during later life (Eriksson et al. 1999,

2001).
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Mechanisms of programming. Several possible mechanisms explain how the

memory of early life events is stored and later expressed. A framework of these is

shown in Figure 7. When the nutrient demand of the foetus exceeds the placental

supply, the foetus responds by a range of endocrine and metabolic changes that reduce

growth. This may lead to altered body composition - for example, the association

between adulthood insulin resistance and thinness at birth (Phillips et al. 1994) has

been attributed to lack of muscle (Eriksson et al. 1999), and the association between

adulthood hypertension and low birthweight (Law and Shiell 1996) may be related to a

reduced number of nephrons (Mackenzie and Brenner 1995) or insufficient elastin in

blood vessel walls (Martyn and Greenwald 2001). Another mechanism likely to play a

significant role is hormonal programming - endocrine responses to undernutrition

leading to lifelong changes in the function of different hormonal axes including the

HPAA and IGF system (Barker et al. 1993; Phillips et al. 1998).

Maternal body 
composition 

Maternal dietary
intake

Placental function Foetal genome

Nutrient demand > placental supply
foetal undernutrition

Adapted liver 
metabolism

- Kidney
- Blood vessels
- Heart

Resetting of endocrine axes
  -HPAA
  -GH-IGF axis

Changes in body composition and organ structure

- Muscle - Pancreas

Elevated circulating
LDL cholesterol and
figrinogen

Hypertension
Left ventricular 
hypertrophy

Type 2 diabetesAltered responsivity
to stress (1)

Arteriosclerosis Depression?
Posttraumatic stress disorder?
Psychosomatic disorders?(2)

Other?

Figure 7. A framework of possible mechanisms linking foetal undernutrition and common adult disorders.
Modified from Barker 1998b. (1); Phillips et al. 2000; Reynolds et al. 2001; Hellhammer et al. 2001; (2):
Heim et al. 2000; Yehuda 2002.
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Life-course models. Studies on the relationships of adult disease to childhood

growth have considerably broadened the concept of early programming. Recently, this

framework has been further expanded by models that include effects throughout the

life-course (Lamont et al. 2000) as well as the role of genetic factors (Eriksson et al.

2002b). An example of such a model is demonstrated in Figure 8. Comprehensive

models should encompass not only direct effects of these determinants but also

interactions between the effects of different determinants on adult disease. For

example, individuals with a given genetic polymorphism may be more susceptible to

programming through a specific mechanism than those without (Eriksson et al. 2002b),

or some effect of childhood growth on adult disease may be seen only in individuals

who have been small at birth (Eriksson et al. 1999; Forsén et al. 1999). A life-course

framework is conceptually important in understanding the aetiology of common

adulthood disorders, and it allows adequate adjustment for a range of confounding

factors. However, the complexity of the data analysis makes possible effects of a single

factor exceedingly difficult to detect in normal populations. Nevertheless, according to

this concept, strong aberrations from normality, especially during an early stage of the

life-course, such as early preterm birth and / or severe IUGR, could be expected to

cause programming effects sufficiently strong to affect multiple stages of life-course,

and thus, potentially also exert a major effect on susceptibility to adult disease.
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Figure 8. Conceptual framework for foetal, childhood and adult effects on health in adulthood.
Traditionally recognized susceptibility factors for common adult disorders, such as arteriosclerosis,
have included  genetic, socio-economic and lifestyle factors, the effect of which may be indicated by
family history or biological risk markers such as blood pressure, impaired glucose tolerance, obesity
and serum cholesterol. The foetal origins of adult disease concept has introduced the lifelong
programming effects of nutritional and other conditions during  foetal life, which are indicated by size
at birth. This concept has subsequently been expanded to encompass the lifelong effects of childhood
socio-economic and lifestyle factors, which are in part indicated by growth in childhood. The life-
course concept combines the effects of an individual’s genetic make-up and susceptibility factors
throughout life. The effect of these factors on adult disease may interact, e.g. subjects with a given
genetic polymorphism or with given intrauterine conditions may be more vulnerable to the effects of
adverse socio-economic factors in childhood or adulthood. In normal circumstances, detecting such
interactive effects is a major challenge because of the complexity of the framework. However, in
extreme situations, such as in small preterm infants, effects of severe pre- or postnatal growth
restriction could be expected to cause effects strong enough to affect different subsequent stages of
lifecourse and thus potentially exert a stronger effect on susceptibility for adult disease (Barker et al.
1998b, 2001; Eriksson et al. 1999, 2002b; Forsén et al. 1999; Lamont et al. 2000).
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5.5.2 IGF system and programming

Sections 5.2.2 and 5.2.3 described the key role of the IGF system both as a

regulator of foetal and childhood growth and as a mediator of cardiovascular risk in

adulthood. Despite this background, few reports are available about direct relationships

between early growth and circulating concentrations of IGFs and IGFBPs later in life.

Table 3 summarizes these studies, all of which have been performed in children or

young adults. Some of these associate low birthweight with subsequent high IGF-I and

low IGFBP-1. It may seem hard to relate this pattern in childhood to the association

between low birthweight and increased adult cardiovascular risk, which is in most

studies associated with low IGF-I (Spallarossa et al. 1996; Janssen et al. 1998; Janssen

and Lamberts 2002). A possible explanation is that IGF-I deficiency denoting

increased cardiovascular risk does not develop before late adulthood (Janssen and

Lamberts 2002). Whether the low IGF-I levels in late adulthood are related to growth

during the foetal period or childhood has not previously been studied.

5.5.3 Glucocor ticoids and programming

A series of human (Stewart et al. 1995; Seckl 1997; Rosmond et al. 1998; Shams

et al. 1998) and animal (Benediktsson et al. 1993; Lindsay et al. 1995; Langley-Evans

1996) studies have suggested that programming of an individual’s hypothalamic-

pituitary-adrenal axis (HPAA) by the intrauterine hormonal milieu could be a central

mechanism in linking intrauterine growth and adult cardiovascular disease.  Recently,

this hypothesis has gained support from studies of subjects whose birth measurements

have been recorded. These studies are summarized in Table 4. Low birthweight has

been associated with higher morning plasma cortisol in three populations aged 20 to 71

years (Phillips et al. 1998, 2000; Fall et al. 2002), and with higher morning and

ACTH-stimulated cortisol in populations of 20-year-old men and women (Levitt et al.

2000) and 71-year-old men (Reynolds et al. 2001). However, findings have not been

consistent, as in other populations low birthweight has been linked with low salivary

cortisol concentrations (Hellhammer et al. 2001) or has shown no relationship with

cortisol concentration (Dahlgren et al. 1998; Fernald et al. 1998; Ward et al. 2001).

Despite these discrepancies, the fact that already subtle variation in size at birth is
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related to individual differences in HPAA function even 70 years later underlines the

potential long-term significance of HPAA programming in VLBW infants, who

frequently have been exposed to pathophysiological or pharmacological glucocorticoid

excess.

Table 3. Studies reporting relationships between size at birth, childhood growth and later insulin-like
growth factor (IGF) system function.
Reference n Sex Age IGF system

measurement
Relationship of IGF
system with growth

Relationship of IGF
system with
cardiovascular  r isk
factors

Fall
et al. 1995

4441 MF 4-7 Serum IGF-I Inverse correlation with
birthweight

Correlation with
systolic blood pressure

Cianfarani
et al. 2002

49 MF ~6-12 Serum IGF-I, IGF-II,
IGFBP-1, IGFBP-3,
IGF-II receptor

Correlation between the
fraction of IGFBP-3 18-
kD fragment and catch-up
growth; no other
correlations

Garnett
et al. 1999

260 MF 7-8 Serum IGF-I Inverse correlation with
birthweight

Ibáñez
et al. 1999

104 F2 5-18 Serum IGFBP-1 Low IGFBP-1 associated
with low birthweight

Low IGFBP-1
associated with
dyslipidemia

Fall
et al. 2000

183 MF 9 Urinary IGF-I and GH High IGF-I in children
with catch-up growth, no
relationship with GH

No relationship with
blood pressure

Jernström
and Olsson
1998

40 F 19-25 Serum IGF-I High IGF-I in women
with low birthweight

Flanagan
et al. 2001

153 MF 20-21 Serum total and free
IGF-I; serum
IGFBP-1

Correlation between
IGFBP-1 and birthweight,
no relationship with IGF-I

Ben-Shlomo
et al. 2001

530 MF 23-27 Serum IGF-I Lowest IGF-I in subjects
with high birthweight and
short height at 6 months
or in adulthood

1 200 in India, 244 in the UK
2 girls with precocious pubarche
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Table 4. Studies reporting relationships between size at birth, childhood growth and later
hypothalamic-pituitary-adrenal axis function.
Reference n Sex Age HPAA

measurement
Relationship of HPAA with
growth

Relationship of HPAA
with cardiovascular  r isk
factors

Cianfarani
et al. 2002

49 MF ~6-12 Fasting serum
cortisol

Inverse correlation with birth-
weight and length at birth;
higher cortisol in children with
no catch-up growth

Dahlgren
et al. 1998

184 MF 6-13 Diurnal serum
cortisol
(7 samples)

No association

Fernald
et al. 1998

54 MF 8-10 Salivary cortisol
stress response

Increased response in stunted
children, no relationship with
birthweight

High cortisol associated
with inhibited behaviour in
stunted children

Phillips
et al. 2000

673 MF 20-701 Fasting serum
cortisol

Inverse correlation with birth-
weight and length at birth

Correlation with blood
pressure

Levitt
et al. 2000

137 MF 20-21 1 µg ACTH test Higher baseline and post-
ACTH cortisol in small for
gestational age infants

Correlation with blood
pressure

Hellhammer
et al. 2001

421 MF 8-69 Salivary cortisol
awakening
response

Low cortisol after awakening
associated with low birth-
weight and low (<37 weeks)
gestational age

Ward
et al. 2001

7742 MF ~40-55 Fasting serum
cortisol

UK women: inverse correlation
with birthweight and length at
birth; other populations: no
relationship

Correlation with blood
pressure, glucose tolerance
and serum triglyceride
concentration

Phillips
et al. 1998

370 M 59-70 Fasting serum
cortisol
Free cortisol
index3

Inverse correlation with birth-
weight

Correlation with blood
pressure, glucose tolerance
and serum triglyceride
concentration

Fall
et al. 2002

83 MF 61-72 Diurnal serum
cortisol (samples
every 20 min)

Weak inverse correlation
between birth weight and
morning cortisol; no other
relationships

Reynolds
et al. 2001

205 M 66-77 0.25 mg
dexamethasone
suppression;
1 µg ACTH
stimulation

Inverse correlation of birth
weight with post-ACTH
cortisol but not with post-dx
cortisol

Correlation of post-ACTH
cortisol with blood pressure
and serum triglyceride
concentration

1 Subjects from three cohorts (Hertfordshire, UK, 307 women aged 59-70 years; Preston, UK, 210 men and
women aged 47 to 55 years; Adelaide, Australia, 165 men and women aged 21 years)
2 515 from India, 259 from the UK
3 Serum cortisol / CBG
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6. AIMS OF THE STUDY

This study was designed to elucidate the mechanisms of intrauterine and short-

term postnatal growth in small preterm infants and to assess the role of these

mechanisms in linking early growth with adult cardiovascular disease. The specific

aims were:

1) To find a biochemical indicator for short-term growth velocity in postnatal

VLBW infants (I, II, III).

2) To assess the relationship of the IGF system in circulation with

a) intrauterine growth restriction and associated disorders, in particular pre-

eclampsia (I).

b) short-term postnatal growth velocity, nutrition and glucocorticoid treatment

in VLBW infants (III).

c) size at birth, growth in childhood and cardiovascular risk factors in 65- to

75-year old subjects (VI).

3) To study the role of glucocorticoids in conditions associated with preterm birth

and in linking early growth with adult cardiovascular risk factors

a) by assessing how size at birth and common disorders of pregnancy are

related to altered placental 11β-HSD2 function and other determinants of

the foetal cortisol/cortisone shuttle in small preterm infants (V).

b) by examining the relationship of cortisol concentation in adult life with

cardiovascular risk factors and size and gestational age at birth (IV).

c) by evaluating the effects of antenatal and postnatal glucocorticoid treatment

on the IGF system, collagen turnover and glucocorticoid metabolism in

small preterm infants (I, II, III, V).
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7. SUBJECTS AND METHODS

7.1 Study Population

Study I. The study population consisted of 98 preterm infants born before 32

weeks’  gestation at the Department of Obstetrics and Gynaecology, Helsinki

University Central Hospital. Their clinical characteristics are shown in Table 5.

Studies II and III. A total of 48 VLBW infants were studied. To select infants with

the highest risk for postnatal growth impairment, the study population comprised two

arms. All infants weighing below 1000 g (n=32) were recruited. Of those of

birthweight between 1000 and 1500 g (n=16), only those with a respiratory distress

syndrome requiring surfactant treatment were recruited because these infants are more

susceptible to growth impairment (DeRegnier et al. 1996). Surfactant treatment was

considered to be indicated if the infant was treated in a respirator with an inspired air

oxygen fraction over 40%, a mean airway pressure over 7 cmH2O or an

arterial/alveolar oxygen ratio less than 0.24. For clinical characteristics of the infants,

see Table 5.

Study V. Subjects comprised 110 preterm infants born before 32 weeks’  gestation

at the Department of Obstetrics and Gynaecology, Helsinki University Central

Hospital. Infants from multiple pregnancies were included only if they had clearly

separate placentas. Of the 110 infants, those whose mothers had received inhaled (n=2)

or systemic (n=1) glucocorticoids, other than bethametasone to enhance foetal

maturation, were excluded, leaving us with 107 subjects. Table 5 shows the clinical

data.

Studies IV and VI. The original study cohort of these adult studies consisted of

7086 singleton individuals who were born between 1924-33 at Helsinki University

Central Hospital, who went to school in the city of Helsinki and were resident in

Finland in 1971. They have detailed birth records (Figure 9), which include

birthweight and length, placental weight, head circumference and gestational age at

birth (calculated from the mother’s last menstrual period) and school health cards with

an average of 10 (SD 4) measurements of height and weight between the ages of 7 and

15 years (Forsén et al. 1997; Eriksson et al. 1999).
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Altogether 646 full-term (37 weeks’  gestation or more) subjects from the original

study cohort were invited to attend a clinical study (IV, VI), and 421 agreed to

participate. Of these, 27 were on medication for type II diabetes and were excluded

from Study VI because their medication could have altered their IGF-I and IGFBP-1

concentrations. The clinical characteristics of subjects in adult studies appear in

Table 6.

Table 5. Study populations of studies in small preterm infants (I, II, III, V).
I II III V

Variable of interest

  Clinical Intrauterine
growth

Postnatal
short-term

growth
velocity

Postnatal
short-term

growth
velocity

Intrauterine
growth

  Biochemical Cord plasma
ICTP, PINP,

PIIINP
IGF-I, IGF-II,
IGFBP-1 and

IGFBP-3

Plasma ICTP,
PINP and

PIIINP and
ICTP / PINP

ratio

Plasma
IGF-I,

IGFBP-11,
IGFBP-3 and

insulin

Placental
11β-HSD2

activity,
plasma F and E

Number of infants 98 48 107

Inclusion criteria Gestational age
≤32 weeks

Birthweight ≤1000 g or
≤1500 g + RDS

Gestational age
≤32 weeks

Gestational age
(weeks) 2

28.7±2.0
(24.1-32.0)

27.6±2.2
(23.7-32.7)

28.2±2.4
(22.4-32.0)

Birthweight (g) 2 1172±406
(385-2240)

923±257
(540-1485)

1067±414
(395-2453)

Relative birth
weight (SD)2

-0.9±1.0
(-5.0-+2.0)

-1.6±1.4
(-5.2-+0.8)

-1.26±1.53
(-4.90-+3.4)

Males/females 52/46 29/19 56/51

Twins/triplets 22/9 13/3 14/3

Pre-eclampsia 18 14 29

Betamethasone
treatments
  0/1/2/3/4 21/51/20/3/3 9/29/9/0/0 8/80/16/3/0

1 higher and lesser phosphorylated isoforms of IGFBP-1
2 mean±SD (range)
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Table 6. Study populations of studies in adults (IV, VI).
IV VI

Variable of interest

  Early growth Size at birth,
gestational age

Size at birth,
 growth in childhood

  Adulthood endocrine
  parameter

Fasting serum total and
free cortisol

Serum IGF-I and
IGFBP-1

  Adulthood phenotype Glucose tolerance,
blood pressure

Glucose tolerance,
blood pressure,
serum lipids and

fibrinogen,
body composition

Inclusion criteria Born after 37 weeks’
gestation

Born after 37 weeks’
gestation

No medication for
diabetes

Number of subjects 421 394

Males/females 157/264 146/248

Birthweight males (g) 3507±424 (2280-4620) 3504±423 (2280-4620) 1

Birthweight females (g) 3345±411 (2380-5070) 3342±436 (2380-5070) 1

Height at 7 years, males (cm) 120.5±4.7 2

Height at 7 years, females (cm) 118.8±4.6 2

BMI at 7 years, males (kg/m2) 15.5±1.0 3

BMI at 7 years, females (kg/m2) 15.2±1.3 3

Gestational age (d) 280.0±9.3 (259-307) 280.1±9.3 (260-307)

Age at examination (years) 69.5±2.9 (65.1-75.8) 69.5±2.8 (65.1-75.8)

BMI at examination (kg/m2) 27.5±4.3 (16.5-41.4) 27.2±4.1 (16.5-41.4)

Systolic blood pressure (mmHg) 159±21 (101-233) 158±21 (101-233)

Diastolic blood pressure (mmHg) 89±11 (60-119) 89±10 (63-119)

Diabetes 4 [n (%)] 87 (21) 60 (15)

Impaired glucose tolerance 1 [n (%)] 112 (27) 112 (28)

1 Corresponds to -0.5 SD in both sexes according to present-day Finnish standards at 40
weeks’  gestation (Pihkala et al. 1989)
2 Corresponds to -0.6 SD in both sexes according to present-day Finnish standards (Sorva et
al. 1990)
3 Corresponds to -0.3 SD in boys and -0.1 SD in girls according to present-day UK standards
(No childhood BMI standards exist for Finnish children) (Cole et al. 1995)
4 According to the 1998 WHO criteria (Alberti and Zimmet 1998)
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Figure 9. Example of a birth record of the Helsinki University Central Hospital in the 1930s.
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7.2 Relative bir th measurements (I , I I , I I I , V)

Gestational age was confirmed by ultrasound before 20 weeks’  gestation. The

premature infants and their placentas were weighed immediately after birth. During

Studies I, II and III newborn length and head circumference were not recorded for a

substantial number of sick premature infants, and thus, these could not serve as

variables. In Study V, a more comprehensive measurement protocol was used at the

neonatal intensive care unit, allowing birth length and head circumference to be used

as variables. Whenever possible, these were measured at birth, but in case an infant

was too unstable to tolerate this, length and head measurements performed before

7 days of age were accepted for use in Study V because in sick preterm infants skeletal

(II, III) and head (Wright et al. 1993) growth during the first week are negligible. To

describe intrauterine growth in units adjusted for gestational age, standard deviation

scores (SDS) for birthweight, length and head circumference were determined

separately for both sexes with reference to current Finnish standards derived from a

newborn population of 74 766 singletons born from 1978 to 1982 (Pihkala et al. 1989).

7.3 Obstetr ic data and postnatal follow-up (I , I , I I I , V)

Data on pregnancy and birth (I, II, III, V). Pregnancy and birth data came from

hospital records. Maternal hypertension during pregnancy (V) was defined as systolic

blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or a ≥ 30 mmHg

increase in systolic or ≥ 15 mmHg increase in diastolic blood pressure. Pre-eclampsia

(I, II, III, V) was diagnosed when proteinuria of ≥ 0.3 g/d was present together with

hypertension. Increased umbilical artery resistance (V) was defined as Doppler flow

velocitometry showing an umbilical artery resistance index of ≥ 2 SD above mean for

gestational age (Thompson et al. 1988). The diagnosis of gestational diabetes (V) was

based on the oral glucose tolerance test, with venous plasma glucose exceeding

4.8 mmol / l (baseline), 10.0 mmol / l (1 h), or 8.7 mmol / l (2 h). For foetal blood gas

analysis (I), a heparinized syringe was used to aspirate blood from a single artery of a

double clamped cord immediately after birth. Cord artery base excess rather than pH

was used as a variable in the data analysis because it gives a more specific estimate of

metabolic acidosis possibly associated with tissue hypoxia.
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Betamethasone (12 mg im twice at 12- or 24-h intervals, treatment repeated in 7 to

10 days) served as an antenatal glucocorticoid treatment when preterm birth was

imminent between 24 and 32 weeks’  gestation (Table 5). Because of dissimilar study

settings and hypotheses, different aspects of antenatal betamethasone treatment were

assessed in each study. In Study I, the use of cord blood samples, which were collected

during an earlier period when betamethasone treatment was more frequently repeated

(Table 5), allowed assessment of the effect of the number of these treatments, which

was used as a variable in the data analysis (recorded as 0 if no betamethasone was

used). As antenatal glucocorticoid treatment remained outside the main scope of the

studies on postnatal follow-up, it was only accounted for as a potential confounding

variable in Study II. Study V, in turn, focused on glucocorticoid metabolism, and thus,

both the number of betamethasone doses and the time between the last dose and birth

were used as variables.

Postnatal follow-up (II and III). The infants were followed up from birth to

9 weeks of age. Blood samples to be compared with concurrent growth velocity were

obtained at the age of 1 week (7-9 days), 2 weeks (12-16 days), 4 weeks (26-30 days)

and 8 weeks (53-59 days). All samples were drawn at least two hours after the last

peroral feeding except when the infant received continuous feeding through a

nasogastric tube. Because insulin is a potent regulator of the IGF axis (Hill and Milner

1980; Suikkari et al. 1988; Kalme et al. 2001), blood samples drawn during

intravenous insulin treatment (n = 12) were excluded from the data analysis in

Study III. During the study period, three infants died and 15 were transferred to a

hospital other than the three study units (Neonatal Intensive Care Unit of the Hospital

for Children and Adolescents at Helsinki University Central Hospital and the step-

down units of Helsinki City Maternity Hospital and Jorvi Hospital). Similar treatment

and nutrition guidelines were followed by the clinicians caring for the study infants.

Individual nutritional intake was calculated daily for energy and protein, and the mean

intake of each nutrient during the 3 (II) or 7 days (III) before each blood sample was

used in the data analysis. Possible postnatal glucocorticoid dose (hydrocortisone or

dexamethasone) was recorded for 24 hours before each blood sample, and if

dexamethasone was used, the dose was transferred into hydrocortisone-equivalents by

multiplying it by 25.

Growth velocity (II and III). Knee-heel length was recorded with an infant

knemometer (FORCE Institutes, Copenhagen, Denmark), a caliper designed to monitor
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short-term growth velocity in the neonatal intensive care unit (Figure 2). The

measurements were performed by the author three times a week from birth to 6 weeks

of age and thereafter two to three times a week. Each measurement consisted of a set

of eight recordings, whereof the three first were discarded to minimize the effect of

soft tissue compression (Gibson et al. 1993a). Whenever possible, both legs were

measured. Specific lower leg growth velocities (mm/d) for each leg at each blood

sample time-point were calculated by use of linear regression within a time period

from one week before to one week after the blood sample. In the data analysis, the

mean growth velocity of both legs at one time-point was compared with the

biochemical and clinical variables of the same individual at the same time-point.

Infant weight was recorded daily as a routine procedure of the neonatal ward

which includes the use of the same scales for each infant. Weight growth velocity (g/d)

for each blood sample time-point was calculated with linear regression as lower leg

growth velocity.

7.4 Clinical examination in studies in adults (IV, VI )

After an overnight fast, the subjects attended a clinic in the morning between 8:30

and 10:00 for measurements of fasting serum cortisol, corticosteroid-binding globulin

(CBG), IGF-I, IGFBP-1, lipids and fibrinogen, blood pressure and the oral glucose

tolerance test. The subjects were interviewed about their current health and any

medication used. Body weight was measured to the nearest 0.1 kg in light indoor

clothing without shoes, and height was measured to the nearest millimetre. Waist

circumference was measured in standing position midway between the lowest rib and

the iliac crest. Body fat mass was determined based on bioelectric impedance analysis

(Omron BF 300 Body Fat Monitor) and lean mass was calculated as total body weight

– fat mass. To express the lean and fat masses in units adjusted for height, we

calculated lean body mass index (BMI) as lean mass (kg) / [height (m)]2 and fat BMI

as fat mass (kg) / [height (m)]2. Blood pressure was measured twice from the right arm

after a 10-min rest in the sitting position using a mercury sphygmomanometer (Omron

Matsutaka Europe, Hoofddorp, The Netherlands), and the mean of the two

measurements was recorded. The oral glucose tolerance test consisted of glucose and
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insulin measurements from samples drawn at baseline and 30 and 120 min after the

ingestion of 75 g of glucose.

7.5 Biochemical Analyses

Sampling of blood and placental tissue. Blood samples from the umbilical vein (I,

V) were drawn into EDTA tubes, which were spun at 1000 x g for 5 minutes, with

plasma stored at -20°C until analysis. For Study V, a sample of placental tissue was

dissected immediately after birth, snap-frozen in liquid nitrogen and stored at -70°C
until analysed. Postnatal blood samples (II, III) were obtained through an indwelling

arterial catheter, by venipuncture or by heelstick in lithium heparin or EDTA tubes,

which were spun immediately at 1000 x g for 10 min, and the plasma was frozen at

-70°C until analysis. Samples from adult studies (IV, VI) were drawn into standard gel

tubes, with serum separated without delay and stored at -70°C until analysis.

Markers of collagen turnover (I, II). The intact PINP, ICTP and intact PIIINP

concentrations were determined by specific radioimmunoassays against human

antigens (Orion Diagnostica Ltd, Espoo, Finland).

IGF system (I, III, VI). IGF-I concentrations (I, III, VI) were determined by

enzyme-linked immunosorbent assay (DSL-10-5600, Diagnostic Systems Laboratories,

Webster, TX), IGF-II concentrations (I) by competitive immunofluorometric assay

(Harrela et al. 1996) and IGFBP-3 concentrations (I, III) with immunofluorometric

assay (Koistinen et al. 1994).

The IGFBP-1 assay used in Study VI differed from those used in Studies I and III

and detected all phosphoisoforms of IGFBP-1 (Koistinen et al. 1996; Riitta Koistinen,

personal communication). In Study III, the role of IGFBP-1 phosphorylation during the

postnatal period was assessed by use of two monoclonal antibody-based

immunoenzymometric assays (assays 1 and 2) detecting different phosphoisoforms of

IGFBP-1, whereas in Study I only one IGFBP-1 assay (assay 2) was used. Assay 1 (III)

utilizes MAb 6305 (Medix Biochemica, Kauniainen, Finland; Rutanen et al. 1988a), an

antibody that detects the non-phosphorylated and lesser phosphorylated isoforms of

IGFBP-1 (Westwood et al. 1994). In assay 2 (I, III), the detecting antibody is MAb

6303 (Rutanen et al. 1988a). This antibody recognizes the highly phosphorylated and

lesser phosphorylated isoforms of IGFBP-1. Neither of the assays is specific for non-
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phosphorylated or highly phosphorylated isoform, because the lesser phosphorylated

isoforms can be detected by both assays but the highly phosphorylated IGFBP-1 by

assay 2 only (Westwood et al. 1994). Compared to assay 1, assay 2 gives higher values

from fluids containing predominantly phosphorylated isoforms. Correspondingly, assay

1 gives higher values than those obtained by assay 2, if the fluid contains

predominantly non-phosphorylated isoforms of IGFBP-1, like amniotic fluid (Nuutila

et al. 1999). Both assays have been described in detail previously (Rutanen et al. 1996;

Nuutila et al. 1999). In this thesis, the non- and lesser phosphorylated IGFBP-1

(detected by MAb 6305) are referred to as lpIGFBP-1, and the phosphoisoforms

including the highly phosphorylated isoform (detected by MAb 6303) are referred to as

hpIGFBP-1.

Insulin (III). Serum insulin was measured by an immunoradiometric assay kit for

human insulin (Insulin-Irma, Biosource Europe S.A., Nivelles, Belgium).  Because of

the small sample volumes, the samples were diluted 1:2 with the zero standard to

obtain the 50 µl of sample required for the assay. In addition, to increase the sensitivity

of the assay, the incubation time of 2 h suggested in the kit protocol was prolonged to

16 h.

F (IV, V), E (V) and CBG (IV). Plasma F concentrations were measured using a

direct in-house method with antiserum HPS631/1G (Guildhay, Guildford, UK; Code

S020) and a cortisol-3CMO-histamine-[125-I] tracer as described by Moore et al.

(1985). Plasma E was extracted into chloroform, and the dried extracts were analysed

using antiserum N-137 and a 21-acetyl cortisone-3-CMO-histamine-[125-I] tracer

(Wood et al. 1996). The cross-reactivity of E in the F assay was 1.2%, and of F in the

E assay less than 0.1%. A radioimmunoassay (Medgenics Diagnostics, Fleurus,

Belgium) was used to determine corticosteroid-binding globulin (CBG) concentration.

Free cortisol index was calculated by the formula: FCI=[cortisol (µmol/l)/CBG

(mg/ml) X 100] (Bonte et al. 1999).

Placental 11β-HSD2 activity (V). Placental 11β-HSD2 activity was determined by

a method modified from that described by Stewart et al. (1995), with the F and E

fractions measured by high-performance liquid chromatography (HPLC). Placental

tissue carefully inspected not to contain any foetal membrane was thawed and

homogenized by an Ultraturrax homogenizer, with the homogenate spun at 1000 g for

10 min at 4°C. After a protein assay (Lowry at al. 1951), the supernatant was incubated

in 1.0 ml of phosphate buffer (0.1 mol/l; pH 7.6) containing 0.5 g/l protein, 0.8 nmol/l
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NAD and 0.2 µmol/l F, in a shaking water bath at 37°C. After a 30-min incubation,

1.0 ml of methanol was added to stop the conversion of F to E. Samples in methanol

were evaporated under nitrogen. Then, 7 ml of dichlormethane was added to the

residues and tubes mixed by Multi-tube Vortexer for 30 s. The upper phase was

removed, 2 ml of water added and tubes mixed as above. The upper phase was again

removed and the lower phase dried under nitrogen.  To the dry residue, 40 µl of 40%

methanol was added, and 25 µl of the solution was then injected into the HPLC. The

chromatographic conditions were as described by Turpeinen et al. (1997).

Indicators of the foetal F/E shuttle (V). Five different variables were used to

illustrate diverse aspects of the foetal F/E shuttle. Placental 11β-HSD2 activity rate per

unit placental weight was expressed as pmol E/min/mg protein (Stewart et al. 1995;

Rogerson et al. 1997). Total placental 11β-HSD2 activity was expressed as

µmol E/min (Stewart et al. 1995; Rogerson et al. 1997). Cord vein F and E

concentrations were also used, and an E / (E + F) ratio was calculated to express the

fraction of E of the total (E + F) pool (Benediktsson et al. 1995a). This ratio serves as

an indicator of the balance between 11β-HSD1 and 11β-HSD2 activity in those

maternal and foetal tissues that contribute to the circulating concentrations.

7.6 Data Analysis

Data distribution and transformation. Logarithmic transformation was used to

normalize right-skewed variables (lpIGFBP-1 / hpIGFBP-1 ratio, ICTP / PINP ratio,

cord vein IGFBP-1, F and E, and adult serum IGF-I, IGFBP-1, glucose, insulin,

proinsulin, HDL cholesterol and triglyceride concentrations). The distribution of the

postnatal glucocorticoid dose (II, III) was extremely skewed, with many infants

receiving no glucocorticoid and the rest receiving a highly variable dose. Therefore, at

each blood sample time-point, the infants were categorized according to glucocorticoid

dose: ”0”  - no glucocorticoid (n=73); ”1”  - glucocorticoid dose below 1.5 mg of

hydrocortisone equivalents/kg/d (n=41); and ”2”  - glucocorticoid dose over 1.5 mg of

hydrocortisone equivalents/kg/d (n=31). The interval between the last antenatal

betamethasone dose and birth (I, V) showed a similarly skewed distribution.

Adjustment for this was performed by dividing the infants into three groups: 1) < 24 h;

2) 24 to 72 h; 3) > 72 h since last betamethasone or no betamethasone. Dummy



SUBJECTS AND METHODS

59

variables were created for these groups to allow for possible non-linear effects. The

time limits were based on estimated proportion of glucocorticoid bioactivity caused by

betamethasone during each period (Ballard and Liggins 1982).

Correlation, multiple regression models and comparison between two groups.

Correlations between the variables were estimated with simple linear regression

analyses, and multiple stepwise linear regression was calculated to determine which of

the determinants had predictive value for the dependent determinant. In Study I,

regression models were created by a forward stepwise approach, starting from all

variables with significant univariate correlation (p<0.05). In Study III, a stepwise

backward elimination strategy was used, working from the largest number of

prediction variables to the smallest. The largest model included all predictive variables

with significant univariate correlation, relative birthweight, the individual patient

factor (see Adjusting for repeated measurements paragraph below), postnatal age and,

to assess whether the correlations depend on postnatal age, interactions between

postnatal age and each predictor variable. Non-significant interactions and variables

were deleted one by one until the model contained only statistically significant terms, a

non-significant variable being however retained as long as it was present in a

significant interaction with another term. When two groups were studied, Student’s t

test for unpaired samples was applied.

In Study V, all correlation analyses, including comparisons between two groups,

were adjusted for gestational age at birth, number of antenatal betamethasone doses

and time between the last betamethasone dose and birth. In Studies IV and VI, all

correlation or regression analyses included sex, current age and BMI as independent

variables.

Adjusting for repeated measurements. The design of Studies II and III was based

on repeated measurements of same subjects, which requires appropriate adjustment in

the data analysis. Due to the nature of the data, two slightly different approaches were

used. In Study II, correlations between growth and nutrition variables and the markers

of collagen turnover were assessed by linear regression separately at each blood sample

time-point. Only the relationships between markers of collagen turnover and other

clinical data were examined with all blood sample time-points pooled, i.e. repeated

measurements of same subjects, which was adjusted for by including a dummy variable

(” individual patient factor” ) for each infant (Glantz 1990, 2000) in the regression

equation. By contrast, in Study III, only relationships with data constant for each



SUBJECTS AND METHODS

60

subject (pregnancy data) were analysed separately for each blood sample time-point,

whereas all other regression analyses were performed in the pooled data set. Each such

regression in Study III included, apart from the individual patient factor, postnatal age

to adjust for its possible confounding effects.

Diagnostic test performance. To assess the value of the ICTP / PINP ratio in

detecting slow concurrent growth, the diagnostic test characteristics (sensitivity,

specificity, positive predictive value, negative predictive value, and odds ratio) were

calculated for different cutpoints of the ICTP / PINP ratio. Slow growth was defined as

a lower leg growth velocity below 0.2 mm/d, which is about half of the average growth

velocity of healthy preterm infants (Gibson et al. 1993a). These diagnostic test

characteristics do not by themselves take into account the repeated measurements

design of the study; however, odds ratio can be calculated both by deriving it from a

logistic regression equation, which allows adjustment for repeated measurements, and

in the traditional way described above, unadjusted. Therefore, the validity of the

diagnostic test characteristics in this repeated-measurements setting was evaluated by

calculating both repeated-measurements adjusted and unadjusted odds ratios. The

adjusted odds ratio was obtained by backward stepwise logistic regression with lower

leg growth velocity (”1,”  if below 0.2 mm/d, ”0”  otherwise) as the dependent variable.

The ICTP / PINP ratio (”1,”  if higher than the specified limit, ”0,”  if lower), the

individual patient factor and the interaction between the ICTP / PINP ratio and the

individual patient factor served as covariates. Correspondingly, to compare the

diagnostic performance of the ICTP / PINP ratio to that of weight gain in detecting

slow growth, similar calculations were performed for different weight growth velocity

cutpoints. The individual patient factor and weight growth velocity were defined as

categorical covariates, which is analogous to the aforementioned method of the

creation of dummy variables for each subject (Glantz 1990, 2000).

7.7 Ethics

The study protocols for small preterm infants were approved by Ethics Committees

at the Department of Obstetrics and Gynaecology, Helsinki University Central Hospital

(I, V), Hospital for Children and Adolescents, Helsinki University Central Hospital (II,

III), Helsinki City Maternity Hospital (II, III) and Jorvi Hospital (II, III). Written
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informed consent was obtained from the parents when a study included any blood

sampling, measurement or other follow-up not part of the clinical routine (II, III). The

study protocols for adults were approved by the Ethics Committee of the National

Public Health Institute (IV, VI), and written informed consent was obtained from each

subject.
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8. RESULTS

8.1 STUDIES IN SMALL PRETERM INFANTS

8.1.1 Postnatal growth velocity (I I , I I I )

An example of postnatal lower leg growth curves (Figure 10) illustrates the

accuracy of measurements by knemometry in detecting rapid changes in growth

velocity. The mean lower leg and weight growth velocities increased with postnatal

age (Figure 11), with no difference between male and female infants. Infants born at a

higher gestational age grew faster than did more premature infants, especially at weeks

2 and 4 (II, Table 2). No correlation was evident between relative birthweight and

either lower leg or weight growth velocity. The dose of glucocorticoids showed a

negative correlation with both lower leg and weight growth velocities at most

time-points (II, Table 2).

8.1.2 Markers of collagen turnover  and small preterm infants (I , I I )

The PINP, ICTP and PIIINP concentrations in the cord vein (I, Table 2) were

about 50-fold higher than those for healthy adults (Risteli and Risteli 1999; Garnero et

al. 2001). Cord vein PIIINP concentrations were higher in male than in female infants

(I, Figure 3). In postnatal VLBW infants, mean PINP and PIIINP concentrations at

1 week of age were less than half of those in the cord vein, after which they increased,

PINP more steeply and exceeding mean cord vein levels by 8 weeks (II, Figure 1). By

contrast, mean ICTP concentrations showed only moderate changes with increasing

postnatal age, with the highest mean ICTP concentrations at 2 weeks (Figure 11; I,

Table 1). This resulted in a decreasing ICTP / PINP ratio with increasing age

(Figure 11).
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Figure 10. An illustrative example of short-term growth in an ELBW infant born at 24 weeks’
gestation weighing 660 g (-0.8 SD). Each square represents a lower leg length recording, one
measurement consisting of 5 recordings of each leg. During the first postnatal three weeks, virtually
no lower leg growth is observed in the child treated in respirator and weaned with dexamethasone.
Very rarely, knemometry may be contraindicated in severely sick infants. After extubation and
reduction of the dexamethasone dose, a small growth spurt is seen in this infant, with, however,
growth slowing again down during a deterioration of clinical condition, intubation and an increased
dose of hydrocortisone. This infant achieves normal intrauterine lower leg growth rates
(approximately 0.4 mm/d) at about 7 weeks of age.

Gestational age and relative birthweight. Birth at an early gestational age was

associated with higher PINP, ICTP and PIIINP concentrations in the cord vein

(Figure 12) but lower postnatal concentrations of these markers (II, Table 4). Infants

with low relative birthweight had lower cord vein PINP and ICTP but no difference in

PIIINP concentrations or ICTP / PINP ratio, whereas postnatal concentrations of PINP

and PIIINP were higher and ICTP / PINP ratio lower in such infants (II, Table 4).
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Figure 11. Growth velocity, markers of collagen turnover, IGF-I, IGFBP-1, IGFBP-3 and insulin
according to postnatal age in VLBW infants (II, III). lpIGFBP-1= lesser phosphorylated IGFBP-1;
hpIGFBP-1 = highly phosphorylated IGFBP-1.
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Glucocorticoid treatment. A high number of antenatal glucocorticoid treatments

given was associated with low cord vein ICTP (r=-0.23, p=0.04) but was unrelated to

cord vein PINP or PIIINP concentrations (I) or postnatal concentrations of collagen

turnover markers (II). A short interval between the last betamethasone dose and birth

was associated with low cord vein ICTP (p=0.03) but no difference was present in

PINP or PIIINP. The concurrent dose of postnatal glucocorticoids was inversely

correlated with concurrent PINP and PIIINP concentrations and positively correlated

with ICTP concentration and ICTP / PINP ratio (II, Table 4).

Postnatal growth velocity. Both lower leg and weight growth velocities were

associated with concurrent PINP and PIIINP concentrations (Table 7). The

associations with lower leg growth velocity were least apparent at 8 weeks of age,

whereas those with weight growth velocity were weakest at 1 week (Table 7).

The ICTP / PINP ratio was the strongest determinant of prevailing growth velocity,

with slowly growing infants showing high ratios (Table 7, Figure 13). In addition, the

ICTP / PINP ratio showed a negative correlation with gestational age at birth and a

positive correlation with birthweight SDS (II, Table 4). Moreover, a positive

correlation was found between ICTP / PINP ratio and dose of glucocorticoids (II,

Table 4). To assess the utility of the ICTP / PINP ratio and weight growth velocity in

detecting slow growth, we calculated the sensitivity, specificity, positive and negative
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predictive values, and odds ratios for different cutpoints of the ICTP / PINP ratio and

weight growth velocity. These diagnostic test characteristics are shown in Table 8. The

validity of these figures also in the repeated measurements setting of this study is

indicated by the similarity of the odds ratios unadjusted and adjusted, by logistic

regression, for repeated measurements (Table 8).

Table 7. Markers of type I and III collagen turnover and growth velocity.
PINP ICTP / PINP ratio PI I INP

Week
1

r  (p)

Week
2

r  (p)

Week
4

r  (p)

Week
8

r  (p)

Week
1

r  (p)

Week
2

r  (p)

Week
4

r  (p)

Week
8

r  (p)

Week
1

r  (p)

Week
2

r  (p)

Week
4

r  (p)

Week
8

r  (p)

Lower  leg
growth
velocity

0.43
(0.005)

0.43
(0.010)

0.39
(0.024)

0.33
(0.092)

-0.46
(0.003)

-0.51
(0.002)

-0.56
(0.001)

-0.31
(0.12)

0.35
(0.026)

0.36
(0.032)

0.07
(0.71)

0.44
(0.021)

Weight
growth
velocity

0.08
(0.60)

0.36
(0.028)

0.53
(0.001)

0.57
(0.002)

-0.20
(0.19)

-0.39
(0.018)

-0.59
(0.0003)

-0.53
(0.005)

-0.15
(0.32)

0.35
(0.033)

0.10
(0.56)

0.39
(0.039)

Table 8. Sensitivity, specificity, positive and negative predictive values, and odds ratio to predict slow
lower leg growth velocity (below 0.2 mm/d) with different lower limits of ICTP / PINP ratio and
upper limits of weight growth velocity. Odds ratio is shown both as non-adjusted and adjusted for the
repeated measures design.
ICTP /
PINP ratio

Sensitivity Specificity PPV NPV Odds ratio
(95% CI),
unadjusted

Odds ratio
(95% CI),
adjusted

0.20 50.8 90.5 81.8 69.1 9.9 (3.9-25.0) 9.9 (3.9-25.0) b

0.18 59.0 86.5 78.3 71.9 9.2 (4.0-21.3) 9.2 (4.0-21.3) b

0.16 67.2 82.4 75.9 75.3 9.6 (4.3-21.5) 8.9 (4.0-19.9) b

0.14 70.5 81.1 75.4 76.9 10.2 (4.6-22.7) 10.0 (5.9-17.1) b

0.12 73.8 75.7 71.4 77.8 8.8 (4.0-19.1) 8.8 (4.0-19.1) b

0.10 85.2 60.7 69.3 85.0 12.8 (5.4-30.3) 9.8 (2.5-34.7)a

Weight
growth
velocity
(g / d)
5 42.7 91.2 80.0 65.9 7.7 (3.2-18.2) 15.2 (8.4-27.5) b

10 69.3 85.7 80.0 77.2 13.6 (6.3-29.1) 6.3 (4.5-8.6) b

15 90.7 58.2 63.6 88.1 13.0 (5.4-31.4) 6.5 (4.5-9.2) b

PPV, Positive predictive value (proportion of infants with the diagnostic test indicating slow growth who are
correctly diagnosed); NPV, Negative predictive value (proportion of infants with the diagnostic test not
indicating slow growth who are correctly diagnosed); CI, Confidence interval a p=0.0009; b p<0.0001
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Figure 13. ICTP / PINP ratio as an indicator of lower leg growth velocity at different postnatal ages.
The vertical line shows the chosen cut-off point to define slow growth, and the horizontal line a
possible ICTP / PINP ratio cut-off point to detect slow growth, test performance figures for which are
shown in Table 8.

8.1.3 The IGF system and small preterm infants (I , I I I )

 Mean cord vein IGF-I concentration (I, Table 2) was about one-fourth of that in

elderly adults (VI). Mean IGF-I concentration at 1 week of postnatal age was still

lower, about half of that in the cord vein, but increased to cord vein levels by 8 weeks

(Figure 11). Cord vein and postnatal IGFBP-3 concentrations followed a similar

pattern (Figure 11; I, Table 2). By contrast, mean cord vein IGFBP-1 (I, Table 2) was

about four-fold higher than that in elderly adults (VI). However, the postnatal pattern

was similar to IGF-I and IGFBP-3: lower correlations at 1 week, increasing to cord

vein values by 8 weeks (Figure 11). The lesser phosphorylated IGFBP-1 isoforms,

which were analysed only in postnatal samples, showed a more modest increase,
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resulting in a decrease in the lpIGFBP-1 / hpIGFBP-1 ratio with postnatal age

(Figure 11). Correlations were positive between IGF-I and IGFBP-3 (both cord vein

and postnatal: p<0.0001), and negative between IGF-I and IGFBP-1 (both p≤0.0002)

and between IGF-I and IGF-II (cord vein: p=0.001).

Gestational age and relative birthweight. Gestational age showed a weak positive

correlation with cord vein IGF-I and IGFBP-3 but not with IGF-II or IGFBP-1

concentrations (Figure 14). The only correlations between gestational age at birth and

postnatal IGF data were seen at 2 weeks of age, when infants born at an early

gestational age had lower IGF-I (p=0.04) and hpIGFBP-1 (p=0.03). Relative

birthweight was strongly positively correlated with cord vein IGF-I and IGFBP-3 and

inversely with cord vein IGF-II and IGFBP-1 (Figure 14). However, relative

birthweight was not associated with postnatal IGF system data (III).

Glucocorticoid treatment. The higher the number of antenatal glucocorticoid

treatments, the higher the IGF-I and IGFBP-3 concentrations and the lower the IGF-II

and IGFBP-1 concentrations in the cord vein (Figure 15). A shorter period between last

antenatal glucocorticoid dose and birth was associated with lower cord vein IGF-I and

IGFBP-3. Increasing postnatal glucocorticoid dose was, in turn, associated with lower

concurrent concentrations of lpIGFBP-1 (p=0.002), hpIGFBP-1 (p<0.0001) and

IGFBP-3 (p=0.02) but not with the IGF-I concentration or the lpIGFBP-1 / hpIGFBP-1

ratio. To assess the effect of insulin concentration on the relationship between

glucocorticoids and IGFBP-1, we performed a further analysis separately in samples

with a low (below 10 mU/l ; n=42) and a high (above 10 mU/l; n=47) insulin

concentration (56 samples having insufficient volume for insulin measurement).

Increasing glucocorticoid dose appeared to remain significantly associated with lower

lpIGFBP-1 (p=0.02) and hpIGFBP-1 (p=0.007) only in the high insulin subgroup, the

associations in the low insulin subgroup being statistically non-significant (Figure 16).

Pre-eclampsia.  Infants of mothers with pre-eclampsia had lower cord vein IGF-I

and higher IGFBP-1 (I, Figure 5). These associations remained statistically significant

even when adjusted for relative birthweight and other potential confounders.
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Postnatal growth velocity. Lower leg growth velocity showed a positive

correlation with IGF-I and IGFBP-3 (Table 9). Similarly, weight growth velocity had a

positive correlation with IGFBP-3 and with the lpIGFBP-1 / hpIGFBP-1 ratio

(Table 9). In stepwise multiple regression models (Table 10), adjusted for postnatal age

and the repeated measures design, higher lower leg growth velocity remained

significantly associated only with higher IGF-I, and higher weight growth velocity only

with higher IGFBP-3 and higher lpIGFBP-1 / hpIGFBP-1 ratio.

Table 9. Statistically significant regression equations with either lower leg or weight growth velocity
as a dependent variable and each of the IGF system data as independent variables. Each regression is
adjusted for postnatal age and the repeated measures design. The results are expressed as changes in
growth velocity (regression coefficient ß, with 95% confidence interval, CI) produced by a change of
10 µg/l of IGF-I, 100 µg/l of IGFBP-3, or one unit of the log of lpIGFBP-1/hpIGFBP-1 ratio.

Lower  leg growth velocity
(change of 1 mm/d)

Weight growth velocity
(change of 1 g/d)

IGF-I
(change of 10  µµµµg/l)

ß=0.0488 (95% CI 0.0106-0.0869)
p=0.01

NS

IGFBP-3
(change of 100 µµµµg/l)

ß=0.0128 (95% CI 0.0013-0.0244)
p=0.03

ß=0.385 (95% CI -0.013-0.782)
p=0.057

Log of
lpIGFBP-1 / hpIGFBP-1 ratio
(change of one unit)

NS ß=6.68 (95% CI 1.48-11.87)
p=0.01

Table 10. Multiple regression models with lower leg and weight growth velocities as dependent
variables, adjusted for postnatal age and the repeated measures design. Results are expressed as
changes in the growth velocity (regression coefficient ß, with 95% confidence interval, CI) produced
by a change of 10 µg/l of IGF-I, 100 µg/l of IGFBP-3 or one unit of the log of
lpIGFBP-1 / hpIGFBP-1 ratio. All other clinical variables with a significant univariate correlation
(infant sex, gestational age, energy and protein intake, mode of feeding, glucocorticoid treatment) as
well as relative birthweight were examined in the model but excluded as non-significant.

Lower  leg growth velocity
(change of 1 mm/d)

Weight growth velocity
(change of 1 g/d)

IGF-1
(change of 10 µµµµg/l)

ß=0.0488 (95% CI 0.0106-0.0869)
p=0.01

IGFBP-3
(change of 100 µµµµg/l)

ß=0.593 (95% CI 0.203-0.983)
p=0.003

Log of
lpIGFBP-1 / hpIGFBP-1 ratio
(change of one unit)

ß=7.91 (95% CI 2.90-12.91)
p=0.002

R2 of the model 0.63 0.81
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Figure 16. Relationship between current dose of postnatal glucocorticoids and IGFBP-1 concentration
differs according to prevailing insulin concentration. This is shown by box plots (median, range,
interquartile values) exhibiting the relationship between glucocorticoid dose and lesser
phosphorylated and highly phosphorylated IGFBP-1 separately for samples with low and high insulin
concentration. p values for negative linear trends are indicated.

8.1.4 Collagen turnover  and the IGF system (I , I I , I I I )

PINP was positively correlated with IGF-I and IGFBP-3 in both cord vein

(Figure 17) and postnatal samples (Table 11). The inverse correlation between PINP

and IGFBP-1 was seen only in cord vein samples (I). ICTP showed a positive

correlation with IGF-I and IGFBP-3, which was also seen only in cord vein samples

(Figure 17; Table 11), whereas the correlation between ICTP and IGFBP-1 was inverse

in cord vein (I) and positive in postnatal samples (Table 11). The ICTP / PINP ratio

was inversely correlated with IGF-I in both cord vein (I) and postnatal samples

(Table 11).  PIIINP in the cord vein was not associated with any of the IGF system

variables, but in postnatal samples a positive correlation was found with IGF-I. In cord

vein samples, stepwise multiple regression analysis showed that determinants that

remained significantly associated with PINP (R2=0.47) were gestational age and IGF-I,

whereas those that remained significantly associated with ICTP (R2=0.54) were IGF-I

gestational age and the number of antenatal glucocorticoid treatments (I).
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Table 11. Correlations between markers of collagen turnover and IGF system data in postnatal
samples. All correlations are adjusted for repeated measurements of the same subjects.

IGF-I

r (p)

lpIGFBP-1

r (p)

hpIGFBP-1

r (p)

lpIGFBP-1 /
hpIGFBP-1

ratio
r (p)

IGFBP-3

r (p)
PINP 0.21 (0.03) 0.12 (0.15) 0.03 (0.8) -0.07 (0.4) 0.03 (0.8)
ICTP 0.29 (0.03) 0.27 (0.01) 0.44 (0.0002) -0.25 (0.2) 0.21 (0.2)
ICTP / PINP ratio -0.16 (0.03) 0.07 (0.3) -0.06 (0.4) 0.16 (0.01) 0.03 (0.8)
PIIINP 0.37 (0.002) 0.04 (0.7) 0.21 (0.08) -0.23 (0.03) 0.00 (1.0)

8.1.5 Placental 11β-HSD2 and the foetal F/E shuttle in small preterm infants

(V)

All indicators of foetal F/E shuttle (placental 11β-HSD2 activity rate, total

placental 11β-HSD2 activity, cord vein F and E concentrations and the E / (E + F)

ratio; V, Table 1) were similar in male and female infants and in infants from singleton

or multiple pregnancies. Placental 11β-HSD2 activity rate or total activity was not

correlated with cord vein F or E concentrations or the E / (E + F) ratio.

Disorders of pregnancy. The 35 infants from pregnancies complicated by

increased umbilical artery resistance had reduced total placental 11β-HSD2 activity,

cord vein E / (E + F) ratio and E concentration (Figure 18). These infants had in

addition lower relative birthweight (-2.28 ± 0.23 SD vs. -0.75 ± 0.16 SD, p<0.0001)

and smaller placentas (233 ± 24 g vs. 292 ± 12 g, p=0.001). However, there was no

difference either in placental 11β-HSD2 activity rate calculated per mg placental
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protein or in F concentration. Correspondingly, the 29 infants of mothers with pre-

eclampsia had reduced total placental 11β-HSD2 activity (p=0.01) and cord vein

E concentration (p=0.03) but no difference in placental 11β-HSD2 activity rate

(p=0.5), cord vein E / (E + F) ratio or F concentration. Comparison between the infants

from all hypertensive (n=49) and non-hypertensive pregnancies gave a similar result:

lower total 11β-HSD2 activity (p=0.001) and cord vein E concentration (p=0.02) but

no other difference.
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Figure 18. Placental 11� -HSD2 activity and other indicators of foetal F/E shuttle in pregnancies with
increased umbilical artery resistance and in those without. Box plots exhibit the median, range and
interquartile values of each indicator.

Maternal diabetes was not associated with any index of foetal F / E shuttle. Infants

born by Caesarean section had lower placental 11β-HSD2 activity rate (p=0.05) and

total activity (p=0.002), these associations became, however, non-significant in a

multiple regression model (see below).

Gestational age and size at birth. Placental 11β-HSD2 activity rate, as assessed per

mg placental protein, was inversely correlated with gestational age (p=0.009;

Figure 19). This was not, however, accompanied by any relationship with total

placental 11β-HSD2 activity or the cord vein E / (E + F) ratio (Table 12). Low relative

birthweight (Figure 19) was associated with reduced 11β-HSD2 activity rate (p=0.002)

and total activity (p<0.0001) as well as lower cord vein E / (E + F) ratio (p=0.01) and E

concentration (p=0.003). Further analysis of body proportions showed comparable
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associations with relative length at birth (Table 12). By contrast, relative head

circumference and ponderal index at birth were associated only with total placental

11β-HSD2 activity (p=0.002 and p=0.05, respectively) and with no other index of

foetal F/E shuttle. Moreover, placental weight showed no correlation with 11β-HSD2

activity rate (p=0.9) but, apart from the obvious association with total 11β-HSD2

activity, was also weakly associated with cord vein E / (E + F) ratio (r=0.19; p=0.09)

and E concentration (r=0.25; p=0.03).
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Figure 19. Correlation of placental 11� -HSD2 activity with gestational age and relative birthweight.

Antenatal glucocorticoid treatment. The total number of antenatal betamethasone

doses given was inversely associated with cord vein F (r=-0.38; p=0.001) and E

(r=-0.28; p=0.009) concentrations but not with E / (E + F) ratio, placental 11β-HSD2

activity rate or total activity. To assess the possible effect of the time between last

glucocorticoid dose and birth, infants unexposed to betamethasone or with at least 72 h

between last betamethasone dose and birth were selected to establish a reference group

(Ballard and Liggins 1982). Compared with this group, infants whose mothers had

received betamethasone 24 to 72 h before birth had lower cord vein F (p=0.05) and E

(p=0.001) concentrations and higher placental 11β-HSD2 activity rate (p=0.03). By



RESULTS

75

contrast, no difference in any index of foetal F/E shuttle was seen in infants exposed to

betamethasone less than 24 h before birth.

Table 12. Correlations between indices of foetal F/E shuttle, birth measurements and gestational age.
11

�
-HSD2

activity rate
r (p)

11
�
-HSD2

activity (total)
r (p)

Cord vein
E / (E + F)

r (p)

Cord vein F

r (p)

Cord vein E

r (p)
Gestational age -0.25 (0.009) 0.07 (0.5) 0.08 (0.5) 0.14 (0.2) 0.19 (0.07)
Relative birthweight 0.30 (0.002) 0.56 (<0.0001) 0.27 (0.01) 0.15 (0.2) 0.32 (0.003)
Relative birth length 0.19 (0.11) 0.42 (0.001) 0.41 (0.001) 0.06 (0.7) 0.34 (0.007)
Relative head circumference 0.13 (0.3) 0.38 (0.002) 0.21 (0.11) 0.05 (0.7) 0.20 (0.14)

All correlations are adjusted for antenatal betamethasone treatment (number of treatments and time between last
treatment and birth). Correlations with birth measurements are also adjusted for gestational age.

Multiple regression models. Multiple regression models (Table 13) demonstrated

that placental 11β-HSD2 activity rate was independently associated with both relative

birthweight and, inversely, gestational age at birth, whereas low relative birthweight

remained the sole factor to explain reduced total placental 11β-HSD2 activity.

Antenatal betamethasone treatment was excluded from models explaining placental

11β-HSD2 activity rate and total activity. However, treatment with betamethasone 24

to 72 h before delivery was, together with lower relative birthweight, associated with a

lower cord vein E / (E + F) ratio. It also predicted low E and F concentrations, which

were in addition related to the total number of betamethasone doses given. Other

predictors for low E concentrations were low gestational age and impaired cord artery

flow.
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Table 13. Multiple regression models with indices of foetal F/E shuttle as dependent variables. �
denotes the regression slope (change in dependent variable produced by one unit of change in the
independent variable), with 95% confidence interval in parentheses.

11
�
-HSD2

activity
(pmol E/min/
mg protein)

11
�
-HSD2

activity
(µmol E/min)

Cord vein
E / (E + F) ratio

Log of cord
vein F

(nmol/l)

Log of cord
vein E

(nmol/l)

R2 0.12 0.26 0.13 0.15 0.34

Gestational age
(weeks)

�
=-0.22

(-0.39- -0.06)
p=0.009

�
=0.10

(0.03-0.17)
0.005

Relative birthweight
(SD)

�
=0.34

(0.08-0.60)
p=0.01

�
=0.26

(0.17-0.35)
p < 0.0001

�
=0.02

(0.005-0.036)
p=0.01

Last betamethasone
dose 24-72 h before
birth

�
=-0.035

(-0.066- -0.05)
p=0.03

�
=-0.28

(-0.50- -0.06)
p=0.02

�
=-0.43

(-0.64- -0.23)
p<0.0001

Number of
betamethasone
doses

�
=-0.48

(-0.79- -0.16)
p=0.003

�
=-0.35

(-0.63- -0.06)
p=0.03

Increased umbilical
artery resistance

�
=-0.69

(-1.04- -0.34)
p=0.0002

8.2 STUDIES IN ADULTS

 8.2.1 Adulthood HPAA function, cardiovascular  r isk factors and size and

gestational age at bir th (IV)

Cardiovascular risk factors. An inverse correlation was present between current

body mass index and fasting total cortisol (p=0.003) but not with fasting free cortisol.

Waist circumference was inversely correlated with fasting cortisol (p=0.01) but not

with other HPAA variables. The results of oral glucose tolerance test revealed both

total and free cortisol to have a correlation with fasting glucose (p=0.0003 and p=0.02,

respectively), glucose at 30 min (p=0.009 and p=0.07) and fasting insulin (p=0.004 and

p=0.08) but not with glucose at 120 min or insulin at 30 or 120 min (all p≥0.2). Higher

diastolic blood pressure was associated with higher total and free fasting cortisol

concentrations (p=0.03 and p=0.01, respectively). No association was found between

cortisol and systolic blood pressure or serum lipid concentrations.
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Size and gestational age at birth. Relationships between HPAA variables and birth

data were first assessed in the total study populations. Fasting cortisol concentration

showed a significant positive association with ponderal index at birth (p=0.002) and a

weak inverse relationship with length at birth (p=0.07), which was statistically

significant in women but not in men (IV, Table 2). Fasting total cortisol was, however,

unrelated to birthweight in the total study population (IV, Table 2). Associations

between birth measurements and fasting free cortisol were similar to those with fasting

total cortisol.

Further analysis of the data showed that the associations between birthweight and

serum total and free cortisol concentrations differed according to subjects’  gestational

age. To illustrate this interaction, we divided the study subjects into three gestational

age groups (37 or 38 completed weeks; 39 completed weeks; 40 completed weeks or

more; Table 14). In subjects born before 39 weeks’  gestation, one kilogram of increase

in birthweight was associated with a decrease of 80 nmol/l (95% CI 12 to 148 nmol/l;

p=0.02) in fasting total cortisol. Further analysis of body proportions in these subjects

showed that fasting total cortisol concentration was inversely associated with length at

birth (p=0.001). By contrast, in subjects born after 40 weeks of gestation, one kilogram

of increase in birthweight corresponded to an increase of 46 nmol/l (95% CI 0 to 93

nmol/l; p=0.06) in cortisol concentration. In these subjects, fasting total cortisol was

positively associated with ponderal index (p=0.003) but not with length at birth. These

interactions are illustrated in Figure 20. They were tested in multiple regression

analysis with cortisol as the dependent variable and birthweight, gestational age and

the interaction term (birthweight x gestational age), which was statistically significant

(p=0.01). Findings were similar for fasting free cortisol (p for interaction = 0.003).
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Table 14. Fasting total cortisol concentration and free cortisol index according to birthweight
and gestational age (number of subjects in parentheses). All p values are adjusted for sex,
current age and body mass index.

Gestational age at birth p for trend
<39 -40 ≥40
Total cortisol concentration (nmol/l)

Birthweight (g) ≤3000 440 (26) 349 (17) 321 (24) 0.02
-3500 381 (36) 377 (68) 394 (103) 0.3
>3500 353 (23) 368 (40) 403 (84) 0.2

p for trend 0.02 0.2 0.06
All (mean±SE) 392±15 371±12 389±10

Free cortisol index
Birthweight (g) ≤3000 0.937 (26) 0.763 (17) 0.708 (24) 0.02

-3500 0.848 (36) 0.881 (68) 0.855 (103) 0.7
>3500 0.862 (23) 0.846 (40) 0.916 (84) 0.2

p for trend 0.09 0.4 0.002
All (mean±SE) 0.879±0.034 0.854±0.026 0.862±0.019

Gestational age (weeks)
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Figure 20. Contour plots illustrating the interaction between the effects of gestational age at birth and
birthweight on fasting total cortisol concentration and free cortisol index in 65- to 75-year-old men
and women. In subjects born before 39 weeks’  gestation, low birthweight is associated with higher
plasma cortisol in adulthood, whereas in subjects born after 40 weeks’  gestation, this trend is
reversed.
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8.2.2 Adulthood IGF system, cardiovascular  r isk factors, body composition,

size at bir th and growth in childhood (VI )

Birth and childhood measurements and results of the clinical examination. Mean

IGF-I concentrations were higher in men, while IGFBP-1 concentrations were higher

in women. A negative correlation was observed between IGF-I and IGFBP-1

concentrations (r=-0.33; p<0.0001). Compared with subjects with normal glucose

metabolism, those with impaired glucose tolerance (IGT) or diet-treated diabetes

mellitus (DM) had similar IGF-I concentrations, lower IGFBP-1 concentrations

(p=0.004), higher lean body mass index (p<0.0001) and higher fat body mass index

(p<0.0001). No significant differences were present between subjects with IGT and

DM.

IGF-I, IGFBP-1, cardiovascular risk factors and body composition. IGF-I

concentrations showed no correlation with current height or BMI but were negatively

correlated with waist circumference (p=0.03) and percentage body fat (p=0.01). They

were positively correlated with insulin and proinsulin variables, strongest with intact

proinsulin, and with blood pressure and fibrinogen concentrations (Table 15). IGFBP-1

concentrations showed strong negative correlations with adult total, lean and fat BMI

but no correlation with body fat percentage. Strong negative correlations were

observed between IGFBP-1 concentration and glucose and insulin concentrations,

total, intact and 32-33 split proinsulin concentrations, and blood pressure (Table 15).

IGF-I and IGFBP-1 did not, however, correlate with serum total cholesterol, HDL or

LDL cholesterol, or triglyceride concentrations.

IGF-I, IGFBP-1 and measurements at birth and in childhood. IGF-I

concentrations were not related to birthweight (Figure 21) or any of the other birth

measurements.  IGFBP-1 concentrations showed a weak positive correlation with

birthweight (r=0.11; p=0.03; Figure 21) and ponderal index at birth (r=0.13; p=0.01).

IGF-I concentration was not correlated with height or BMI at 7 years. There was a

positive correlation between IGFBP-1 concentration and BMI at 7 years (r=0.15;

p=0.004, adjusted for adult BMI) but no relationship with height. No interactive effects

on IGF-I or IGFBP-1 were found between birth measurements and measurements at 7

years, or between birth and adult measurements. In contrast to our findings in the
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cortisol studies (IV), no interaction was present between the effects of gestational age

at birth and birth measurements on adult IGF-I or IGFBP-1.

Table 15. Correlations between IGF-I, IGFBP-1 and clinical variables.
IGF-I IGFBP-1
r (p) r (p)

Agea 0.02 (0.6) 0.08 (0.08)
Height -0.08 (0.14) 0.03 (0.5)
Body mass indexb -0.03 (0.6) -0.46 (<0.0001)
Waist circumference -0.11 (0.03) -0.05 (0.3)
Lean body mass indexb 0.04 (0.5) -0.41 (<0.0001)
Fat body mass indexb -0.06 (0.2) -0.43 (<0.0001)
Fat percentage -0.13 (0.01) 0.00 (1.0)
Oral glucose tolerance test
  Glucose at baseline 0.10 (0.06) -0.09 (0.06)
  Glucose at 120 min 0.04 (0.4) -0.16 (0.001)
  Insulin at baseline 0.08 (0.2) -0.26 (<0.0001)
  Insulin at 120 min 0.10 (0.05) -0.37 (<0.0001)
Total proinsulin 0.13 (0.01) -0.31 (<0.0001)
Intact proinsulin 0.15 (0.004) -0.20 (<0.0001)
32-33 split proinsulin 0.11 (0.04) -0.29 (<0.0001)
Systolic blood pressure 0.10 (0.04) -0.12 (0.02)
Diastolic blood pressure 0.10 (0.05) -0.12 (0.02)
Fibrinogen 0.19 (0.0001) -0.03 (0.6)
a Adjusted for sex and current body mass index
b Adjusted for sex and current age
All other correlations are adjusted for sex, current age and body mass index.
No correlation was present with serum total, LDL or HDL cholesterol, or triglyceride
concentration.
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Figure 21. Relationship of birthweight with serum IGF-I and IGFBP-1 in 65- to 75-year-old men and
women.
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Interactions between childhood and adult anthropometry and body composition.

Height and BMI at 7 years were positively correlated (r=0.21; p<0.0001). Height at 7

years was correlated with adult height (r=0.70; p<0.0001) but not with adult BMI,

neither lean nor fat BMI. BMI at 7 years was correlated with adult total (r=0.30;

p<0.0001), lean (r=0.34; p<0.0001) and fat (r=0.27; p<0.0001) BMI.

Interactive effects on IGF-I and IGFBP-1 were found between childhood BMI or

height and adult BMI (Table 16). In subjects with an adult BMI below the median,

high BMI or tall height at 7 years was associated with low IGF-I and high IGFBP-1

concentrations. No associations were observed in subjects with above median adult

BMI. Because of the differing associations of IGF-I and IGFBP-1 with fat and lean

body composition, we examined this further by dividing BMI into fat and lean

components (Table 17). The trends of IGF-I and IGFBP-1 with 7-year height and BMI

were accentuated in subjects of below median lean BMI (Table 17A). No interactive

effects were seen with adult fat BMI (Table 17B), percentage body fat, waist

circumference or height. Neither was there any interactive effect between sex and any

birth or childhood measurement.

Table 16. IGF-I and IGFBP-1 according to current BMI and BMI or height at 7 years.
IGF-I (µg/L) IFGBP-1 (µg/L)
Current BMI Current BMI

BMI at age 7
Below
median

Over
median

p for
trend

Below
median

Over
median

p for
trend

 lowest tertile 111.0 (85) 93.7  (40) 0.1 72.8 54.5 <0.0001
 middle tertile 92.9 (59) 95.3 (66) 0.7 79.7 56.3 <0.0001
 highest tertile 96.1 (45) 105.2 (80) 0.2 81.6 52.9 <0.0001
 p for trend 0.003 0.5 0.06 0.6
 p for interaction 0.02 0.5

Height at age 7
 lowest tertile 107.4 (62) 103.5 (61) 0.7 69.2 56.9 0.0001
 middle tertile 101.9 (69) 94.7 (62) 0.7 80.6 54.4 <0.0001
 highest tertile 94.8 (58) 99.2 (63) 0.4 81.0 52.2 <0.0001
 p for trend 0.03 0.7 0.02 0.4
 p for interaction 0.12 0.008

Numbers are geometric means. Numbers of cases are shown in parentheses in the IGF-I
column, being equal for IGFBP-1 measurements. Medians and tertiles have been calculated
for both sexes separately. p values are based on regression models with BMI or height
at 7 years and current BMI as continuous variables, and are adjusted for age and sex.
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Table 17A. IGF-I and IGFBP-1 according to current lean BMI and BMI or height at 7 years.
IGF-I (µg/L) IGFBP-1 (µg/L)
Lean BMI Lean BMI

BMI at age 7
Below
median

Over
median

p for
trend

Below
median

Over
median

p for
trend

  lowest tertile 109.4 (92) 90.4 (30) 0.2 69.8 61.4 0.02
  middle tertile 92.2 (56) 95.8 (69) 0.2 79.1 57.5 <0.0001
  highest tertile 94.5 (42) 105.8 (80) 0.02 86.1 54.4 <0.0001
p for trend 0.001 0.16 0.01 0.9
p for interaction 0.056 0.7

Height at age 7
  lowest tertile 108.1 (65) 102.5 (55) 0.9 66.3 63.1 0.008
  middle tertile 102.4 (69) 94.1 (62) 0.8 77.0 57.2 <0.0001
  highest tertile 91.0 (56) 101.3 (62) 0.04 86.9 51.1 <0.0001
p for trend 0.007 0.9 0.0004 0.07
p for interaction 0.008 0.001

Table 17B. IGF-I and IGFBP-1 according to current fat BMI and BMI or height at 7 years.
IGF-I  (µg/L) IGFBP-1  (µg/L)

Fat BMI Fat BMI

BMI at age 7
Below
median

Over
median

p for
trend

Below
median

Over
median

p for
trend

  lowest tertile 110.6 (78) 94.2 (44) 0.05 73.9 57.9 0.001
  middle tertile 96.5 (62) 91.8 (63) 0.8 77.7 56.8 <0.0001
  highest tertile 98.5 (47) 103.9 (75) 0.5 83.9 53.2 <0.0001
p for trend 0.03 0.7 0.03 0.9
p for interaction 0.04 0.8

Height at age 7
  lowest tertile 106.5 (61) 104.4 (59) 0.6 71.8 58.1 0.003
  middle tertile 103.6 (70) 92.8 (61) 0.3 80.4 54.2 <0.0001
  highest tertile 97.4 (56) 95.1 (62) 1.0 80.8 54.8 <0.0001
p for trend 0.12 0.2 0.02 0.6
p for interaction 1.0 0.2

Numbers in Tables 17A and 17B are geometric means. Numbers of cases are shown in
parentheses in the IGF-I column, being equal for IGFBP-1 measurements. Medians and
tertiles have been calculated for both sexes separately. p values are based on regression
models with BMI or height at 7 years and current fat BMI as continuous variables, and are
adjusted for age and sex. Note the strong trends in the group with below median adult lean
BMI (Table 17A) compared with the group with below median adult fat BMI (Table 17B).
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9. DISCUSSION

9.1 METHODOLOGICAL CONSIDERATIONS AND LIMITATIONS OF

THE STUDY

9.1.1 Selection of study subjects

Small preterm infants. In studying preterm infants, we used either birthweight (II,

III) or gestational age (I, V) as an inclusion criterion. Both have their advantages. In

Studies I and V, which focused on the pathophysiology of altered growth in utero, we

considered a maturity-based criterion (gestational age < 32 weeks) to be more

appropriate. By contrast, in studies that included postnatal follow-up (II, III), we chose

to use birthweight (< 1500 g) because it is an unequivocal measurement, and

birthweight-based reference populations, such as VLBW and ELBW infants, are

commonly used in postnatal follow-up. However, as birthweight-based criteria include

infants with more advanced gestational age only if sufficiently growth-retarded, infants

with intrauterine growth restriction are inevitably overrepresented in such a population.

Prematurity is not a single disorder. When including patients regardless of the

aetiology of early preterm birth, effects specific to some particular prematurity-

associated disorder or treatment may go undetected. However, the relatively large

number of subjects in Studies I and V and the use of repeated measurements in Studies

II and III allowed us to assess the role of common conditions possibly associated with

growth inhibition, including pre-eclampsia and antenatal and postnatal glucocorticoid

treatment.

Adults. Results from clinical birth cohort studies may have different interpretations

depending on the age of the subjects studied. In 65- to 75-year-old adults (IV, VI),

most cardiovascular risk factors are more likely to be apparent than in younger

populations. However, a “survivor’s bias”  is inevitable – subjects with increased

cardiovascular risk are more likely to have died by that age.

In the birth cohort studies (IV, VI), we chose to exclude subjects born before 37

weeks’  gestation, although studying this group would have been tempting with regard

to the scope of the thesis. However, the small number of these subjects, possible
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inaccuracies in determining gestational age and the very different clinical care of

preterm infants at that time would have made any conclusions extremely unreliable.

9.1.2 Clinical data and follow-up

Small preterm infants. In Studies I and V, the main clinical determinants were

robust variables such as birthweight, gestational age and the number of antenatal

glucocorticoid treatments, all unlikely to introduce error. Studies II and III rely on the

exactitude of weight measurements and particularly knemometry, the accuracy of

which is well documented (Gibson et al. 1993a; Michaelsen 1997; Kaempf et al.

1999). Despite this remarkable accuracy, knemometry does not measure growth of e.g.

soft tissues, and thus, conclusions that can be drawn from these studies are confined to

the growth of the skeleton or the body as a whole.

The follow-up period of Studies II and III continued until 9 weeks of age. While

this period includes considerable alterations in clinical condition and short-term growth

velocity, longer-term consequences, such as catch-up growth and changes in body

composition and endocrine responses, remain to be studied during a longer follow-up.

Interpretation of findings in birth cohort studies. The Helsinki birth cohort (IV,

VI) is unique in containing both accurate birth measurements and repeated height and

weight measurements at school-age. Measurements such as weight or length/height

are, however, rough summary variables. While it is indeed remarkable that such

measurements predict e.g. hormonal parameters seven decades later, the associations

observed have little value unless they provide clues or confirmation for specific

biological pathways of programming. In this regard, Study IV is in accordance with

known mechanisms of programming of HPAA hyperactivity and also suggests novel

ways of programming of HPAA hypoactivity, which remain to be confirmed. Study VI

moves onto more untouched ground, and the novel findings of interactions between the

effects of growth and body composition on the adulthood IGF system raise exciting

possibilities for further research.

Biochemical assays. All assays used to measure serum concentrations of different

parameters have previously been well documented. Placental 11β-HSD2 activity was

also measured by a method described earlier (Stewart et al. 1995), with the

modification that the fractions of the substrate (F) and product (E) of the enzyme were
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determined by high-performance liquid chromatography which by itself is a

straightforward and reproducible procedure.

9.1.3 Data analysis

Studies II and III were designed based on repeated measurements of the same

subjects. While such a design increases the amount of information obtained from a

limited number of subjects, special adjustments are required to avoid bias created by

possible within-subject correlations. In particular, in Study III, the data had to be

pooled, and thus, also adjusted for repeated measurements, as described in Methods. In

addition, to ensure that the relationship between e.g. IGF-I and growth velocity is not

only a function of postnatal age, postnatal age had to be adjusted for. These

adjustments inevitably result in a conservative estimate; in other words, correlations

found in Study III denote strong evidence for existing associations, but a lack of

correlation can hardly serve as evidence of a lack of association and must be

interpreted with care.

Clinical birth cohort studies frequently collect large amounts of data. Analysing

data from such studies involves both testing of existing hypotheses and data

exploration in search of novel associations and hypotheses. Both means are appropriate

but must be interpreted in different ways. In particular, formal statistical techniques to

correct for multiple comparisons are usually not used in birth cohort studies and

likewise were not used in Studies IV and VI. Most of the novel associations we

reported in these studies were, however, strong enough to make pure chance findings

unlikely. Nevertheless, before making firm conclusions it is essential to replicate these

findings in new studies.

9.2 MARKERS OF TYPE I  AND I I I  COLLAGEN TURNOVER AS

INDICATORS OF SHORT-TERM GROWTH VELOCITY

Our results indicate considerable turnover of type I and III collagen in the late

pregnancy foetus, this turnover decreasing with increasing gestational age. After the

birth of a VLBW infant, the rate of collagen I synthesis is dramatically reduced and
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then restored within a few weeks. The alterations in type III collagen synthesis are

similar but less powerful, and both accompany changes in growth velocity.

The positive correlation we found between relative birthweight and PICP and

ICTP concentrations confirms findings of others (Seibold-Weiger et al. 2000; Saarela

et al. 2001) and further supports the role of these molecules as indicators of growth.

That some studies on term infants (Namgung et al. 1996; Hytinantti et al. 2000) have

failed to replicate this finding may be attributable to different aetiologies of growth

retardation in preterm and full-term infants examined.

Our finding of no correlation between cord plasma PIIINP and birthweight SDS (I)

was unexpected and at variance with a previous study of a large number of preterm

infants (Vanhaesebrouck et al. 1994b). In postnatal VLBW infants, in keeping with

another study (Crofton et al. 1999), we showed PIIINP concentration to be associated

with growth velocity (II), although this correlation was not as strong as that with PINP

or the ICTP / PINP ratio. It is possible that the remarkably strong correlation between

cord plasma PIIINP and gestational age (I, Vanhaesebrouck et al. 1994a) overshadows

a weaker association with relative birthweight.

Markers of type I and III collagen turnover are well-established markers of growth

velocity during childhood (Trivedi et al. 1991; Wolthers et al. 1997; Crowley et al.

1998). It has, however, been questioned whether this applies to VLBW infants, who

have a high rate of collagen turnover and often severe morbidity. We were able to

show that both PINP and PIIINP do reflect individual variation of growth velocity in

these infants (II). As to type I collagen synthesis, a similar relationship has not been

observed in all studies (Crofton et al. 1999), but we studied a relatively large

population and assessed growth velocity by frequent and precise measurements. The

PINP concentration is likely to reflect type I collagen synthesis in the skeleton as well

as the soft tissues, which is supported by its positive relationship with both lower leg

and weight growth velocity.

However, the main finding of Study II was the close relationship between the

ICTP / PINP ratio and growth velocity. In detecting concurrent slow growth, a high

ICTP / PINP ratio showed a sensitivity and specificity comparable with many tests in

routine clinical use, for example, one or two CRP measurements in detecting neonatal

sepsis (Benitz et al. 1998). This was despite the greatly heterogeneous study population

with considerable variation in disease severity, nutrition and growth-inhibiting

treatments such as glucocorticoids. In particular, the ICTP / PINP ratio was at least as
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sensitive and specific in detecting slow skeletal growth as weight growth velocity,

which is commonly used in neonatal units. Weight growth velocity can, however, only

be assessed after growth has occurred, whereas the ICTP / PINP ratio indicates the

prevailing growth velocity and thus may offer the clinician a simple way to detect

impaired growth promptly enough to consider modifications in treatment. Therefore,

the ICTP / PINP ratio is probably the most promising single surrogate measure to

assess growth of sick VLBW infants. However, before it can readily be recommended

for routine clinical use in all premature infants, our findings should be confirmed in a

less morbid population.

What is the physiological rationale behind such a ratio? Skeletal growth comprises

two continuous parallel processes: bone formation by osteoblasts, involving synthesis

of type I collagen, and bone resorption by osteoclasts, involving its degradation

(Manolagas 2000). The degradation of type I collagen is an essential part of normal

skeletal growth but may be increased in various pathological conditions (Risteli and

Risteli 1999). Osteoclasts are able to degrade type I collagen by at least two different

pathways: cathepsin K and matrix metalloproteinase (MMP). ICTP, the epitope of

which is destroyed by cathepsin K, is likely to reflect the MMP pathway and has been

suggested to indicate pathological bone resorption and deviant growth (Sassi et al.

2000). However, the high ICTP concentration in the normal foetus (Risteli and Risteli

1999) also implicates the MMP pathway, as indicated by ICTP, in normal foetal and

postnatal growth. In normal bone turnover, type I collagen synthesis (reflected by

PINP) and degradation are tightly coupled. Thus, the calculation of the ICTP / PINP

ratio can be thought of as an adjustment of ICTP concentration to normal bone

turnover (reflected by PINP), or in other words, it serves as a theoretical index of

pathological bone turnover. Although we have not related the ratio to other

measurements of bone turnover, our findings indicate that it fits its hypothesized use -

an indicator of short-term growth velocity - remarkably well.
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9.3 THE IGF SYSTEM, EARLY GROWTH AND CARDIOVASCULAR

RISK FACTORS IN ADULTHOOD

9.3.1 Growth in utero and in postnatal VLBW infants (I , I I I )

Postnatal growth in VLBW infants (III). Given the solidity of the evidence linking

the IGF system with regulation of foetal and infant growth, data on its role in postnatal

preterm infants have thus far been surprisingly scarce. Those few studies that have

been performed in postnatal preterm infants have assessed IGFs and IGFBPs as

indicators of nutritional status (Colonna et al. 1996; Smith et al. 1997) or as predictors

of short-term catch-up growth after IUGR. Some of them have found an association

between catch-up growth and higher IGF-I (Theriot-Prevost et al. 1988; Léger et al.

1996; Özkan et al. 1999) and IGFBP-3 (Özkan et al. 1999), while others have not

(Cianfarani et al. 1998). Hence, Study III provides novel information by showing that

circulating IGF-I and IGFBP-3 reflect prevailing short-term growth velocity in VLBW

infants and are thus likely to be important regulators of rapid and highly variable

growth after severely preterm birth. Eventhough the relatively large individual

differences in the concentrations may limit the use of these factors in everyday clinical

practice, they are likely to be useful, for instance, in studies assessing how various

nutrition and treatment options affect short-term growth velocity.

While our findings confirm that growth in postnatal VLBW infants is dependent

on the IGF axis, the hormonal regulation of the this axis in these infants remains an

interesting issue for further study. During the foetal period the glucose-insulin axis,

which allows rapid response to nutritional fluctuations, is believed to be a primary

regulator of IGF-dependent growth. That the effect of GH is smaller is attributed to a

relative GH resistance in the foetus, with high GH levels and a limited number of GH

receptors. At term birth, there is a rapid shift towards the fully active GH-IGF-I axis

(Gluckman et al. 1999). In postnatal preterm infants, however, GH levels are high,

indicating GH resistance is ongoing to some degree (Miller et al. 1992); the timing and

nature of the shift in these infants has not yet been fully elucidated.

Pre-eclampsia and IGFBP-1 (I). A major cause of intrauterine growth restriction is

pre-eclampsia, characterized by chronic foetal hypoxia and inadequate nutrient supply

(Giudice et al. 1998). Chronic hypoxia increases IGFBP-1 gene expression (Tazuke et
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al. 1998), and increased IGFBP-1 production at the foetal-maternal interface is likely

to be a key mechanism of pre-eclampsia (Ritvos et al. 1988; Giudice et al. 1997).

However, the role of foetal circulating IGFBP-1 in pre-eclampsia remains obscure. Our

finding that, even after adjustment for foetal size, infants of pre-eclamptic mothers

showed higher cord plasma IGFBP-1 suggests hypoxic up-regulation of IGFBP-1

synthesis also in the foetal liver, which likely is the predominant source of foetal

circulating IGFBP-1 (Martina et al. 1997; Popovici et al. 2001). Increased IGFBP-1

may be a physiologically meaningful way to reduce growth in pre-eclampsia and other

conditions of reduced substrate availability. Whether this phenomenon has any

significance in foetal programming of adult disease has not been studied. However, it

is important to note that any programming mechanism specific to pre-eclampsia may

go unnoticed in a population study since pre-eclampsia only affects about 5-10% of

pregnancies (Giudice et al. 1998).

IGFBP-1 phosphoisoforms (III). A novel finding in this study was the presence of

both highly and lesser phosphorylated isoforms of IGFBP-1 in the plasma of VLBW

infants after birth. Compared with lesser phosphorylated IGFBP-1, the highly

phosphorylated isoform has a 4- to 10-fold higher affinity for IGF-I (Jones et al. 1991;

Westwood et al. 1997) and is thus believed to be a more potent inhibitor of IGF-I

action. Almost all of the IGFBP-1 in the serum of non-pregnant adults is highly

phosphorylated (Westwood et al. 1997), whereas lesser phosphorylated isoforms are

also present in amniotic fluid (Jones et al. 1991; Koistinen et al. 1993) and in the

serum of mid-gestation foetuses (Jones et al. 1991), prepubertal children (Kamoda et

al. 1999) and pregnant women (Westwood et al. 1994; Fowler et al. 1999), i.e. in

conditions associated with tissue growth. Our finding of a positive association between

the ratio of lesser phosphorylated IGFBP-1 isoforms to highly phosphorylated

IGFBP-1 (the lpIGFBP-1 / hpIGFBP-1 ratio) and concurrent weight growth velocity is,

to our knowledge, the first clinical observation to support the hypothesis that,

compared with highly phosphorylated IGFBP-1, circulating lesser phosphorylated

IGFBP-1 is less inhibitory on the growth-promoting action of IGF-I.

The IGF system and collagen turnover (I, II, III). We found that higher IGF-I

concentrations in cord plasma (I) as well as in postnatal VLBW infants (II, III) were

associated with elevated PINP and ICTP concentrations, a lower ICTP / PINP ratio

and, after birth, a higher PIIINP concentration. These results are in accordance with a

follow-up study in preterm infants (Seibold-Weiger et al. 2000) and, together with in
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vitro findings (Canalis 1980; McCarthy et al. 1989; Grinspoon et al. 1995), imply a

role for circulating IGF-I in regulating collagen turnover during the foetal period and

in postnatal VLBW infants.

9.3.2 The IGF system and ear ly or igins of adult disease (VI )

Cardiovascular risk factors. We found high IGF-I and low IGFBP-1

concentrations to be strongly associated with known cardiovascular risk factors such as

blood pressure and glucose, insulin and fibrinogen concentrations. However, the

pattern was not entirely uniform since IGF-I was inversely associated with a high

percentage of body fat and waist circumference, which are well-established risk factors

of atherosclerotic disease. This discrepancy may be related to the dual regulation of

IGF-I by insulin and GH. That both high IGF-I and low IGFBP-1 were associated with

insulin resistance and blood pressure is likely to reflect the differential regulation of

IGF-I and IGFBP-1 synthesis by insulin. In contrast, the association of low IGF-I

concentration with increased body fat content and waist circumference could be a

consequence of low GH activity. Adult patients with frank GH deficiency are known to

have increased body fat (Attanasio et al. 2002), especially intra-abdominal fat (Snel et

al. 1995), and they also have higher mortality from cardiovascular disease (Rosen and

Bengtsson 1990). These differing relationships of IGF-I with cardiovascular risk

factors may in part explain why some studies associate cardiovascular disease with low

(Spallarossa et al. 1996; Janssen et al. 1998; Janssen and Lamberts 2002) and others

with high (Ruotolo et al. 2000) IGF-I. Nevertheless, these findings highlight the

potential role of the IGF system in explaining the link between early growth and adult

cardiovascular disease.

Size at birth. Contrary to our hypothesis and most previous studies in children and

young adults (Fall et al. 1995; Jernström and Olsson 1998; Garnett et al. 1999), we

found no associations between size at birth and circulating IGF-I concentrations in 65-

 to 75-year-old subjects. This finding may be related to the age of the study population.

The activity of the GH-IGF-I axis declines with advancing age (Ho and Hoffman

1993). Moreover, the study subjects represent a ‘survivor’s phenotype’ , with those with

highest cardiovascular risk more likely to have died by that age.
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The association we observed between low birthweight or thinness at birth and low

adult IGFBP-1 concentration is consistent with previous observations in young adults

(Flanagan et al. 2001) and girls with precocious pubarche (Ibáñez et al. 1999). This

association may in part be mediated through insulin, which inhibits IGFBP-1 synthesis

(Suikkari et al. 1988) and shows inverse associations with birth size in this cohort

(Eriksson et al. 2002a). Another possibility is that conditions such as pre-eclampsia,

which are associated with chronic foetal hypoxia, IUGR and increased IGFBP-1 levels

(I), have long-term programming effects on IGFBP-1 synthesis in late life.

Unfortunately, obstetric data recorded in this cohort do not allow us to detect such

conditions retrospectively.

Growth in childhood and body composition in adulthood. The most striking

finding in Study VI was that taller height or higher BMI at 7 years were associated

with lower circulating IGF-I and higher IGFBP-1 concentrations in adulthood. These

relationships were dependent on adult body composition, being seen only in subjects

with a low lean body mass. This was an unexpected finding, and we can only speculate

about the possible mechanisms involved. Low adult lean BMI may reflect failure to

gain lean body mass during childhood and puberty, and thus, identify individuals with

relative GH/IGF-I deficiency or a degree of relative GH resistance. However, we could

not confirm this because assessment of GH secretion is complex and highly impractical

in a population study like ours. Subjects who were tall or had a high BMI in childhood

would nevertheless be expected to have had high GH and IGF-I concentrations at that

time (Fall et al. 1995). Those with a low adult lean BMI may have had an advanced

tempo of childhood growth, early puberty and subsequent early cessation of growth

with interrupted lean body mass acquisition (He and Karlberg 2001). Unfortunately,

we lack sufficient measurements to determine the timing of puberty in this cohort. An

alternative explanation is that these subjects were well nourished at the age of 7 years

but experienced undernutrition during puberty. The low IGF-I concentrations may

reflect hepatic GH resistance, which is known to occur in undernutrition (Thissen et al.

1994) and may persist into adult life.

Although these observations must be regarded as preliminary, they have important

putative health consequences. Low serum IGF-I is associated with subsequent

development of type 2 diabetes (Sandhu et al. 2002). Observations in this cohort show

that diabetes is predicted by tall height and high BMI in childhood (Forsén et al. 2000).

Coronary heart disease, which is similarly associated with low circulating IGF-I
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(Spallarossa et al. 1996; Janssen et al. 1998; Janssen and Lamberts 2002), is in this

cohort associated with high childhood BMI in men (Eriksson et al. 1999) and tall

height in women (Forsén et al. 1999) who were small at birth. Reduced activity of the

GH-IGF-axis is in addition associated with reduced bone mineral density (Fall et al.

1998). This is, in turn, consistent with observations in this cohort showing an increased

incidence of hip fracture in subjects with tall height at 7 years and reduced height

increment thereafter (Cooper et al. 2001). Therefore, whether the combination of tall

height or high BMI in childhood and low lean body mass in adulthood indeed predates

type 2 diabetes, coronary heart disease and osteoporosis remains a question to be

addressed in prospective studies.

9.4 HYPOTHALAMIC-PITUITARY-ADRENAL AXIS, SMALL PRETERM

INFANTS AND HEALTH IN ADULTHOOD

9.4.1 Placental 11β-HSD2 and the foetal F/E shuttle in small preterm infants

(V)

Placental 11β-HSD2 in early preterm birth. Glucocorticoid exposure during foetal

life may have lifelong consequences. The predominant regulator of this exposure is the

placental enzyme 11β-HSD2, which converts cortisol (F) to inactive cortisone (E).

Because severely preterm infants are frequently exposed to excess physiological or

pharmacological glucocorticoids, we chose to study the role of this enzyme in infants

born before 32 weeks’  gestation. We found considerable variation in 11β-HSD2

activity in these infants. Low relative birthweight appeared to be the strongest

predictor of reduced enzyme activity as well as overall F to E conversion. This is

consistent with findings in term or near-term infants (Stewart et al. 1995; McCalla et

al. 1998; Shams et al. 1998), which have, however, suggested only a minor decrease in

11β-HSD2 activity in mid-trimester IUGR. In face of this, the strong relationship we

found between relative birthweight and placental 11β-HSD2 activity implies that even

in small preterm infants placental 11β-HSD2 activity and other determinants of the

foetal F/E shuttle are important contributors to size at birth.

Foetal F/E shuttle. Apart from placental 11β-HSD2, other regulators of the foetal

F/E balance also exist. 11β-HSD2 is expressed in several maternal and foetal tissues,
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where this cytoplasmic enzyme regulates the access of F to mineralocorticoid or

glucocorticoid receptors (Stewart et al. 1994; Heilmann et al. 2001). The inverse

reaction, cytoplasmic conversion of E to F, is catalysed by 11β-HSD1, which is also

operative in several tissues, although in the placenta only to a minor degree (Sun et al.

1998; Seckl and Walker 2001). To what extent different tissues contribute to F and E

concentrations in foetal circulation is still unknown. In contrast to findings in term

infants (Shams et al. 1998), we found no correlation between placental 11β-HSD2

activity and the E and F concentrations or their ratio. This suggests that between 22

and 32 weeks of gestation, the role of other foetal or maternal tissues in the foetal F/E

interconversion is perhaps more significant than in later pregnancy.

The F/E shuttle in severe foetal distress. A major cause of prematurity is

iatrogenic: severe foetal distress necessitating immediate delivery. Increased umbilical

artery resistance is an end-stage sign of such foetal distress in the continuum of

disorders characterized by placental dysfunction, including pre-eclampsia and IUGR.

As such, it is a highly specific marker of severe foetal distress. Our finding of an

association between increased umbilical artery resistance and reduced total placental

11β-HSD2 activity as well as cord vein E / (E + F) ratio and E concentration suggests

that these conditions are associated with increased foetal glucocorticoid exposure.

Because we found no relationship with placental 11β-HSD2 activity rate (per mg

placental protein), it seems likely that between 22 and 32 weeks of gestation, the

decreased overall F to E conversion in foetal distress is attributable to the smaller size

of the placenta and possibly altered contribution of other foetal or maternal tissues

such as the maternal kidney (Heilmann et al. 2001).

Possible short- and long-term consequences. The hypocortisolic foetal milieu

created by placental 11β-HSD2 has been suggested to be crucial for the maturation of

foetal HPAA (Stewart et al. 1995). In small preterm infants, impaired HPAA

maturation could be expected to have both short- and long-term consequences. Many

sick very low birth weight infants exhibit disproportionately low postnatal cortisol

concentrations, which are associated with e.g. subsequent chronic lung disease

(Watterberg et al. 1995; Korte et al. 1996; Huysman et al. 2000; Banks et  al. 2001).

While some infants may benefit from low-dose early glucocorticoid replacement

(Watterberg et al. 1999), at least high-dose glucocorticoids are associated with severe

adverse effects such as cerebral palsy (O’Shea et al. 1999). Identifying infants who

might benefit from glucocorticoid replacement during the immediate postnatal period
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is therefore crucial. Our finding of reduced 11β-HSD2 activity in infants with IUGR

and/or severe foetal distress suggests that these infants constitute a susceptible group

worth focusing on in prospective studies.

Study IV showed that small variation even within the normal range of birthweight

and gestational age is associated with pronounced differences in HPAA function seven

decades later. Small preterm infants exhibit a wide range of intrauterine growth

restriction and frequently severe distress, both associated with clearly reduced

placental 11β-HSD2 function. It is therefore critical to follow up HPAA function in

small preterm infants in later life to detect possible adverse HPA axis programming

with increased adulthood cardiovascular risk.

9.4.2 HPAA activity in health in adulthood (IV)

HPAA activity in adulthood and size and gestational age at birth. Previous clinical

studies on HPAA programming have yielded conflicting results since most studies

have associated small size at birth with increased (Phillips et al. 1998, 2000; Levitt et

al. 2000; Reynolds et al. 2001) and some with decreased (Hellhammer et al. 2001)

HPAA activity in adult life. Our findings propose an explanation for this discrepancy

by uncovering two distinct patterns of foetal growth and maturation that are associated

with altered HPA function in adult life. Among men and women who were born before

39 weeks’  gestation, we found high serum cortisol concentrations in subjects who were

born small, especially short. By contrast, among those born at more than 40 weeks’

gestation the trend was the reverse: subjects small at birth had the lowest serum cortisol

concentrations.

The inverse association between size at birth and adult cortisol concentration we

found in subjects born before 39 weeks’  gestation is not only consistent with a number

of previous studies, the relationship was stronger than previously reported in

populations of various gestational ages (80 vs. 24 nmol/l/kg birthweight; Phillips et al.

2000). It is therefore possible that a similar interaction with gestational age may also

have existed in these populations, although incomplete gestational age data made this

impossible to confirm. Our gestational age data were based on the mother’s last

menstrual period. While this may introduce inaccuracy, it would, however, only have
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weakened our ability to detect interactions between the effects of birthweight and

gestational age on serum cortisol concentrations.

Further analysis of body proportions at birth showed that high cortisol

concentrations in the low gestational age group were associated with shortness at birth,

consistent with a previous study (Phillips et al. 2000). Shortness at birth is in

agreement with the known effects of glucocorticoids in inhibiting longitudinal growth

(Hughes and Cutfield 1996).

Adult disorders associated with subtle HPAA abnormalities. In subjects born at

above average gestational age, low birthweight and thinness at birth predicted low

serum cortisol concentrations in adulthood. The mechanisms behind this finding are

not clear. In post-mature babies, placental failure is thought to cause the foetus to

waste and be thin at birth (Barker et al. 1993). Under these conditions, the foetal

response may be to down-regulate the HPA axis. Recently, hypocortisolism had been

associated with a number of adverse health consequences, including post-traumatic

stress disorder (Heim et al. 2000; Yehuda 2002), fibromyalgia (Heim et al. 2000) and,

paradoxically, also the metabolic syndrome in some populations (Rosmond et al.

1998). Our findings raise the intriguing possibility that these conditions may have their

origins in prenatal life.

Possible mechanisms. How might small differences within the normal variation of

gestational age relate to HPAA function seven decades later? The association may be

related to the action of glucocorticoids in the initiation of labour. A key regulator of

human parturition is CRH secreted by the placenta (McLean and Smith 2001). In

contrast to their effects in the hypothalamus, glucocorticoids increase placental CRH

synthesis. CRH, by stimulating foetal and maternal cortisol synthesis, which in turn

increases placental CRH synthesis, creates a positive feedback loop that invariably

raises CRH concentrations and subsequently leads to delivery (McLean and Smith

2001). Reduced placental 11β-HSD2 function and resultant foetal glucocorticoid

excess may thus provide a physiologically meaningful mechanism to enhance this

positive feedback loop and speed up delivery in conditions of foetal distress.

Moreover, one might speculate that this mechanism is operative already within the

normal limits of gestational age so that the group of adult men and women who were

born small, short, at below average gestational age and who were found to have high

serum cortisol, could be the result of premature activation of the foetal or maternal

HPA axis.
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9.4.3 Glucocor ticoid treatment and preterm infants (I , I I , I I I , V)

Maternal antenatal glucocorticoid treatment is well documented in reducing

neonatal morbidity and mortality of infants born before 32 weeks’  gestation (Crowley

2000). However, administering multiple doses of antenatal glucocorticoids may cause

adverse effects that outweigh the benefits (Banks et al. 1999; Crowley 2000; Lacaze-

Masmonteil et al. 2000). The issue of postnatal glucocorticoid therapy is much more

controversial. Considerably larger doses are usually used than antenatally, and both the

optimal indications and dosage are under strong debate (Halliday and Ehrenkranz

2000a, 2000b, 2000c).

Glucocorticoid treatment and the IGF system (I, III). We found that exposure to

antenatal glucocorticoid treatment, especially multiple treatments, was associated with

an increase in cord vein IGF-I and IGFBP-3 and a decrease in IGFBP-1 (I). This may

seem contradictory to the role of glucocorticoids in reducing growth and increasing

IGFBP-1 synthesis (Tazuke et al. 1998). However, our finding is in agreement with a

study in healthy males who demonstrate a similar pattern of changes after receiving a

large dose of dexamethasone. Yet, these men showed decreased IGF bioactivity (Miell

et al. 1993), consistent with the hypothesized action of glucocorticoid-induced IGF

inhibitors (Tönshoff and Mehls 1997). However, such inhibitors have not been

characterised in detail, and in general, the interactions between IGF and glucocorticoid

systems are likely to be very complex. This complexity is illustrated by our findings

showing that the association between postnatal glucocorticoid treatment and reduced

IGFBP-1 is dependent on insulin, being seen only in samples with a high insulin

concentration (III). This is in agreement with results in children (Levitt Katz et al.

1998). That these complex interactions are clearly observed in small preterm infants

with various confounding factors is intriguing in light of the proposed role of both

glucocorticoids and IGF axis in early programming of adult cardiovascular disease

(Barker et al. 1993).

Glucocorticoid treatment and collagen turnover (I, II). Our finding that in

postnatal VLBW infants both PINP and PIIINP showed a negative and ICTP a positive

correlation with glucocorticoid dose (III) implies that changes in collagen turnover also

occur in VLBW infants treated with glucocorticoids. The number of antenatal

glucocorticoid treatments not being associated with markers of collagen turnover, apart

from a weak negative correlation with ICTP (I), suggests that these effects depend on
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the dose and timing of glucocorticoid administration. These findings nevertheless

highlight the concern over possible long-term effects of glucocorticoids on deviant

bone modelling and body composition (Bowden et al. 1999; Rigo et al. 2000).

Glucocorticoid treatment and foetal F/E shuttle (V). We found multiple antenatal

glucocorticoid doses to be associated with lower cord vein F and E concentrations but

not with the overall two-way conversion between F and E. However, the primary

message of our findings is the large interindividual variation in the capacity of

11β-HSD2 and other determinants of the F/E shuttle we found to exist also between 22

and 32 weeks’  gestation. In fact, the usual antenatal betamethasone doses are relatively

small, resulting in a peak glucocorticoid activity of about 250 nmol/l cortisol

equivalents and returning to normal within 2 to 3 days (Ballard and Liggins 1982). A

repeated treatment with such a dose has been demonstrated to be associated with

adverse effects (Banks et al. 1999; Crowley 2000). The magnitude of “normal”

variation within the foetal F/E shuttle in small preterm (V) or even term (Stewart et al.

1995) infants could thus be expected to cause similar or greater differences in foetal

glucocorticoid exposure.

9.5 ARE THE FINDINGS IN ADULT COHORTS APPLICABLE TO

SMALL PRETERM INFANTS?

Two key endocrine systems, the HPAA and the IGF system, were examined at two

distant parts of the life span: in small preterm infants and in elderly subjects aged 65 to

75 years. We demonstrated that small differences in size at birth, gestational age and

growth in childhood are related to clear differences in the function in these systems six

to seven decades later (IV, VI). Moreover, we revealed strong alterations in these

systems in small preterm infants, in particular in those affected by pre- or postnatal

growth restriction. Does this prove anything relevant to long-term health of small

preterm survivors of present-day neonatal treatment? We must keep in mind that we

can expect direct evidence on whether e.g. adult cardiovascular morbidity and

mortality are increased in this population around the year 2040 or 2050. However,

several reasons lead us to believe that early life programming of adulthood disease is

likely to have a significant long-term impact on the health of small preterm survivors

throughout adult life.
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1)  Small differences even within the normal range of birth size in term infants are

related to major differences in the risk of coronary heart disease. For example,

within men born in Helsinki at term, a ponderal index of below 25 kg/m3 at birth

indicates a two-fold risk of dying from coronary heart disease compared with a

ponderal index above 29 kg/m3, both within the normal range (Eriksson et al. 1999).

For comparison, a similar difference in risk occurring between groups with a serum

cholesterol concentration of over 8.4 or below 5.2 mmol/l (Pekkanen et al. 1989)

has been subject to major public health interventions. By contrast, postnatal and

often prenatal growth retardation in VLBW infants is frequently severe and may

lead to persistent marked abnormalities in body composition (Reichman et al. 1981;

Giacoia et al. 1997; Fewtrell et al. 2000; Keller et al. 2000; Pianosi and Fisk 2000).

Our findings follow this pattern; alterations in hormonal functions in elderly people

are related to small differences in birth and childhood data (IV, VI), and small

preterm infants exhibit considerable variation regarding both growth data and

hormonal parameters (I, III, V).

2)  Apart from the pathophysiological causes of intrauterine glucocorticoid excess,

VLBW infants are frequently exposed to ante- and postnatal glucocorticoid

treatment. In particular, during the postnatal period extremely potent dosing

regimens have been used in these infants to prevent chronic lung disease or to

promote weaning from a respirator (Cummings et al. 1989). These regimens have

already been associated with an increased risk of cerebral palsy (O’Shea et al. 1999)

and up to a 30% reduction in brain size (Murphy et al. 2001). Our findings of an

association between the foetal F/E shuttle and size at birth (V) as well as between

size at birth and cortisol concentrations and cardiovascular risk factors in adult life

(IV) prompt additional concern about the possibility of increased risk of adulthood

arteriosclerosis and other morbidity.

3)  For obvious reasons, we cannot base estimations about the risk of adulthood

arteriosclerosis in VLBW infants born recently on direct evidence from follow-up

studies. However, studies performed at or just before school-age in children born

preterm argue for the potential for increased risk in these infants. The risk for short

stature, recognized long ago (Ylppö 1919; Kimble et al. 1982), is still present

(Giacoia et al. 1997; Fewtrell et al. 2000), and bone mineral content may be

reduced, particularly in infants with chronic lung disease (Giacoia et al. 1997). A

number of findings in childhood or early adulthood (Table 18) indicate that infants
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born preterm, especially but not only SGA, have reduced lean body mass (Keller et

al. 2000), increased cortisol concentration (Irving et al. 2000), increased rate of

endogenous cholesterol synthesis (Mortaz et al. 2001), increased blood pressure

(Stevenson et al. 2001), increased fasting glucose (Irving et al. 2000) and abnormal

retinal vascularization (Kistner et al. 2002), all significant findings with regard to

risk of later arteriosclerosis and other morbidity.

Table 18. Studies reporting cardiovascular risk factors in surviving preterm infants.
Reference Number of

preterm
subjects

(controls)

Sex Age Selection cr iter ia of
preterm subjects

(controls)

Main result

Keller
et al. 2000

34 (24) MF 5-7 20 VLBW, < 1500 g
14 ELBW, < 1000 g
(BW > 2500 g)

Lowest lean body mass and
muscle power in infants born as
ELBW.

Pianosi
and Fisk 2000

32 (15) MF 8-9 15 with RDS only;
17 with chronic lung disease;
GA < 32 wks
(Healthy term)

Lower oxygen uptake in
children born preterm, whether
chronic lung disease or not

Mortaz
et al. 2001

407 MF 8-12 BW < 1850 g Children born SGA had
reduced cholesterol absorption;
SGA with catch-up growth was
also associated with increased
cholesterol synthesis

Giacoia
et al. 1997

24 (12) MF ~10-15 12 with chronic lung disease,
12 BW-, GA- and sex
matched preterm
(term)

Children born preterm who
have had chronic lung disease
exhibit lower lean body mass
and decreased bone mineral
content, compared with term
infants

Stevenson
et al. 2001

128 (128) MF 15 BW < 1500 g
(age, sex and school matched)

Higher systolic blood pressure
in preterm infants

Irving
et al. 2000

34 (27) MF 23-26 BW < 2000 g;
15 IUGR, 19 AGA

Both birthweight and
gestational age show an inverse
correlation with blood pressure,
fasting glucose and total
cholesterol

Kistner
et al. 2002

14 (33) F 23-30 GA 28-32 weeks
(14 term SGA, 17 term AGA)

Subjects born preterm have
higher blood pressure and
abnormal retinal
vascularization: higher length
index for arterioles and fewer
vascular branching points

BW, birthweight; ELBW, extremely low birth weight (<1000 g); GA, gestational age; IUGR, intrauterine growth
restriction; SGA, small for gestational age; AGA, appropriate for gestational age; RDS, respiratory distress
syndrome; VLBW, very low birth weight (<1500 g).
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4)  On the individual level, bringing up health risks with no means of reducing them

may be unethical. However, there is reason to believe that the proposed risks of

adverse long-term consequences of prematurity can be influenced. Modifying

treatment regimens, such as glucocorticoid treatment, as well as improving nutrition

and optimizing delivery time in severe foetal distress, are obvious options but not

accessible to small preterm infants who have already  passed the postnatal period.

Importantly, recent findings suggest that the long-term health risks of small size at

birth are considerably modified by e.g. social class in adulthood (Barker et al. 2001)

and obesity in childhood (Eriksson et al. 1999), leaving room for later interventions

as well.

With this background, our findings suggest that endocrine programming of

adulthood disease through a highly abnormal early life environment has the potential of

becoming a major health burden as the present-day small preterm infants become

older. These findings call for systematic long-term follow-up studies in small preterm

survivors to detect possible increased risk of cardiovascular disease and other adverse

health consequences and to search for preventive means.
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10. CONCLUSIONS

Both pre- and postnatal growth restriction is common in small preterm infants.

Such growth restriction is reflected in considerable alterations in endocrine systems

such as the IGF system and hypothalamic-pituitary-adrenal axis. Alterations in the IGF

system include reduced IGF-I and IGFBP-3 as well as, at least prenatally, increased

IGFBP-1, and, at least postnatally, an increased proportion of highly phosphorylated

isoforms of IGFBP-1. Infants who have suffered from intrauterine growth restriction

also show reduced inactivation of cortisol to cortisone by placental 11β-HSD2 and

possibly by other foetal or maternal tissues.

Infants of mothers with pre-eclampsia have markedly elevated cord vein IGFBP-1

concentrations. Pre-eclampsia and increased umbilical artery resistance, a marker of

severe foetal distress, are also associated with reduced overall inactivation of cortisol

to cortisone.

Markers of type I collagen turnover, PINP, ICTP and the ICTP / PINP ratio, reflect

size at birth and postnatal growth velocity. PIIINP, a marker of type III collagen

synthesis, reflects postnatal growth velocity. The most robust of these indicators is the

ICTP / PINP ratio, whose sensitivity and specificity in detecting slow postnatal growth

may be sufficient to warrant its use in clinical practice.

Both antenatal and postnatal glucocorticoid treatment are associated with

alterations in the IGF system and collagen turnover. The antenatal treatment protocols

use relatively small glucocorticoid doses, which, when repeated once, are already

associated with increased morbidity. The considerable interindividual variation we

found in placental 11β-HSD2 function is likely to cause similar or larger variation in

foetal glucocorticoid exposure, raising concern for its consequences.

In subjects born at term, small interindividual differences in size at birth,

gestational age and growth in childhood are associated with clear variation in fasting

cortisol, IGF-I and IGFBP-1 concentrations at the age of 65 to 75 years. Further, these

endocrine parameters are related to cardiovascular risk factors, such as elevated blood

pressure and impaired glucose tolerance, arguing for a key role of the hypothalamic-

pituitary-adrenal axis and IGF system in explaining the link between early growth and

adult cardiovascular disease.
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We have shown that the same endocrine mechanisms indicating minor variation in

birth and childhood growth in 65- to 75-year-old subjects, show marked aberrations in

small preterm infants. Our findings suggest that early life programming of adulthood

disease has the potential of becoming a major health burden as present-day small

preterm infants become older. Systematic long-term follow-up studies in small preterm

survivors are therefore warranted to detect possible increased risk of cardiovascular

disease and other adverse health consequences and to search for preventive means.
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