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Abstract

The intention of this thesis was to evaluate the effects of inflammation at very preterm 

birth on subsequent morbidity, as well as on the neuro-protective IGF-system. 

Prospective clinical studies of very preterm infants constituted a base for the evaluation. 

Temporal changes in levels of cytokines were chosen as markers of an induced 

inflammatory response and were evaluated together with components of the IGF-system 

at birth and during the first 3 postnatal days. The studies could describe associations 

between increased levels of pro-inflammatory cytokines and subsequent morbidity. 

Inflammation present in cord blood related to impaired developmental outcome at 2 years 

of age, as well as to changes in components of the IGF-system, which indicates that 

inflammation present already before delivery may injure the immature brain and interfere 

with neuro-protective mechanisms. A postnatal increase cytokines was on the other hand 

associated with early morbidity, such as arterial hypotension and cerebral hemorrhage. 

Concentrations of IGF-I displayed a temporal decrease from birth and onwards, 

suggesting a low endogenous production after very preterm birth. We could show that 

exogenous administration of IGF-I from adult donor plasma elevated low endogenous 

levels of IGF-I in extremely preterm infants to levels similar to those of the healthy fetus. 

In summary, these findings imply that the time point of an induced inflammatory reponse 

appears important for type of subsequent morbidity. This may be of relevance for 

determining an optimal time point of delivery and for intervention with anti-inflammatory 

or protective strategies, with the purpose to decrease brain injury after very preterm birth. 
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Abbreviations 

ALS acid labile subunit 

BBB blood brain barrier 

BP blood pressure 

CA chorioamnionitis 

CBF cerebral blood flow 

Cl clearance 

CNS central nervous system 

CP cerebral palsy 

CSF cerebrospinal fluid 

DTI diffusion tensor imaging 

ELBW extremely low birth weight 

FFP fresh frozen plasma 

FIRS fetal inflammatory response syndrome 

GA gestational age 

GH growth hormone 

GW gestational weeks 

HI hypoxic-ischemic 

hp high phosphorylated 

IFN interferon 

IGF insulin-like growth factor 

IGFBP insulin-like growth factor binding protein 

IGF-IR insulin-like growth factor one receptor 

iNOS inducible nitric oxide synthase 

IUGR intrauterine growth restriction 

IUI intrauterine infection 

IL interleukin 

lp low phosphorylated 

LPS lipopolysaccharide 

MABP mean arterial blood pressure 
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MDI mental developmental index 

MRI magnetic resonance imaging 

NIRS near infrared spectroscopy 

NO nitric oxide 

NOS neurological optimality score 

OL oligodendrocyte 

PVL periventricular leukomalacia 

PDI psychomotor developmental index 

PROM Premature rupture of membranes 

rh recombinant human 

ROP retinopathy of prematurity 

ROS reactive oxygen species 

Th T-helper 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

TNFR tumor necrosis factor receptor 

Vd volume of distribution 

VLBW very low birth weight 

WMD white matter damage 
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Background 

Introduction

Survival of infants born after extremely preterm birth has improved significantly during 

the last two decades, due to improvements in perinatal and neonatal care. However, a 

considerable proportion of these infants survive with neurological and/or cognitive 

impairment. This has been attributed to a reduction in maturation and growth of the 

immature brain, but also to inflammatory insults present before or at preterm birth that 

interact with several fetal organ systems. Increased knowledge concerning mechanisms 

that are associated with perinatal brain injury may serve as a basis for future development 

of neuro-protective strategies for this vulnerable group of infants. This thesis is based on 

clinical studies of very preterm infants with the purpose to elucidate how inflammation 

and growth factors may interfere with brain development. 

Perinatal brain damage in preterm infants 

Incidence/epidemiology

Preterm deliveries are defined as deliveries occurring before 37 completed gestational 

weeks. The preterm delivery rate has increased during the last years and is in Europe 5-

9% and in the United States 12-13% (1). Very preterm birth is defined as delivery before 

32 gestational weeks (GW) and extremely preterm birth is defined as delivery before 28 

GW. According to the Swedish birth registry, 0.9% of the infants were born before 32 

GW and 0.3% before 28 GW in Sweden during 2005 (still birth before 28 GW not 

registered) (K. Källén PhD, personal communication, March 2008). 

Improvements in antenatal and neonatal intensive care resulted during the 1990s in an 

increased survival of extremely preterm infants, which was accompanied by an increased 

number of infants surviving with neuro-developmental impairment, but also increased rates

of survival without impairment (2). Recent studies now report declining rates in peri-
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ventricular leukomalacia (PVL), cerebral palsy (CP) and cognitive impairment in preterm 

infants with very low birth weight (VLBW) or extremely low birth weight (ELBW) (3-5). 

In contrast, the incidence of intra-ventricular hemorrhage (IVH) grade III or parenchymal 

cerebral hemorrhage has not changed (3, 6). The decreased use of postnatal steroids 

during the last years has been suggested to be one reason of improved cognitive outcome 

(7). Despite these positive reports, long-term problems are frequent with 7-17% of 

ELBW infants having neuro-sensory impairments and 13-37% having delays in cognitive 

function (8). An even higher rate of disability has been described in the infants with the 

most extremely preterm birth (9, 10). These problems are also present in ELBW infants 

with normal cerebral ultrasound examinations (11). 

Classification

Brain lesions in preterm infants can be classified into 3 principal categories:  white matter 

damage (WMD), hemorrhages in non-parenchymal areas of the brain and lesions in other 

locations, such as cerebellum, basal ganglia and brain stem (12). WMD is the most 

important lesion and is today considered to comprise not only focal or diffuse WMD, but 

also parenchymal hemorrhage and ventricular enlargement (12). Hemorrhages in non-

parenchymal areas of the brain can be graded according to the distribution of bleeding 

and can be either subependymal (grade I), intraventricular without ventricular dilatation 

(grade II) or intraventricular with ventricular dilatation (grade III) (13). Hemorrhagic 

lesions are often associated with WMD and it has been suggested that the two lesions 

share common etiologies (14). It has recently been proposed to abandon the grading 

scheme of hemorrhages in favour of a descriptive classification according to the 

localization of the hemorrhage (15). 

Assessment of perinatal brain damage 

Cerebral ultrasound 

Cerebral ultrasound has been used as a standard non-invasive bedside technique, since 

more than 25 years. It is easy to perform and to repeat, since it causes little disturbance 

even in sick preterm infants. Cerebral ultrasound detects echodensities or echolucencies 
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as well as enlarged ventricles and signs of brain atrophy, defined as enlarged subarachnoid 

spaces or widened interhemispheric fissures. Cerebellar lesions or other lesions in the 

posterior fossa may be more difficult to diagnose with cranial ultrasound. Hemorrhages 

often present as echodensities and can be classified according to the definiton above. 

Parenchymal echodensities are often triangular shaped and located adjacent to the 

ventricular system. They are proposed to be secondary hemorrhages into an ischemic 

area. They usually evolve into a porencefalic cyst, often incorporated with the lateral 

ventricle. IVHs are frequently accompanied by ventricular dilatation, which is caused by 

impaired drainage of cerebrospinal fluid (CSF) from the ventricular system. Ventricular 

dilatation is further seen in association with white matter injury. 

WMD may present as both echodensities and echolucencies. Usually a diffuse transient 

echodensity is the earliest sign on cerebral ultrasound, which may disappear, persist or 

evolve into cystic lesions. Periventriular echodenistes that persists for more than 7 days 

are usually considered to be a sign of WMD. PVL or cystic WMD in preterm infants can 

be divided into two entities, localized and extensive PVL. Extensive PVL is defined as the 

presence of multiple cysts, often located around the occipital horns of the lateral 

ventricles. They often develop within the first 2-3 weeks of life. Localized PVL is defined 

as the presence of smaller often singular cysts that usually are located fronto-parietally. 

These localized cysts are often transient. In a majority of infants, cysts develop beyond 

the first postnatal month and are often no longer visible at term age. Transient cysts are 

often followed by mild ventriculomegaly present at term (16, 17). In a study of very 

preterm infants with CP, major ultrasound abnormalities were detected after the first 4 

postnatal weeks in almost one third of the infants (18). The detection of late or transient 

changes will therefore rely on sequential ultrasound examinations performed from birth 

and until term age (19). 

Cerebral ultrasound can detect other changes than WMD which may be predictive of 

abnormal neurological outcome. Poor growth of corpus callosum during the first 

postnatal weeks, as well as signs of brain atrophy at term defined as enlarged 
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subarachnoidal spaces, widened inter-hemispheric fissure and a reduction in complex 

gyral folding have been associated with neuro-cognitive impairment and CP (20, 21). 

Magnetic Resonance Imaging (MRI) 

The MRI technique has developed rapidly during the last decade and is currently a 

valuable tool in clinical assessment of brain structure and outcome prediction in preterm 

infants. The most optimal time point for MRI scan of preterm infants is considered to be 

at term age, when myelination in the posterior limb of capsula interna starts to develop 

and can be compared to that of infants born at term (22). MRI has a better ability of 

detecting diffuse WMD, as compared to cranial ultrasound (23, 24). Diffuse WMD at 

term age has been defined by MRI as diffuse excessive high signal intensities (DEHSI) on 

T2 weighted images, reduction in white matter volume and ventricular dilatation (25-27). 

White matter changes are often accompanied by grey matter changes, defined as enlarged 

sub-arachnoidal space, immature gyral folding as well as reduced cortical surface (26, 28). 

MRI has also been used to estimate cerebral volumes in gray and white matter. Preterm 

infants have a reduction in grey matter as well as in white matter volume, accompanied by 

an increase in CSF volume as compared to infants born at term (26, 29). Infants with 

white matter injury have in addition delayed maturation of white matter tracts, as defined 

by diffusion tension MRI (30-32). Many of the above described changes are persistent, 

where reduced volume in different cerebral regions, delayed maturation of white matter 

tracts as well as altered anatomical brain structure, can be demonstrated at school age and 

during adolescence and are accompanied by cognitive impairment (33-37). 

Neuropathological features of cerebral white matter damage 

WMD is the most important cerebral lesion, associated with developmental outcome. 

During the last years, it has become evident that WMD can be divided into two principal 

components, focal and diffuse WMD. Focal WMD or periventricular leukomalacia (PVL) 

is today infrequent, whereas a high proportion of very preterm infants have diffuse WMD 

(3, 26). Focal WMD is located deep in cerebral white matter, at the distribution areas of 
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the end-zones of the long penetrating arteries. It is characterized by necrosis of all cellular 

components and subsequent macroscopic cyst formation. 

Diffuse WMD is characterized by diffuse injury to oligodendrocyte (OL) precursors, 

astrogliosis and infiltration of microglia and is located at the border zones between the 

individual long penetrating arteries and at the end-zones of the short penetrating arteries. 

The distal fields of the long and short penetrating arteries respectively are not completely 

developed in preterm infants rendering these watershed territories susceptible to ischemia 

(38).

Pathogenesis of cerebral white matter damage 

The principal feature of WMD is a chronic disturbance of myelination in preferentially 

central (and deep) white matter. The hypomyelination is caused by damage to the myelin-

producing cells in the white matter, the oligodendrocytes. There is no evidence of primary 

acute cortical damage to neurons, although cortical volume loss has been demonstrated 

with MRI in infants with WMD (39, 40). The reduction of cortical volume has been 

explained by a chronic disturbance of cortical neurons, secondary to injury to axons 

crossing the white matter and/or to damage of sub-plate neurons spreading throughout 

the white matter (39). The human OL lineage consists of 3 stages (1) the preOLs, (2) the 

immature OLs and (3) the mature OLs. WMD develops primarily between 24 to 32 GW 

and during the same period, the white matter is mostly populated by preOLs. Mature OLs 

are detected between 30 and 35 GW, with the first evidence of myelinogenesis in 

periventricular white matter, appearing around 30 GW (41). The preOLs have an 

increased vulnerability to NO-mediated and oxidative injury, whereas mature OLs are 

resistant to such injury (42, 43). 

Either ischemia and feto-maternal infection or a combination of both of these insults lead 

to injury of developing OLs, which have been identified as the key cellular target in 

diffuse white matter injury. Ischemia is followed by excitotoxic cell damage, influx of 

calcium into the cell and subsequent production of reactive oxygen species (ROS), which 

is followed by later activation of microglia that may last several weeks. Feto-maternal 
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infection results in activation of the innate immune system and a subsequent 

inflammatory response which is mediated by activated microglia and astrocytes and 

includes release of cytokines, ROS and nitric oxide (NO) (44-46). This inflammatory 

response may last for weeks (Fig 1). 

Microglia

Hypoxia-ischemia Infection

Microglial activation

GlutamateCytokines
ROS / RNS

Oligodendrocyte death

Figure 1. Microglia plays a central role 

in the pathogenesis of white matter damage. 

ROS, reactive oxygen species RNS, 

reactive nitrogen oxygen species. Adapted 

from Khwaja et al 2008. 

Risk factors for brain injury and impaired developmental outcome 

The very preterm infant encounters a multitude of different influences with a possible 

damaging effect to the immature brain. A schematic description of factors which may 

interfere with brain development is given in Fig 2. 

Birth related
stress

Growth factor deprivation

Fetal life       Premature Birth Postnatal life

Inflammation

IUGR
Preeclampsia

PROM
Infection

Steroids
Dopamine

Nutrition

Angiogenesis
Synaptogenesis

Myelinisation
Migration

Genetic variability

Figure 2. Antenatal and neonatal risk 

factors associated with brain injury during 

the transition from fetal to neonatal life in 

preterm infants. PROM, premature rupture 

of membranes; IUGR intrauterine growth 

restriction.
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Gestational age and gender 

The most important risk factors are decreased GA at birth and reduced BW, with low GA 

being considered to be most predictive of the two (47-50). The disadvantage of male sex 

at preterm birth has been described in many studies, but the biological mechanisms 

behind this gender-related difference are less well understood (9, 50-53). 

Antenatal and neonatal infection 

Clinical and histological signs of feto-maternal infection and premature rupture of 

membranes (PROM) are all significant risk factor for impaired neurological and 

pulmonary outcome in preterm infants. These risk factors are part of the main theme of 

this thesis and will therefore be expanded upon below. Additionally, not only antenatal 

but also postnatal infection has been associated with poor outcome (54, 55). 

Intrauterine growth restriction (IUGR) 

Preeclampsia is together with antenatal infection a common antecedent to preterm 

delivery and is often accompanied by intrauterine growth restriction (IUGR) and with 

abnormal fetal blood flow, indicative of fetal hypoxia. The risk of cerebral abnormalities 

as detected by ultrasound or MRI and of CP appears lower than in deliveries associated 

with maternal infection (26, 56, 57). However, impaired fetal blood flow and preeclampsia 

have been related to impaired cognitive outcome (58, 59). IUGR was not related to an 

increased risk for CP in one case-control study, whereas another study did show an 

increased risk (60, 61). 

Postnatal growth, chronic lung disease and postnatal steroid treatment  

Postnatal growth retardation due to insufficiency in meeting intrauterine nutritive 

requirements is common after extremely preterm birth and has been a predictive factor 

for poor neuro-developmental outcome and CP (62). In the same study, treatment with 

postnatal steroids was associated with impaired development and growth. The use of 

postnatal steroids as a treatment of chronic lung disease has decreased significantly during 

the last years, due to reports where postnatal steroids have been associated with both CP 
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and neuro-cognitive impairment (63). Further, chronic lung disease is by its own an 

independent risk factor for CP and impaired outcome (48, 50, 64-66). 

Cerebral abnormalites 

Abnormalities in white and grey matter confirmed by ultrasound or MRI are strong 

predictors of CP, as well as of neuro-cognitive delay (50, 52, 65, 67-69). In infants with 

CP, ultrasound abnormalities were present in almost 80% and abnormalities identified by 

MRI were present in almost 90% of the performed examinations with white matter 

changes being the most common (18, 70). Extensive cystic PVL which today is declining 

in incidence is the lesion that shows the highest correlation with CP, where almost all 

infants (>90%) develop CP (3, 17, 18). The correlation between IVH grade III and CP is 

weaker, but still significant with about 40% developing CP (18). Additionally, IVH grade 

III irrespective of development of CP represents a risk of future cognitive impairment 

(18, 67). 

Arterial hypotension and cerebral blood flow (CBF) 

Systemic hypotension and low ventricular output are common during the first 24 h after 

very preterm birth (71, 72). Additionally, CBF is low in the immediate postnatal period, 

but is followed by a gradual increase, which has been suggested to be a result of increased 

cardiac output (34, 71, 72). 

Previously hypotension was considered to be a risk factor of WMD/PVL, which may be 

theoretically expected, since white matter changes are located within watershed areas in 

the brain. More recent studies have however not observed an association between low 

blood pressure and brain injury, as defined by cerebral ultrasound (73, 74). This may be 

explained by a poor correlation between mean arterial blood pressure (MABP) and CBF 

as estimated by near infrared spectroscopy (NIRS). Infants with systemic hypotension 

may have a reduced CBF but may equally preserve an adequate CBF (75-77). Cerebral 

auto-regulation maintains an adequate CBF despite changes in systemic blood pressure. 

The opposite situation occurs, when fluctuations in blood pressure (BP) are accompanied 

by changes in CBF, which is defined as pressure passivity, probably due to immaturity of 

vasoregulatory mechanisms (78). Pressure passivity correlates with systemic hypotension, 
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but can also be transiently present during periods with normal BP in preterm infants (75, 

78). Since blood flow to cerebral white matter is extremely low in preterm infants, 

pressure passivity during systemic hypotension may impair cerebral oxygen delivery 

preferentially in peri-ventricular white matter (79, 80). 

Genetic risk factors 

The importance of genetic factors influencing both the probability of preterm birth, as 

well as subsequent infant outcome has been emphasized in recent studies. Polymorphisms 

of genes associated with production of cytokines have been studied, where genotypes 

associated with increased production of IL-6 have been related to impaired cognitive 

outcome and those associated with increased production of IL-10 to a more favourable 

outcome in preterm infants (81, 82). Genotype-phenotype association studies require 

large study samples and carefully matched controls to reach sufficient power, which can 

be difficult to achieve in the preterm population. In addition, ethical aspects must be 

considered (83, 84). 

The fetal and neonatal immune system 

The immune system is divided into two different response systems, the innate immune 

response and the adaptive immune response. The innate immune response is an immediate non-

specific reaction to foreign antigens. The primary effector cells of innate immunity are 

phagocytic cells (neutrophils, monocytes, macrophages) and natural killer cells. These cells 

promote migration and chemotaxis, with the purpose to ingest and destroy microbes. The 

recognition of microbial antigens by the innate immune system is effectuated by pattern 

recognition receptors, where the toll-like receptors (TLR) have a key role. The TLRs are 

trans-membrane proteins with one extra-cellular and one cytoplasmic domain, that 

recognize antigens either present on the cell membrane or within the cell. Coupling of a 

ligand to the TLR receptor, results in activation of an intra-cellular signalling cascade and 

release of the transcription factor NF- , which induces activation of inflammatory 

cytokine genes. Different adaptor proteins are essential for the intracellular signalling 

cascade, where the major signalling pathway use the adaptor protein myelin differentiation 
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factor (MYD88) (85). The TLR system is dynamic and can be activated not only by 

exogenous microbial agents, but also by endogenous inflammatory stimuli (86). 

The adaptive immune system mediates a slower and specific immune response. It consists 

of lymphocytes that are activated by antigen presenting cells from the innate immune 

system. The lymphocytes are capable of expressing two types of responses; a cellular 

response which is mediated by two subgroups of T-lymphocytes, either T-helper cells 

(CD4+ cells) or cytotoxic T-cells (CD8+cells) and a humoral response mediated by B-

lymphocytes which upon activation produce antibodies (IgA, IgD, IgE, IgG, IgM) (87). 

Both the innate and adaptive immune systems are developed and functional in the fetus 

but have a decreased capacity especially in the response to foreign antigens as compared 

to the adult immune response (88). 

Cytokines

The interaction between and within the adaptive and innate immune systems is regulated 

by specific proteins collectively named cytokines, with a molecular mass of less than 30 

kDa. These cytokines act as messengers of the immune system and regulate the intensity 

and duration of the immune response, by stimulating or inhibiting various immune cells 

and by regulating the secretion of antibodies or other cytokines. Cytokines act in an 

antigen non-specific manner, by binding to specific receptors on immune cells with a high 

affinity. The maintenance of antigen specificity is on the other hand regulated by the 

immune cell, which after interaction with an antigen expresses cytokine receptors on the 

cell surface. 

Cytokines are primarily produced by macrophages and lymphocytes (Th cells). Production 

occurs in cascades, where release of some cytokines stimulates synthesis of other 

cytokines, which in turn controls production of previously released cytokines. In contrast 

to hormones that mediate endocrine effects, cytokines principally exert their effects at a 

short distance in an autocrine or paracrine fashion. The principally local actions of 

cytokines may be necessary due to their short half-life after secretion (89). 
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Polarization of T-helper cells (Th1/Th2) 

T-helper cells are lymphocytes that can be divided in two subpopulations, Th1 and Th2 

cells, which are designated to eliminate different type of pathogens and that produce 

different types of cytokines. The cytokine Interleukin (IL)-12 is the principal protein that 

induces Th1 differentiation, whereas IL-4 is critical for differentiation of Th2 cells. The 

Th cell subpopulations are however heterogenous and classification into Th1/Th2 

subsets must be viewed as an approximative paradigm (90). 

The Th1 cells produce interferon-gamma (IFN- ), IL-1, IL-2 and tumor necrosis factor 

(TNF), promoting phagocyte dependent inflammation and cell mediated immunity. The 

Th2 cells produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13, which inhibit phagocyte 

functions and evoke antibody responses. In this perspective, the Th1 cytokines are 

considered to induce pro-inflammation, whereas the Th2 cytokines are considered to 

modulate or depress an inflammatory response, although Th2 cytokines in addition are 

capable of inducing phagocyte-independent inflammation. The balance between Th1 and 

Th2 polarization is dependent on genetical and environmental factors including properties 

of the microbial antigens (90, 91). This is exemplified by studies showing that gram-

positive and gram-negative bacteria induce different cytokine profiles (92, 93). 

In pregnancy, there is a reduced production of Th1 cytokines and increased production of 

Th2 cytokines. Shifting of balance towards Th2 polarization damps the fetus immune 

response and is an adaptive mechanism to preserve pregnancy. An imbalance in this 

polarization towards Th1 production of cytokines, may result in fetal loss or preterm birth 

(94). It has been proposed that intrauterine infections (IUI) may interfere with the 

Th1/Th2 balance during pregnancy which may result in preterm labour (85, 87). 

Increased concentrations of Th1 cytokines have been observed in placentas and in 

peripheral blood of women with preterm delivery (95, 96). 

The Th2 predominance in preterm and newborn infants is followed by a reduced 

production of Th1 cytokines, thus impairing the infant’s defense against microbial 

antigens, making them more susceptible to invasive infections. Mononuclear cells in cord 

blood have a reduced production of IFN- , probably due to a concomitant reduced 
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production of the IFN-  inducing cytokines IL-12 and IL-18, as compared to adult cells 

(88). Neonatal macrophages have an impaired Th1 cytokine response to exposure of 

lipopolysaccharide (LPS), the endotoxin of gram-negative bacteria. This has been 

attributed to an unresponsiveness of the innate immune system and the TLR signalling. 

Although basal expression of TLRs are similar in newborns when compared to adults, the 

activation after stimulation seems to be different with an up-regulation of TLR2 but not 

of TLR4 (85). A reduced expression of TLR4 and decreased production of the adaptor 

protein MYD88 has been observed in monocytes from preterm infants, as compared to 

term infants and adults (97, 98). 

The production of IL-6 is relatively higher than production of TNF-  after stimulation of 

the TLRs in neonatal monocytes in line with a polarization towards a Th2 inflammatory 

response (99). Adenosine is an ATP metabolite that is increased by ATP degradation in 

response to metabolic stress, presenting at significantly higher levels in plasma from 

newborn infants than in adults (100). Adenosine is produced by the placenta and crosses 

the placental-fetal barrier and has been suggested to have anti-inflammatory and Th2 

polarizing properties. Stimulation of the adenosine receptor results in decreased 

production of TNF-  and NO and in increased production of IL-10 after LPS stimulation 

in vitro (101). The selective inhibition of TNF-  production described in neonatal cord 

blood monocytes seems to be mediated by adenosine through the TLR2 pathway (100). 

Although several studies indicate that preterm and also term newborn infants have an 

immature immune system, others suggest that they are capable of mounting a significant 

inflammatory response. Higher levels of pro-inflammatory cytokines in cord blood as well 

as enhanced synthesis of IL-6 and IL-8 after LPS stimulation as compared to adults have 

been observed in preterm infants (102, 103). The counter regulatory anti-inflammatory 

response that follows an initial inflammatory response seems however, to be decreased in 

newborn and preterm infants (104). 
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Fetal inflammation 

Definition

The fetal inflammatory response syndrome (FIRS) was originally defined as an elevation 

of fetal plasma interleukin (IL)-6 concentration in fetuses with preterm labour or PROM 

(105). FIRS is the fetal counterpart of the systemic inflammatory response syndrome 

described in adults (106). There are several target organs for FIRS including the brain, the 

lung, the hematopoetic system, the heart, the adrenal and the skin (107-109). 

Histologically, FIRS is characterized by fetal vasculitis which is described as presence of 

polymorphonuclear leukocytes in the blood vessel walls of the chorion (chorionic 

vasculitis) and in the umbilical cord (funisitis) (110). Funisitis is associated with 

endothelial activation and up-regulation of adhesion molecules, resulting in transmigration 

of leukocytes and tissue damage (111). 

The maternal inflammatory response to an intrauterine infection is chorioamnionitis (CA) 

and the leukocytes that invade preterm fetal membranes have been described to be of 

maternal origin (112). On the other hand, polymorphonuclear leukocytes in amniotic fluid 

have been identified as fetal in women with preterm labour (113). Histological CA has a 

higher predictive value for abnormal neurological outcome than clinical CA (114). 

Further, it has been proposed that fetal rather than maternal inflammation is associated 

with fetal organ injury and later neurological impairment (65, 110, 115-117). 

Etiology

Intrauterine infection (IUI) is considered to be a major cause of preterm labour. The 

frequency of histologic CA increase with decreasing GA (118). One of the most common 

routes for microorganisms to gain access to the intrauterine cavity and to the fetus is by 

an ascending infection from the vagina or cervix. Other routes are hematogenous 

dissemination of microorganisms through the placenta, retrograde seeding through the 

peritoneal cavity or accidental introduction of microbes during invasive procedures (109, 

118) (Fig 3). 
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Figure 3. The ascending route of intrauterine infection. 

Adapted from Romero et al 2006. 

Microorganisms that are frequently associated with IUI are ureaplasma urealyticum,

fusobacterium species and mycoplasma hominis (118). There is now increasing evidence that 

intra-amniotic microbes may be present long before delivery without any overt clinical 

symptoms. The maternal and fetal genotypes and the innate and adaptive immune system 

may determine if an invasive IUI occurs or not (118). PROM early in pregnancy is closely 

associated with IUI and with a high prevalence of intra-amniotic inflammation. Presence 

of intra-amniotic inflammation independent of presence of microbes has been associated 

with early spontaneous delivery and adverse neonatal outcome (119, 120). 

The fetal inflammatory response can initiate preterm labour, which is thought to be a 

survival mechanism to prevent the fetus from remaining in an inflamed intrauterine 

environment with the risk of progressive organ damage (121). Cytokines play a central 

role in initiation of preterm labour, an active contribution has especially been ascribed to 

IL-1  and TNF-  (107, 109). Increased levels of IL-6, IL-8 and IL-18 in cervical and 

amniotic fluid women with preterm labour was a strong predictor of histological 

chorioamnionits, and an increase in maternal serum levels of IL-6 before delivery in 

women with preterm PROM was predicitive of funisitis (122, 123). The inflammatory 
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response produced in gestational tissue after preterm labour is counter regulated by a 

negative feed back loop where IL-10 plays a central role (94, 124). Available studies on 

placental transfer of cytokines between the maternal and fetal circulation are contradictory 

(125, 126), and LPS-stimulation seems to cause different cytokine responses in preterm 

and term placentas (127). Preterm labour can be initiated without IUI. Placental vascular 

diseases have been associated with production of pro-inflammatory cytokines as well as 

with a reduction of the modulatory cytokine IL-10, which may increase the risk of 

preterm labour (128-130). 

Fetal inflammation and perinatal brain damage 

Experimental studies 

The immature brain is vulnerable to hypoxic and inflammatory insults, where the 

immature oligodendrocytes are particularly sensitive. Extensive research has been 

performed using LPS to evaluate the effects of induced inflammation. LPS is a 

component of the bacterial wall of gram-negative bacteria and consists of a 

polysaccharide chain and a lipid component (lipid A). LPS is an endotoxin where lipid A 

exerts the toxic effect and can induce a strong response from the innate immune system. 

The effects of LPS are mediated through interaction with the TLR4 receptor located on 

the immune cell. TLR-signalling activates intracellular events such as induction of the 

transcription factor NF- , which induces production of cytokines. Microglia are 

macrophages located within the central nervous system (CNS) and are the only glial cells 

that express TLR-4 receptors (131). Presence of TLR4 receptors and therefore of 

microglia is essential for the damaging effect of LPS to immature OLs (131). 

Routes of induced inflammation 

Different routes of LPS administration have been used in animal models to evaluate the 

hypothetically damaging effects to the immature brain. LPS has been administrated either 

directly to the fetus (intravenously, intracerebrally) or to the mother (intravenously, 

intraperitoneally, intrauterine, peripherally) (132). Fetal LPS administration is generally 

associated with more extensive structural brain lesions than maternal administration. It is 
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not clear how the inflammatory response induced by LPS is mediated to the brain. 

Peripheral LPS can bind to receptors of endothelial cells in the brain and does not seem 

to cross the blood brain barrier (BBB) (133). Instead, LPS seems rather to modulate the 

passage over BBB (134). Intraperitoneal LPS administration in rats and opossums was 

associated with increased BBB permeability preferentially located within white matter and 

restricted to periods during early fetal development (135).  

Fetal intracerebral administration of LPS directly in to the subcortical white matter of rat 

fetuses, induced white matter injury with increased expression of the pro-inflammatory 

cytokines TNF- , IL-1  and IL-6 and of inducible nitric oxide synthase (iNOS) as well as 

loss of oligodendrocyte precursors. No lesions in the grey matter were observed. (131, 

136, 137).

Fetal intravenous LPS administration to preterm lamb fetuses results in similar changes as 

intracerebral administration, with both cystic and diffuse white matter lesions as well as an 

inflammatory response with activation of NF-  (138-142). Interestingly, in two of the 

studies where low dose LPS was administrated data indicated that the brain injury in fact 

was induced by inflammation and not by cerebral ischemia (140, 142). On the other hand 

intravenous administration of high dose of LPS has been observed to impair 

compensatory mechanisms to hypoxemia with a reduction in both placental and cerebral 

blood flow (143). 

Maternal intravenous or intraperitoneal LPS administration studied in rats and mice is 

considered to induce a milder injury than fetal intravenous or intracerebral administration 

with only higher LPS doses appearing to affect the fetal brain. LPS has not been proven 

to pass the placenta and probably exerts indirect effects on the fetal brain by other 

mediators of inflammation (144, 145). Increased cytokine expression in the fetal rat brain 

can however be detected as early as 1 h following maternal LPS injection (146). Besides 

white matter injury one study observed additional injury in deep gray matter (147). 

Maternal intrauterine LPS administration can be either intracervical or intraamniotic and 

is considered to mimic chorioamnionitis better than intraperitoneal administration. This 
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route of LPS exposure has been applied to both rat and sheep models. Similar to maternal 

intraperitoneal or intravenous administration the resulting lesions are milder than with 

fetally administrated LPS and consist of subcortical white matter changes accompanied by 

hypomyelination as well as grey matter lesions. No cystic lesions have been detected (148, 

149). An inflammatory response in the fetal brain has been shown within hours after 

intrauterine LPS administration with activation of TNF-  and IFN-  as well as up-

regulation of several Th1/Th2 pathway genes for cytokine production (150, 151). 

An association between detected white matter changes and subsequent neuro-cognitive 

function following LPS administration has not yet been proven (152). However, LPS 

administrated to pregnant rats has been associated with behavioural changes in the adult 

offspring (153). 

Tolerance/sensitization

Sensitization occurs when an insult e.g. antenatal inflammation makes the tissue vulnerable 

to another later insult e.g. hypoxia-ischemia (HI). Antenatal administration of LPS induces 

a sensitizating effect that can last for up to 2 weeks in immature animals. Sensitization 

may be involved in the clinical observation where antenatal infection was associated with 

an increased risk of CP in term infants as compared to asphyxia alone (154). 

Preconditioning or tolerance is defined as an event where a prior insult (inflammation or 

hypoxia) makes the tissue less sensitive to a severe insult that is initiated after a time delay. 

Activation of NF-  is involved in LPS preconditioning but the role in the immature 

brain is unclear. The protective effect of hypoxic preconditioning may last for several 

weeks in the immature brain and includes a stimulation of cerebral vascularisation (155, 

156). Hypoxic preconditioning can induce a vascular response with an increase in vascular 

density (157). 

The time interval between the first and second insult defines whether sensitization or 

tolerance will occur. The same dose of LPS increased the immature brain vulnerability to 

HI when administrated at 6 h or 3 days before HI but conversely had protective effects 
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when administrated 24 h before HI (156, 158). Similarly a low dose of LPS 24 h before a 

subsequent high dose LPS had a protective effect in pregnant mice (159). 

Role of cytokines 

Pro-inflammatory cytokines are directly involved in mechanisms inducing cerebral injury. 

Cytokines are produced within the brain by activated microglia and astrocytes. Increased 

expression of pro-inflammatory cytokines (IL-2, TNF- , IL-1  and IFN- ) have been 

observed in human neonatal brains affected by PVL (160-164). Pro-inflammatory 

cytokines are involved in cytotoxic injury to oligodendrocyte precursors and neurons 

through several mechanisms such as induction of excitotoxicity (glutamate), increase in 

apoptosis (caspase activity) and increased production of NO. 

TNF-

TNF-  belongs to a family of both ligands and receptors, which are expressed in the cell 

membrane indicating local sites of action under normal conditions (165). TNF-  plays a 

role in embryogenesis and is involved in modulation of synaptic connectivity (166, 167).

The biological effect of TNF-  is mediated primarily by interaction with the tumor 

necrosis factor receptor (TNFR)-1 and TNFR-2. TNFR-1 is expressed by all cells whereas 

TNFR-2 is expressed mainly by immune cells and endothelial cells. Generally TNFR-1 is 

considered to mediate apoptosis whereas TNFR2 mediate anti-inflammatory and anti 

apoptotic functions, however the two receptors seem to cooperate. In addition TNFR1 

mediates activation of the transcriptional factor NF-  (165, 168).

TNF-  is considered to be a key cytokine in inflammatory and ischemic brain damage. 

After intravenous LPS injection to healthy adults, TNF-  is the first cytokine that appears 

in plasma within 1 h after LPS administration and the protein expression is accompanied 

by an parallel increase in gene expression (169). Several studies have shown deleterious 

effects of TNF-  on both the immature and mature brain. TNF-  inhibits proliferation in 

neural precursor cells (170), induces apoptosis in immature oligodendrocytes and in 

neurons (171, 172) and facilitates glutamate dependent excitotoxicity (166). Over-

expression of TNF-  in transgenic mice evokes astrogliosis, hypomyelination and 
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activation of microglia (173). Further, TNF-  seems to modulate capillary BBB 

permeability (174). 

TNF-  can also participate in repairing processes, such as oligodendrocyte regeneration 

(175). It has been proposed that TNF-  exerts a toxic effect during acute injury, but 

promotes repair mechanisms during the chronic post-injury period (168, 176, 177).This 

dual role by TNF-  is considered to be mediated by activation of different TNF receptors 

(132, 168, 178). In experimental settings TNF-  administrated at the time of ischemia 

exacerberates brain injury, whereas preconditioning with LPS or TNF-  suppress the 

deleterious effects of TNF-  at the time of ischemia (179, 180). 

IFN-

Expression of the Th1 cytokine IFN-  is induced by IL-12 and IL-18 (90). After LPS 

stimulation, production of IFN-  is detected after 24 h i.e. significantly later than other 

pro-inflammatory cytokines (181). In the brain IFN-  may be primarily produced by 

astrocytes (45). IFN-  participates in similar neurotoxic pathways as TNF-  and the 

cytotoxic effects of IFN-  seems to be potentiated by TNF-  (160, 170, 172, 182). The 

OLs appear to be especially vulnerable to IFN-  mediated toxicity, where the immature 

OLs seem to have the highest susceptibility (183, 184). Combination of LPS and IFN-

had an additive effect on oligodendrocyte cytotoxicity and was accompanied by increased 

NO production especially in the differentiated cells. Immature human OLs express IFN-

receptors and an increased expression of IFN-  has been observed in neonatal brains with 

PVL (160). After intrauterine LPS IFN-  was detected only within the fetal brain but not 

in placenta or in other fetal tissue (150). 

IL-1

IL-1  is synthesized as a precursor protein which is cleaved to its active form by the 

enzyme caspase IL1-1  and is together with TNF- , IFN-  and IL-18 expressed in the 

brain after ischemic or inflammatory brain injury. IL-1  activates NF-  signalling after 

HI injury and induces production of IL-6, TNF-  and NO (176, 185, 186). Presence of 

IL-1  after traumatic injury has been associated with up-regulation of nerve growth 

factors and promotes remyelination, also suggesting a role of IL-1  in repairing processes 
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(176). Both TNF-  and IL-1  seem therefore important in the inflammatory process 

beneficial for recovery. 

IL-18

IL-18 belongs to the IL-1 family of cytokines and its precursor protein is triggered by the 

same pathway as IL-1 . It activates the transcription factor NF-  by interaction with the 

IL-18 receptor and is a strong inducer of Th1 mediated immune response. IL-18 is 

expressed primarily in the developing brain and is down-regulated thereafter (187). After 

exposure to HI injury, IL-18 is expressed in astrocytes and microglia and has been 

associated with development of white and grey matter injury in vivo (188, 189). 

IL-10

IL-10 is an anti-inflammatory or modulatory cytokine that down-regulates pro-

inflammatory cytokines. The balance between pro- and anti-inflammatory cytokines has 

been suggested to be important in the context of brain injury. Although counter-

regulatory mechanisms seem to be present in preterm infants with systemic infections, a 

decreased anti-inflammatory capacity has been observed in term and preterm infants (104, 

190). IL-10 has neuroprotective effects after inflammatory insults in vivo (191, 192). IL-10 

reduces white matter injury by suppressing microglia activation and by inhibiting 

endogenous NO-production in oligodendrocytes in vitro (184, 193). 

IL-6

IL-6 is often expressed together with TNF-  and IL-1  in brain injury models, but the 

individual contribution of IL-6 to brain injury has been questioned (194). It is released 

after TNF-  and the release seems partly to be triggered by TNF-  (195). Although 

frequently detected during inflammatory conditions, IL-6 seems rather to play an anti-

inflammatory role by controlling the release of pro-inflammatory cytokines (196). 

IL-8

IL-8 is a chemokine that is predominantly produced by monocytes and macrophages and 

participates in the innate immune response by mediating recruitment of neutrophil 

granulocytes. It has been considered to be a sensitive marker of both maternal and 
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neonatal infection and shows a more prolonged increase after LPS-stimulation than TNF-

 (181, 197). IL-8 induced chemotaxis increases after birth stress which has been 

suggested to enhance capacity of the newborn immune response (198). 

Clinical studies 

Maternal fever, PROM, chorioamnionitis and funisitis are all indicative of an ongoing 

antenatal inflammation and have in a large number of studies been related to IVH, 

PVL/WMD, CP as well as later neurocognitive impairment in preterm infants (26, 57, 

116, 117, 199-204). 

Increased levels of pro-inflammatory cytokines or other markers of inflammation in cord 

blood at delivery indicate the presence of a fetal inflammatory response. In preterm 

infants, an elevation of IL-1 , IL-6, IL-8 and IL-18 as well as activated T-lymfocytes and 

neutrophils in cord blood have been associated with PVL/WMD and with CP (205-210). 

Indeed, presence of an inflammatory response in cord blood has been associated with 

cerebral lesions detected by MRI shortly after delivery (205). These studies together 

strongly suggest that the inflammatory response associated with brain damage is initiated 

in utero and that fetuses responding to an inflammatory stimuli have a higher risk of 

cerebral injury (205). 

Early postnatal cytokines have not been so extensively studied as cord blood cytokines. In 

one study an increase in IL-6 concentrations up to >100 pg/ml within the first 12 

postnatal hours was predictive of IVH grade III or parenchymal hemorrhage (211). 

Some studies have failed to show associations between IUI, cytokines in cord blood or  

neonatal blood and later neurological morbidity (56, 212, 213). These studies will be 

discussed below. 

Antenatal inflammation has been associated with hemodynamic impairment in the fetus 

and the preterm infant. Fetuses to mothers with preterm PROM have echocardiographic 

signs indicating diastolic dysfunction (108). Histological signs of feto-maternal infection 

(chorioamnionitis, fetal vasculitis) and increased cord blood concentrations of IL-6 have 
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been associated with decreased blood pressure and cardiac hemodynamic changes 

corresponding to increased cardiac output during the first postnatal hours in very preterm 

infants (214). Increased cardiac output suggests lower systemic vascular resistance. 

Cytokines up-regulate the endothelial production of prostaglandins and NO, substances 

that decrease vascular tone (106, 214). Oxidative stress has also been suggested to play a 

role in vascular dysfunction induced by inflammation. Administration of LPS to adults 

induces vasodilatation that is reversed by antioxidants (215). Catecholamines 

(epinephrine, norepinephrine and dopamine) are substances that exert hemodynamic 

effects by interfering with cardiac output as well as vascular tone. A stress response with a 

concomitant increase in catecholamines can modulate cytokine profiles towards an anti-

inflammatory response with inhibition of production of TNF-  and IFN-  and with 

enhanced production of IL-6 and IL-10 (216, 217). 

Whether circulatory cytokines pass the BBB is unclear, however experimental studies 

have demonstrated that cytokines and chemokines can modulate BBB permeability (177, 

218-220). In preterm infants, cytokine concentrations in cerebrospinal fluid (CSF) and 

plasma did not correlate with each other, which however, may be related to the varying 

interval between the CSF and blood sampling, up to 24-48 h in some infants (221, 222). 

Concentrations of cytokines in CSF in preterm infants have been related to feto-maternal 

infection as well as to neurological injury. Infants exposed to histologic chorioamnionitis 

or fetal vasculitis had higher concentrations of IL-6 and IL-8 in CSF within the first 24 

hours after birth (223). Cerebral ultrasound abnormalities and white matter damage as 

defined by MRI have been associated with increased CSF concentrations of TNF- , IL-6 

and IL-10 in preterm infants (221, 222). Post-hemorrhagic hydrocephalus in preterm 

infants has been related to a pro-inflammatory response in the CSF with higher CSF 

concentrations of IFN-  in a subgroup developing cystic WMD (224, 225). 
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The Insulin-like growth factor (IGF) system 

Classification and biological actions 

The insulin-like growth factors (IGF-I and IGF-II) are peptides with a molecular weight 

of 7.5 kDa that were described for the first time 50 years ago (226). The most important 

function of the IGFs is stimulation of cell proliferation but they possess anti-apoptotic 

properties as well. Both IGF-I and IGF-II share structures homologous with pro-insulin. 

While insulin is stored intracellularly in the  cells and released by stimulation, the IGFs 

exists in an extra-cellular pool that is controlled by specific insulin-like growth factor 

binding proteins (IGFBPs) (227). Both IGF-I and IGF-II mediate cellular actions by 

binding to the IGF-I receptor (IGF-IR) located on the surface of different cell types in all 

tissues thereby activating intracellular signalling pathways. The IGF-IR shares similarities 

with the insulin receptor and IGF-I is capable of binding to the insulin receptor although 

with an affinity approximately 100-fold lower than that for insulin (226). IGF-I mediates 

independent glucose lowering effects and increases insulin sensitivity (228, 229). The 

IGF-II receptor is structurally different to the IGF-IR and does not appear to be a 

signalling receptor for IGF-I and IGF-II. It has been suggested that the IGF-II receptor 

primarily acts as a clearance receptor for IGF-II (226, 227). 

Circulatory IGF-I is primarily produced by the hepatocytes in the liver and the production 

is regulated by pituitary growth hormone (GH) via specific GH-receptors (227). In 

addition, nutritional factors can regulate production of IGF-I both directly and indirectly 

via insulin and by changes in expression of GH receptors (230). Whereas IGF-I is 

essential for promoting longitudinal postnatal growth the physiological postnatal role of 

IGF-II is not well defined. Production of IGF-II seems neither to be regulated by GH 

nor nutrition (231). 

Almost the entire pool of extracellular IGFs (99 %) are bound to six different IGFBPs 

(IGFBP-1 to IGFBP-6) with a higher binding affinity than to the IGF-receptor. The 

IGFBPs regulate the biological activitiy of the IGFs through several complex 

mechanisms. They can either inibit or potentiate cellular IGF responses, influence 

distribution and elimination of the IGFs and can also exert exclusive intracellular actions 
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that are either independent or modulated by the IGFs. Further, it has been hypothesized 

that the IGFBPs may be involved in gene transcription and that they may regulate 

protease activity (227). 

The main part (75 %) of the IGFs are carried in a ternary complex with a molecular 

weight of 150 kDa that consists of IGF-I or IGF-II together with IGFBP-3 (50 kDa) and 

an acid labile subunit (ALS) (88 kDa) (226). Production of IGFBP-3 and ALS is GH-

dependent and occurs in hepatocytes (ALS) and in Kupffer cells (IGFBP-3) in the liver 

(232). The ternary complex retains the IGFs within the circulation and prolongs their half 

lifes which is between 12 to 15 h as compared to half-life of free IGF-I which is less than 

10 min (233). Other IGFBPs only form binary complexes with the IGFs where the lower 

molecular weight of the binary complexes facilitates movement from the circulation to 

the extra-cellular compartments. The ternary complex can be modified by cleavage of 

ALS resulting in a binary complex which is capable of leaving the circulatory reservoir. 

Another described mechanism is cleavage of IGFB-3 by specific proteases which 

decreases the affinity between IGFBP-3 and the IGFs although both proteins remain 

within the ternary complex (227, 234). IGFBP-3 proteolysis is more extensive in the 

extra-cellular compartment and occurs during catabolic conditions, during pregnancy and 

under circumstances with insulin resistance. The proteolysis is considered to be a 

physiologic reaction with the purpose to increase availability of free IGFs for tissue-

uptake (227, 234, 235). 

IGFBP-1 is produced in the liver by hepatocytes (232). The production is not GH–

dependent but is negatively regulated by insulin which inhibits IGFBP-1 transcription. 

Concentrations of IGFBP-1 show a diurnal variation and follow the variation in levels of 

insulin and food intake. Concentrations of IGFBP-1 decrease when insulin 

concentrations increase and IGFBP-1 is therefore regarded to be a marker of insulin 

resistance (236). Further, IGF-I and IGF-II seem to inhibit expression of IGFBP-1 

although insulin is the major regulator of IGFBP-1 production (237). IGFBP-1 is 

generally considered to inhibit IGF-actions. IGFBP-1 consist of two phospho-isoforms, 

where the high phosphorylated form (hpIGFBP-1) has several fold higher binding affinity 

to IGF-I and is more resistant to proteolysis than the non- or low-phosphorylated form 
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(lpIGFB-I) (234, 238). Degree of phosphorylation thus influences the likelihood of IGF-I 

of binding to its receptors, where hpIGF-I inhibits IGF-action and lpIGFBP-1 stimulates 

it. Degree of IGFBP-1 phosphorylation does not influence the binding affinity between 

IGF-II and IGFBP-1. 

The remaining binding proteins IGFBP-2, IGFBP-4 and IGFBP-5, IGFBP-6 inhibit 

whereas IGFBP-5 potentiates IGF-actions. IGFBP-2, IGFBP-5 and IGFBP-6 

preferentially bind to IGF-II (239). 

The IGF-system and fetal growth 

The hormonal pathways that mediate fetal growth differ from those that influence 

postnatal growth. Postnatal longitudinal growth is mediated by GH that stimulates hepatic 

production of IGF-I. Levels of GH decline postnatally concomitant with a rise in IGF-I. 

Fetal insulin is the major fetal growth hormone and promotes fetal growth by direct 

action on tissue uptake of nutrients, as well as by stimulation of IGF-I production. GH 

does not seem to be a major regulator of fetal growth and the expression of GH-

receptors in the fetus is low. Since IGF-I exerts a negative feed back control of pituitary 

GH-production, high fetal levels of GH may rather be a result of low IGF-I levels 

secondary to reduced amount or dysfunctional GH receptors (240). 

Both IGF-I and IGF-II are expressed early during gestation. IGFs are synthesized by all 

fetal tissues indicating that autocrine or paracrine mechanisms are important especially 

during early gestation. Plasma concentrations of both IGF-I and IGF-II increase during 

gestation with several fold higher concentrations of IGF-II (241). IGF-II is the principal 

regulator of embryonic growth and of early placental development whereas IGF-I 

promotes growth and placental function later in gestation and especially after birth (231, 

242, 243). Both proteins mediate tissue exert specific effects that are essential for 

development of different organ systems. IGF-I exclusively promotes development of the 

central nervous system whereas IGF-II is required for development of placenta and fetal 

adrenal cortex. The growth promoting effects are mediated by the IGF-IR and for IGF-II 

probably also by the insulin receptor (244). 
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Fetal plasma levels of IGF-I are closely related to maternal nutritional status and fetal 

intravenous infusion of IGF-I increases fetal uptake of nutrients from the placenta (245). 

Fetal IGF-levels are regulated by an interaction between placenta and the fetus with both 

placental uptake and release of IGF-I depending on levels of fetal IGF-I. This feto-

placental interaction thus regulates the substrate distribution between the maternal and 

fetal compartments (246). In the fetal compartment glucose concentrations rather than 

amino acids seems to be the primary regulator of IGF-I levels (247). 

The primary IGFBPs during pregnancy are IGFBP-1 and IGFBP-2, both with inhibitory 

effects on IGF action. IGFBP-3 begins to increase during the last trimester to become the 

dominating IGFBP postnatally. Changes in phosphorylation status of IGFBP-1 occurs 

during pregnancy with increased concentration of lpIGFBP-1, considered to be a 

physiological mechanism to increase tissue availability of IGF-I and thus promote fetal 

growth (248, 249). Sampling of fetal blood during the second and third trimester has 

shown that concentrations IGF-I, IGF-II, IGBP-2 and IGFBP-3 increase, whereas 

concentrations of IGFBP-1 decrease with advancing GA (250). This is in agreement with 

the findings of a positive correlation between IGF-I or IGFBP-3 and BW and a negative 

correlation between IGFBP-1 and BW in cord blood samples at birth (251, 252). 

IUGR and maternal preeclampsia have been associated with decreased cord blood levels 

of IGF-I and IGFBP-3 with a corresponding increase for IGFBP-1 in both preterm and 

term infants. These changes of the IGF-system are suggested to be protective 

mechanisms to restrict IGF-I mediated fetal growth when placental nutrient supply is 

limited (252-255). IUGR has further been associated with a concomitant reduction of 

IGF-I receptors in the placenta (256). During acute or chronic hypoxia circulatory levels 

of IGF-I decrease, with a corresponding increase in IGFBP-1 (252, 257-261). Up 

regulation of IGFBP-1 levels in vitro has been related to changes in gene transcription in 

the hepatocytes mediated by hypoxia inducible factors (262). 

Cortisol may affect fetal growth by interaction with IGF-system. Cortisol appears to 

affect fetal IGF gene expression, either directly or indirectly by changes in expression of 
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GH-receptors and has been suggested to be involved in the switch from paracrine 

production to endocrine production of IGF-I during the transition from fetal to postnatal 

life (242). The growth inhibiting effect of glucocorticoids may be caused by an increase in 

IGFBP-1 expression (237, 263). 

IGF-I, IGF binding proteins and brain development 

IGF-I influences all parts of normal brain development except migration, which means 

that IGF-I is involved in differentiation, proliferation and maturation of progenitors of 

neural stem cells and of precursors of neuronal cell lineages as well as in apoptotic 

mechanisms (244, 264). Overexpression of IGF-I increases brain size and number of 

neural cell lineages (265). IGF-I plays an important role in differentiation and 

proliferation of oligodendrocyte progenitor cells and in promoting remyelination both in

vivo and in vitro (266-269). 

IGF-I receptors in the brain are expressed early and are abundant during fetal 

development (266). Due to the blood brain barrier (BBB) many of the IGF actions in the 

brain are local i.e. autocrine or paracrine but probably endocrine IGF-I produced by the 

liver is also essential for normal brain function (244, 264, 270). IGF-I seems to cross the 

BBB using special transport mechanisms, which may involve IGFBPs (271, 272). The 

choroid plexus has been suggested to be one major site for transport of IGF-I into the 

brain (244). 

IGFBP-2, IGFBP-4 and IGBBP-5 are expressed in the rat brain during development 

whereas in the human fetal brain exclusively IGFBP-3 has been visualized in cerebral 

cortex (244, 273). Although IGFBP-1 has not been described to be present in the brain 

during development, over-expression of IGFBP-1 in transgenic mice has been associated 

with impaired brain development that can be due to direct effects of IGFBP-I on the 

brain or to indirect effects by inhibition of IGF activity (274, 275). 

Nutrition is the most important environmental factor that influences brain development. 

Maternal and fetal under-nutrition during pregnancy has been associated with impaired 
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fetal brain growth, with corresponding changes in the IGF-system i.e. a decrease in levels 

of IGF-I and an increase in IGFBP-1 (244). 

Neuro-protective mechanisms of IGF-I 

IGF-I appears important for endogenous protection following brain injury. Local 

production of IGF-I is increased in the brain after HI injury. Induced perinatal asfyxia is 

followed by two phases of brain energy failure with subsequent neuronal death. The first 

stage of cell death occurs in close proximity to the insult and involves cytotoxic 

mechanisms whereas the second protracted stage may last for weeks and is characterized 

by apoptotic neuronal cell loss. The neuro-protective effects of IGF-I appear to be 

confined to the second stage of brain injury by reducing apoptotic cell death in both gray 

and white matter. This opens opportunities for post-insult administration (276). The anti-

apoptotic effects have been related to transport of nutrients essential for cell survival over 

the cell membrane (244). Binding of IGF to the IGF-IR, results in activation of 

intracellular pathways that mediate expression of glucose transport proteins in the cell 

membrane (277). Other anti-apoptotic mechanisms are protection of IGF-I against 

glutamate mediated toxicity (278). Following HI injury, intracerebrally administrated IGF-

I protects oligodendrocyte precursor cells and improves neurological function (279-282). 

IGF-I protects oligodendrocytes and preserves myelination after an inflammatory insult 

induced by TNF- in vitro and in vivo (283, 284). The protection is mediated by inhibition 

of intracellular apoptotic pathways (285). 

A modified IGF-I protein has been identified in the fetal brain which is the result of 

cleavage of a tripeptide (glycin-prolin-glutamate; GPE) from the original IGF-I protein. 

This IGF-I variant demonstrates increased affinity to the IGF-IR concomitant with 

reduced affinity to the IGFBPs. Moreover, the cleavage product i.e. the tripeptid GPE has 

been shown to possess unique neuro-protective properties not mediated via the IGF-IR. 

After an HI insult, peripheral and central administration of a GPE analogue to juvenile 

rats reduces brain injury by reducing inflammation and promoting neovascularisation and 

astrogliosis (286, 287). 
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Interaction between IGF-I and immune system 

The IGF-system interacts closely with the immune system (288). IGF-I has been shown 

to promote maturation and induce cytokine production in neonatal mononuclear cells 

(289). Overexpression of TNF-  in transgenic mice reduces brain growth with 

corresponding changes of IGF-system components, where expression of IGF-I is 

reduced and IGFBP-3 is increased (290). Acute and chronic inflammation is associated 

with alterations in the IGF-system. Childhood diseases characterized by chronic 

inflammation are associated with retarded growth, and in juvenil idiopatic arthritis IL-6 

levels correlate inversely with levels of IGF-I (291). 

Pro-inflammatory cytokines may decrease the capacity of the IGF-system through several 

mechanisms as observed in transgenic mice models over-expressing circulatory IL-6. 

These animals had a marked reduction in growth rate and decreased levels of IGF-I in 

spite of a normal GH-production (291). The hepatocyte production of IGF-I and ALS 

was not primarily affected and the decrease in IGF-I was attributed to a decreased 

IGFBP-3 production, impaired formation of the ternary complex and thus an increased 

clearance of IGF-I. IGFBP-3 is produced by a different hepatic cell type (Kupffer cells) 

than IGF-I and ALS and these cells constitutively express the IL-6 receptor. An increased 

IGFBP-3 proteolysis and a decrease in hepatic GH receptors was additionally observed 

(292, 293). 

In another in vivo model TNF-  and IL-1  induced a decreased hepatic production of 

both IGF-I and ALS but with preserved IGFBP-3 levels which suggests that other 

cytokines may interfere with the IGF-system through other pathways (294, 295). Pro-

inflammatory cytokines may induce a GH insensitivity and interfere with the IGF-IR in

vitro and in vivo (288, 292, 293, 296-299). Finally, TNF- , IL-1  and IL-6 up-regulate levels 

of IGFBP-1 and induce insulin resistance in vivo and in vitro (300-304). 

The IGF-system after preterm birth

After birth an immediate decrease in circulatory IGF-concentrations occurs due to 

interruption of maternal/placental supply. In term infants, a restitution appears within the 
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first few days whereas preterm infants continue to have lower postnatal IGF 

concentrations than corresponding fetal levels during several weeks (250, 305, 306). 

Postnatal levels of IGF-I and IGFBP-3 have been associated with short term growth 

velocity in preterm infants (307-309). Persisting low levels of IGF-I and IGFBP-3 have 

been observed up to school age in children with very preterm birth, which has been 

ascribed to a partial GH-resistance (310). 

Concentrations of IGF-I and IGFBP-3 are nutritionally regulated and correlate with 

protein and energy intake (307, 311) in preterm infants. At preterm birth the nutrient 

intakes of protein and energy do not reach required intrauterine needs (312). Thus a 

catabolic state due to under-nutrition occurs. Protein malnutrition has been proposed to 

be a major determinant of low IGF-concentrations after preterm birth where low protein 

intake during the first postnatal weeks has been associated with a delayed increase in 

circulatory IGF-concentrations (313). Early nutritional deficits and poor postnatal growth 

may impair brain development and later neuro-cognitive functions (62, 314). Changes in 

expression of IGF-I or IGF-IR in different regions of the brain as well as a protective 

effect of IGF-I on myelination have been observed after nutritional deprivation in murine 

models (315-317). In preterm infants postnatal under-nutrition has been associated with 

delayed maturation of EEG background (318). 

IGF-I is important not only for neurogenesis but also for angiogenesis in the brain. IGF-I 

and IGFBP-3 have been observed to promote retinal and brain vessel growth in mice 

(319, 320). Persisting low postnatal levels of IGF-I and retarded head growth in very 

preterm infants have been observed to be predictive of development of retinopathy of 

prematurity (ROP) (321, 322).

Administration of IGF-I 

Exogenous administration of recombinant (rh) IGF-I increases insulin sensitivity and has 

been used to improve glycemic control in patients with diabetes (323). RhIGF-I is also 

used to treat children with primary IGF-I deficiency including GH-insensitivity 

syndromes (324, 325). A complex with an equi-molar combination of rhIGF-I and 

4444



IGFBP-3 has been introduced during the last years, having the advantage of less side 

effects and a slower clearance (326). Administration of enteral IGF-I to sheep fetuses 

improved fetal growth and gut maturation (327). No studies have so far been carried out 

evaluating systemic postnatal adminstration of rhIGF-I to very preterm infants. 

Fresh frozen plasma (FFP) is frequently used during neonatal intensive care as volume 

expansion or as a source of coagulation factors. Concentrations of IGF-I and IGFBP-3 

are about 10 times higher in FFP from adult donors as compared to postnatal 

concentrations in very preterm infants and are stabile proteins that remain intact after 

freeze-thaw treatment of plasma samples (328). FFP may therefore theoretically be an 

exogenous source of IGF-I and IGFBP-3. 
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Aims of  the thesis 

Inflammation affecting the immature fetus may have a damaging effect on the developing 

brain. The insulin-like growth factor system is essential for fetal growth and has described 

neuro-protective properties. These rationales constituted the basis for the following 

specific study aims:

- (I) to evaluate the temporal profile of pro-inflammatory and modulatory cytokines 

in fetal and neonatal blood in very preterm infants and determine their relationship 

to hemodynamic impairment and to morphological brain damage  

- (II) to determine the predictive value of pro-inflammatory and modulatory 

cytokines in fetal and neonatal blood for neurological and developmental outcome 

at 2 years of corrected age in very preterm infants 

- (III) to assess the effect of pro-inflammatory cytokines on components of the 

insulin-like growth factor system at very preterm birth 

- (IV) to evaluate the effect of administration of fresh-frozen plasma on 

concentrations of IGF-I and IGFBP-3 in extremely preterm infants 
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Subjects and study design 

Temporal profiles of cytokines in very preterm infants (I) 

To this prospective cohort study, very preterm infants were recruited, who were born at 

the University Hospital in Lund between February 2001 and February 2003 and admitted 

to the Neonatal Intensive Care Unit (NICU). All pregnancies were dated by ultrasound at 

17-18 GW. Pregnant women with a risk of delivery before 32 GW were identified. Both 

parents were informed, using both verbal and written information. Inclusion criteria were 

antenatal informed consent, GA < 32 weeks at birth and absence of major anomalies. 

Seventy-four infants were included in the study. Antenatal characteristics of the study 

population are presented in Table 1. During the period of recruitment to the study a 

further 95 infants with a GA < 32 weeks were born and admitted to the NICU in Lund. 

Neonatal characteristics of the study population and of non-participating infants are 

presented in Table 2 for comparative purposes. 

Table 1. Antenatal characteristics of the study population in paper I and III (N=74).

Clinical chorioamnionitis 5 (7) 

Maternal antibiotic treatment 53 (72) 

Suspected maternal infection 22 (30) 

Premature rupture of membranes 30 (40) 

Preeclampsia 18 (24)

Preterm labor 29 (39) 

Antenatal steroids 74 (100) 

Caesarean section 52 (70) 

All values expressed as number (percentage) 
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Table 2. Neonatal characteristics of the study population (paper I and III) and of non-particpating infants born at Lund 

University Hospital before 32 gestational weeks during the same time period (February 2001 to February 2003). 

Study population 

N=74

Non-participating

infants N=95 

p-value

Gestational age (weeks) 27.1 (2.0) 28.0 (2.4) 0.015

Birth weight (g) 1007 (280) 1179 (457) 0.003

Twins or triplets 34 (46) 32 (34) NS

Small for gestational age 20 (27) 16 (17) NS

Apgar Score < 7 at 5 min 24 (32) 16 (17) 0.018

Male gender 39 (53) 54 (57) NS

White matter damage, n (%) 8 (11) 2 (2) 0.021

Cerebral hemorrhage (I/II/III/PH) 7/3/5/1 4/2/2/2 ___

Any cerebral hemorrhage 17 (24) 10 (10) 0.023

Severe cerebral hemorrhage 6 4 (4) NS

Mortality, n (%) 3 (4) 9 (10) NS

Values expressed as mean (SD), or number (percentage). Severe cerebral hemorrhage; intraventricular hemorrhage grade III 

or parenchymal hemorrhage (PH) 

An umbilical or peripheral arterial catheter was inserted within one hour after birth for 

blood sampling and for continuous monitoring of BP during the first 72 postnatal hours. 

Sampling for analysis of pro-inflammatory (TNF- , IFN- , IL-1 , IL-2, IL-6, IL-8, IL-12) 

and modulatory (IL-4 and IL-10) cytokines was performed from umbilical cord blood and 

from arterial blood through the indwelling arterial line at 6 h, 24 h and 72 h of postnatal 

age. Cerebral ultrasound was performed after 1, 3 and 7 postnatal days, at 6 weeks and at 

term. Antenatal and neonatal clinical data was prospectively registered from the maternal 

and infants records until home discharge. 
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Temporal profiles of cytokines and developmental outcome in very preterm 

infants (II) 

The study population consisted of all surviving infants from the cohort in paper I 

(N=71). Parents of all surviving infants were asked for participation in the follow-up 

study and a separate informed consent was obtained. The parents of three infants 

declined participation and one infant was lost to follow-up. None of these four infants 

had cerebral hemorrhage or WMD as detected by neonatal ultrasound. Sixty-seven 

children (94%) were assessed at a corrected age of mean (SD) 24.0 (0.53) months. 

At follow-up, neurological assessment was performed by one examiner (I H-P) using a 

standardized neurological examination Neurological Optimality Score (NOS) and 

developmental outcome was assessed by one examiner (AH) using Bayley Scales of Infant 

Development with the two different index scales, Mental Developmental Index (MDI) 

and Psychomotor Developmental Index (PDI). The developmental and neurological 

assessments were performed on the same day and the examiners were blinded to each 

others results. Maternal and paternal educational levels were registered in three categories: 

completed compulsory school, upper secondary education or university degree. 

Blood sampling for analysis of cytokines and registration of antenatal and clinical data was 

performed as described in paper I. Clinical risk variables relevant for neurological and 

developmental outcome were evaluated in relation to outcome variables (NOS, MDI, 

PDI and CP) .The following clinical risk variables were evaluated: PROM, clinical 

maternal infection, clinical chorioamnionitis, preeclampsia, mode of delivery, multiple 

pregnancy, gender, GA in days, SGA, Apgar score, treatment with dopamine during the 

first 72 h, medical treatment or surgical ligation of persistent ductus arteriosus, postnatal 

septicaemia, ventilator treatment (days), supplemental oxygen at 36 GW, retinopathy of 

prematurity and accumulated dose (mg/kg) of hydrocortisone and/or betamethasone 

administered from birth until discharge. 
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Cytokines and the IGF-system at birth in very preterm infants (III) 

The study population was identical to that of paper I. Blood sampling for analysis of IGF-

I, IGFBP-3, lp/hpIGFBP-1 was performed from cord blood and from arterial blood at 

72 h postnatal age. Blood sampling for analysis of cytokines, cerebral ultrasound 

examinations and prospective registration of clinical neonatal and maternal data were 

performed as described in study I. Treatment with hydrocortisone, betamethasone and 

insuline during the first 72 postnatal hours was registered. Enteral, parenteral and total 

nutritional intake of protein (g/kg) and energy (kcal/kg) was calculated prospectively 

from birth until time point of sampling of IGF-I, IGFBP-3 and lp/hp IGFBP-1 at 72 h. 

Effects of fresh-frozen plasma on levels of IGF-I and IGFBP-3 in extremely 

preterm infants (IV) 

The study was performed in a cohort of very preterm infants born at the University 

Hospital in Lund and at Drottning Silvias Hospital, Göteborg between December 2005 

and July 2006. All pregnancies were dated by ultrasound at 17-18 gestational weeks.

Inclusion criteria were requirement of FFP for clinical purposes (arterial hypotension, 

decreased urinary production, and signs of dehydration or bleeding tendency), GA < 28 

weeks at birth, postnatal age less than 7 days, and informed parental consent from both 

parents. Exclusion criteria were ongoing treatment with insulin and/or major congenital 

anomalies. Twenty infants were enrolled in the study. The mean (SD) GA was 25.3 (1.3) 

weeks and BW 724 (177) g. Thirteen infants (65%) were boys and ten infants (50%) were 

SGA.

Transfusion of FFP (10 ml/kg) was performed as a continuous infusion through a 

separate peripheral or central intravenous line. Sampling for analysis of IGF-I and 

IGFBP-3 was performed from the batch of FFP immediately before initiation of 

transfusion. Continued sampling was performed from arterial blood through an 

indwelling arterial catheter immediately before initiation of transfusion, directly after 

transfusion and at 6, 12, 24 and 48 h after completed transfusion. Plasma glucose 

concentrations in neonatal blood were analyzed before FFP transfusion, immediately after 

and at 6 h after completed FFP transfusion. 
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Antenatal and neonatal clinical data were prospectively recorded with registration of 

packed red blood cells (ml/kg) or FFP (ml/kg) administered on clinical indication during 

24 h before study entry and during the study period, accumulated dose of hydrocortisone 

(mg/kg) or insulin (U/kg) administered during the last 24 h before study entry and 

intravenous glucose intakes (mg/kg/min) during 6 h before, during FFP infusion and the 

following 6 h. 
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Methods

Quantitative analyses of cytokines  

Blood samples were collected in a Vacutainer tube containing the anticoagulant EDTA 

(Becton Dickinson (BD) biosciences, San Jose, CA, U.S.A.), put on ice and delivered 

within 20 minutes to the local chemical laboratory where the plasma separated and stored 

in a freezer (-70°C) until analyzed in one batch. Levels of 9 different cytokines (TNF- ,

IFN- , IL-1 , IL-2, IL-6, IL-8, IL-12, IL-4, IL-10) cytokines in plasma were determined 

by cytometric bead array (CBA) (BD biosciences) and flow cytometry according to the 

manufacturer's recommendations. This assay is based on a mixture of six microbead 

populations with distinct fluorescent intensities (FL-3) precoated with capture antibodies 

specific for each cytokine and uses the sensitivity of fluorescence detection by flow 

cytometry to measure soluble cytokines in a particle-based immunoassay. Each bead 

provides a capture surface for a specific cytokine and is analogous to an individually 

coated well in an ELISA plate. Briefly, 50 l of mixed beads coated with cytokine-specific

capture antibodies were added to 50 l of patient plasma and incubated for 1.5 h at room 

temperature. After washing, 50 L of phycoerythrin-conjugated anti-human inflammatory

cytokine antibodies were added. Simultaneously, 50 l of standards for each cytokine (0 to 

5000 pg/ml) were treated likewise to generate a standard curves. Two-color flow 

cytometric analysis was performed using a FACSCalibur® flow cytometer (BD 

biosciences). Data were acquired and analyzed using BD CBA software. Forward vs. side 

scatter gating was employed to exclude any sample particles other than the 7.5 m

polystyrene beads. Flow cytometric analysis was performed and analyzed by a single 

operator and cytokine concentrations were determined based on the standard curves 

using the CBA software. The lower limit of detection for the various cytokines evaluated 

ranged from 2-10 pg/mL. For results above the upper limit of detection, serial dilution of 

the sample was performed to accurately determine cytokine levels. A level of  0.1 pg/mL 

was regarded as non-detectable. Intraassay coefficents of variation (CV) for each of the 

individual cytokines are stated on www.bdbiosciences.com. 
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Plasma concentrations of the respective cytokines from umbilical cord blood and from 

neonatal blood at 6, 24 and 72 h of postnatal age were used to calculate an area under 

curve (AUC) as an assessment of cytokine burden over time in each subject. AUC was 

calculated according to the trapezium rule (329). AUC was only calculated in subjects with 

three or more valid plasma samples (N = 69). Calculated AUC was adjusted for total 

sampling period, being either 66 or 72 h, thus achieving a weighted average level over 

time.

Quantitative analyses of IGF-I, IGFBP-3 and IGFBP-1

Blood samples were collected in a Vacutainer tube (Becton Dickinson (BD) biosciences, 

San Jose, CA, U.S.A.), put on ice and delivered within 30 minutes to the local chemical 

laboratory where the plasma and serum in the respective samples were stored in a freezer 

(-70°C) until analyzed in one batch. 

Analyses of samples in paper III 

IGF-I, IGFBP-3 and lp/hpIGFBP-1 were determined in plasma samples. IGF-I was 

analyzed using enzyme linked immunosorbent assay kit (DSL-10-5600, Diagnostic 

Systems Laboratories, Inc, Webster, TX, U.S.A). Intra- and inter-assay coefficients of 

variations were 4.5-7.1% and 4.8-8.8%, respectively, and the detection limit was 5 g/L. 

IGFBP-3 was measured by immunofluorometric assay (330). Intra- and inter-assay 

coefficients of variation were 3.6-6.2% and 4.9-11%, respectively, and the detection limit 

was 0.3 g/L.

IGFBP-1 was analysed using two monoclonal antibody based immunoenzymometric 

assays detecting different phosphoisoforms of IGFBP-1 (Medix Biochemica, Kauniainen, 

Finland) (331). The intra-assay coefficients of variations were 3.0% and 4.6%, 

respectively, and the inter-assay coefficients of variations were 6.8% and 6.4% 

respectively. The detection limits were 0.25 g/L and 0.3 g/L respectively.

5656



Analysis of samples in paper IV 

IGF-I and IGFBP-3 in neonatal serum samples and in plasma samples from batch of 

administered FFP were analyzed using IGFBP-blocked RIA and a specific RIA 

(Mediagnost GmbH, Tübingen, Germany) (332). The IGF-I samples were diluted 1:50 

and the IGFBP-3 samples were diluted 1:300. The intra-assay coefficients of variations 

(CV) for IGF-I were 18, 11 and 7% at concentrations of 9, 33, and 179 g/L and for 

IGFBP-3 10, 7 and 6% at concentrations of 716, 1750 and 3929 g/L, respectively. 

Pharmacokinetics of IGF-I 

Estimation of pharmacokinetic parameters of IGF-I was performed by population 

analysis using nonlinear mixed effects modeling in the computer program NONMEM. 

Calculation of half-life (t1/2) was based on the equation t1/2 = ln (2) * Volume of 

distribution (Vd) / Clearance (Cl). 

Cerebral ultrasound 

In paper I, II and III repeated ultrasound examinations of the brain were performed by 

two of the investigators (I H-P, DL) using an Acuson XP 512 (7.5 MHz) or Acuson 

Sequoia (8.5 MHz) (Mountain View, CA, U.S.A.) at 1, 3 and 7 postnatal days, at 6 weeks 

and at 40 gestational weeks. The images were reviewed by a pediatric radiologist. Images 

with suspected abnormalities where reassessed by another pediatric radiologist blinded to 

the clinical history. Cerebral hemorrhage was classified as subependymal hemorrage 

(grade I), intraventricular hemorrhage (IVH) (grade II-III) or as parenchymal hemorrhagic 

infarction (PHI). White matter brain damage was defined in the presence of 

periventricular echodensities persisting for more than 7 days or periventricular cysts. 

Blood pressure measurements 

Values of mean, systolic, diastolic arterial BP, oxygen saturation and heart rate were 

monitored continuously and were digitally stored every 15 minutes during the first 72 h 

(Hewlett-Packard M3153A, Viridia Surveillance Center, U.S.A.). In the infants without an 

indwelling arterial line (N=9), non-invasive BP (Neonatal blood pressure cuff, Hewlett 

Packard, U.S.A.) was obtained every 60 minutes and documented in the protocol. Average 
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systolic, diastolic and MABP were calculated as the mean of aggregated data for each 

subject.

Neurological examination 

Neurological assessment was performed by one examiner (I H-P) using the 

Hammersmith Infant Neurological examination. This is a standardized method for 

neurological assessment that has been used from 2 months of age and has been validated 

in both preterm and term infants up to 18 months of age. The method is based on 26 

items where each item is scored separately. The item scores can be added, thus achieving 

a Neurologic Optimality Score (NOS) with a maximum score of 78. A score below the 

10th percentile was defined as suboptimal which was defined as NOS <74 in infants at 18 

months of age (333, 334). 

CP was defined using the definitions adopted for European classification of CP (335). 

Children presenting previously not recognized symptoms of CP at follow-up at 2 years of 

corrected age were re-evaluated by a pediatric neurologist. Although the diagnosis of CP 

has been stated to be reliably diagnosed at 24 months of age a secondary interrogation of 

the regional CP registry was carried out to identify any additional children being 

diagnosed between 2 and 3 years of corrected age (336). No additional cases were 

identified.

Bayley Scales of Infant Development 

Developmental outcome was assessed by one psychologist (AH) using the Bayley Scales 

of Infant Development (BSID-II) which consist of three separate scales (the Mental scale, 

the Motor scale and the Behaviour rating scale). Only the Mental and the Motor scale 

were used in the assessment. Raw scores of both scales are converted to a Mental 

Developmental Index (MDI) and Psychomotor Developmental Index (PDI) both with a 

mean of 100 and SD of 15. A subnormal development was defined by an index score of 1 

SD below the normative mean (MDI or PDI <85) and a developmental delay was defined 

by an index score of 2 SD below the normative mean (MDI or PDI <70). Infants with 
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MDI or PDI scores of 50 or below were assigned a score of 50 according to the manual 

(337).

Clinical data 

Preeclampsia was defined as blood pressure  140/90 mm Hg and albuminuria > 0.3 

g/l/day and PROM as a rupture of membranes before the onset of labour. Suspected 

maternal infection was defined in the case of elevated maternal C-reactive protein > 5 

mg/l and/or fever > 38°C. Clinical chorioamnionitis was defined when two of the 

following criteria were present: maternal fever > 38°C, maternal tachycardia, fetal 

tachycardia, malodorous amniotic fluid and uterine tenderness. The infants were defined 

as small for gestational age (SGA) at birth if the deviation of birth weight (BW) was more 

than 2 SD below the gestational age-related mean of the population (338). Retinopathy of 

prematurity was defined according to the international classification (339).

Statistics

Statistical analysis was performed using the Statistical Package for Social Sciences software 

for Microsoft Windows (SPSS Inc., Chicago, IL). Levels of cytokines, IGFBP-1 and 

calculated AUC were logarithmically transformed before statistical evaluation to obtain a 

more normal distribution of values (papers I-III). 

Correlations between cytokines were assessed with the Spearman Rank correlation (paper 

I) and correlations between MDI, PDI and NOS were assessed with the Pearson 

correlation coefficient (paper II). Differences between paired samples were assessed using 

the Wilcoxon rank sum test (paper I and III) and paired t-test (paper IV). Univariate 

relationships between categorical variables and other categorical or continuous variables 

were assessed with Chi-square test, Fischers exact test, one sample t-test or the Mann-

Whitney U-test as appropriate (paper I-IV). Logistic regression was used to obtain odds 

ratios (95% CI) for each of the comparisons (papers I and II). 

Multivariate analysis with adjustment for other variables was performed by using logistic 

regression analysis (stepwise backward and forward procedures, log-likelihood ratio) or 
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multiple linear regression analysis as appropriate (papers I-IV). Levels of cytokines, IGF-I 

or IGFBP-3 exhibiting significant univariate relationships with outcome variables at 

specific time-points were re-evaluated with adjustment for multiple comparisons using 

ANOVA for repeated measures (papers II and IV).  
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Ethical considerations 

All studies were approved by the Regional Committé for Research Ethics, in Lund. 

Parental informed consent from both the father and mother was the rule. Information 

was given prior to delivery aiming to allow for sufficient time for parental consideration 

concerning study participation. The studies are hypothesis driven and descriptive and will 

not directly benefit the participating infant. The results obtained in these studies have to 

be viewed in a wider perspective where increased knowledge may serve as a base for 

continued research with the aim of developing therapeutic strategies with the purpose to 

improve neuro-developmental outcome in infants with very preterm birth. 
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Results and comments 

Temporal profiles of cytokines in very preterm infants (I) 

Pro-inflammatory and modulatory cytokines were analysed in cord blood and at 6, 24 and 

72 h of postnatal age in 74 preterm infants with a mean GA of 27.1 (2.0) weeks.

Antenatal variables and cytokines 

Infants delivered after PROM had higher levels of IL-2, IFN-  and TNF-  at birth and at 

6 h. Further, infants born after maternal infection had higher levels of IL-6 in cord blood 

(p=0.003) and infants born after clinical chorioamnionits had higher levels of IL-1 , IL-6, 

IL-8 and TNF-  in cord blood, p=0.011, 0.001, 0.012 and 0.045 respectively, whereas 

infants born after maternal preeclampsia had lower levels of IL-6 in cord blood (p=0.001) 

as compared to infants without the respective maternal condition. All associations 

remained significant after adjustment for GA and gender. 

In the absence of placental histology, clinical risk variables (PROM, suspected maternal 

infection and clinical chorioamnionitis) were used as markers of antenatal inflammation. 

All these risk variables were associated with higher concentrations of pro-inflammatory 

cytokines in cord blood or at 6 h, where PROM was associated with an increase in 

primarily Th1 cytokines (IL-2, IFN-  and TNF- ). A Th1 predominance has earlier been 

described in maternal blood and in cord blood in women with PROM at term (340, 341). 

Preeclampsia was associated with lower levels of IL-6 in cord blood, with similar 

observations described previously (56, 342). 

Temporal decrease of cytokines 

Concentrations of IL-6, IL-8 and IL-10 decreased significantly from those at birth and at 

6h to levels at 72 h of age. These findings are in line with another study of extremely 

preterm infants showing a temporal decrease of pro-inflammatory cytokines during the 

first postnatal week (110). The associations between clinical markers of inflammation and 

pro-inflammatory activity in cord blood as well as the temporal decrease of several 
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cytokines following birth, suggests that inflammation was initiated in utero in the majority 

of studied infants. 

Temporal profile of IL-10 

The modulatory cytokine IL-10 was observed to have a very homogenous increase at 6 h 

in almost all studied infants, with a subsequent decrease in concentrations thereafter (Fig 

3). Placental IL-10 modulates the inflammatory process initiated by labour (94, 124). The 

birth process is associated with very high levels of catecholamines, described to exert anti-

inflammatory effects and increase production of IL-10 (217, 343). Adenosine is a 

metabolite with anti-inflammatory properties that interferes with TLR mediated cytokine 

production and potentiates LPS stimulated production of IL-10 (100). Adenosine increase 

in response to hypoxia and stress, due to ATP degradation and higher levels have been 

described after vaginal delivery (344). Thus, the consistent increase of IL-10 after birth 

may be related to the parturition process involving catecholamines and/or adenosine. 

Dopamine can also increase production of IL-10, but the influence of dopamine seems 

less likely since only a minority (24%) of the infants were treated with dopamine during 

the first 6 postnatal hours (217). 
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Figure 3. Individual plasma levels of IL-10 

(pg/ml) at birth and at 6, 24 and 72 h postnatal 

age in preterm infants (N=74). Adapted from 

paper I with permission. 
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Temporal profiles of cytokines and arterial hypotension 

Concentrations of IL-6 and IL-8 at 6 and at 24 h as well as AUC IL-6 and AUC IL-8 

displayed strong inverse correlations with MABP during the first 72 postnatal hours. AUC 

IL-1  correlated inversely but less strongly than IL-6 and IL-8 with MABP. All described 

associations remained significant after adjustment for GA, gender and treatment with 

hydrocortisone (0-72 h). 

A strong inverse correlation between increased cord blood concentrations of IL-6 and BP 

parameters has previously been described in preterm infants, however the cord values 

were related to a single non-invasive BP measurement between 2-4 h of postnatal age 

(214). Since short-term variability of BP is common, continuous BP-monitoring is 

warranted. We calculated from continuous monitoring the mean of 15 min BP medians 

for the 72 h period with omitted artefacts, but might have obscured some true short-

lasting extreme values. Evaluation with analysis of BP during shorter time epochs (6 h) in 

relation to cytokines, demonstrated however the same relationships as described above 

(data not shown). We did not observe any relationships between BP and cytokines in cord 

blood samples, whereas postnatal blood samples at 6 and 24 h exhibited strong 

correlations with BP. Thus infants exhibiting a postnatal increase in pro-inflammation 

were those at risk for arterial hypotension.

In the study by Yanowitz et al mentioned above, histologic chorioamnionits was 

associated with a decrease in mean and diastolic BP, which is in line with earlier described 

relationship between funisitis and arterial hypotension described in another study by the 

same authors (345). We did not observe any association between maternal variables 

associated with antenatal inflammation (PROM, clinical CA, maternal infection) and BP 

parameters, which is consistent with the absent relationship between cord levels of 

cytokines and MABP. 

The majority of infants receiving dopamine treatment (0-72 h) for arterial hypotension 

(N=25) had a distinct increase in concentrations of IL-6 from birth up to 6 h postnatal 

age, as compared to infants not requiring dopamine treatment who expressed highest 
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concentrations in cord blood. This is shown in Fig. 4. Dopamine has been ascribed to 

stimulate production of IL-6 and might therefore have caused the early postnatal increase 

in IL-6 (217). However, dopamine treatment initiated after 6 h postnatal age was not 

followed by an increase in IL-6 and no differences in concentrations of IL-6 at 6 h were 

seen between infants receiving dopamine before 6 h of age and infants receiving 

dopamine after 6 h of age (data not shown). 
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Figure 4. Individual concentrations of IL-6 (log pg/ml) at birth and at 6, 24 and 72 h postnatal age in infants receiving 

dopamine treatment for arterial hypotension (N=25) and in those not receiving dopamine treatment (N=49). Adapted from 

paper I with permission. 

Temporal profiles of cytokines and cerebral hemorrhage 

Five infants developed IVH grade III and one infant developed parenchymal hemorrhage 

which were associated with increases in AUC IL-6 and AUC IL-8 were associated with 

severe cerebral hemorrhage with associations remaining significant after adjustment for 

GA and gender. MABP was not associated with ultrasound abnormalities and did not 

affect the relationship between AUC IL-6 and AUC IL-8 and severe cerebral hemorrhage. 

Previous studies have found similar relationships between increased concentrations of IL-

6/IL-8 in cord blood or in early neonatal blood and cerebral hemorrhage (211, 346). 
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Interestingly, no relationship was observed between MABP and cerebral hemorrhage, 

which is in line with another study, where arterial hypotension during the first 3 postnatal 

days did not predict cerebral ultrasound abnormalities (74). On the other hand, low CBF 

after birth as estimated by NIRS or low superior vena cava flow has been associated with 

IVH in preterm infants (347, 348). As previously mentioned, both preserved and reduced 

CBF as estimated by NIRS have been described during hypotensive periods in preterm 

infants (75, 77).

The relationship of IL-6 and IL-8 to circulatory impairment and to cerebral hemorrhage, 

suggests that pro-inflammation is the common factor associated with both of these 

conditions. A local decrease in blood flow and inflammatory induced endothelial 

activation, is followed by up-regulation of inducible NO-synthase and adhesion of 

leukocytes that releases proteases and ROS, which can damage the vessel wall and 

surrounding tissue (106, 349). Further, ROS can inactivate catecholamines thus decreasing 

vessel wall tone (215). 

Temporal profiles of cytokines and WMD 

Eight (11%) infants developed cystic or diffuse WMD, as defined by cerebral ultrasound. 

Concentrations of IFN-  at all individual time points as well as AUC IFN-  were higher 

in infants with WMD (Fig. 5). In addition levels of IL-2 in cord blood, IL-12 at 6 and 24 

h and AUC IL-12 were increased in infants developing WMD. Associations remained 

significant after adjustment for gender, gestational age and MABP 0-72 h. 

These findings show that pro-inflammatory cytokines linked to the Th1 subsets of 

cytokines were associated with WMD, with IFN-  being the cytokine most consistently 

showing associations at all individual time points. An increased expression of the Th1 

cytokines IFN- , TNF-  and of IL-2 has been observed in human brains with PVL (160, 

161, 163). In the brain, IFN-  is produced by astrocytes and preferentially induces damage 

to oligodendrocyte progenitors cells that express the IFN-  receptor, (160, 184). IFN-

seems to damage immature OLs principally by induced NO-production and thereby RNS 

(184, 350). IL-12 has not been described as a cytokine that is directly involved in 

mechanisms associated with WMD, but IL-12 is a strong inducer of Th1 cytokines and 
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stimulates production of IFN-  (90). AUC IL-12 correlated with AUC IFN- , which may 

suggest that the association between IL-12 and WMD was due to a covariation with  
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Figure 5. Plasma concentrations of interferon-gamma 

(IFN- ) (pg/ml) at birth and at 6, 24 and 72 h of age in 

infants developing white matter damage (WMD) (N=8) 

compared with infants without WMD (N=66)  * p<0.05, 

** p<0.01. Adapted from paper I with permission. 

Temporal profiles of cytokines and developmental outcome in very preterm 

infants (II) 

Proinflammatory and modulatory cytokines were analysed in cord blood and at 6, 24 and 

72 h postnatal age and related to neurological and developmental outcome in 67 very 

preterm children with a mean GA of 27.1 (0.53) weeks at 2 years of corrected age. Four 

different outcome measures were assessed: Neurological optimality score (NOS), Mental 

Developmental Index (MDI), Psychomotor Developmental Index (PDI) and CP. 

Outcome measures 

The median (range) scores of NOS, MDI and PDI at assessment were 71 (24-78), 86 (50-

118) and 96 (50-117), respectively. Forty seven children (70%) had suboptimal NOS 

(<74), 31 children (46%) had a subnormal MDI (<85) and 20 children (30%) had 

subnormal PDI (<85). All infants with subnormal PDI also had suboptimal NOS. Both 

PDI and NOS primarily identify motor impairment. The high proportion of children with 
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suboptimal NOS may be related to the age of assessed infants. The NOS has been 

standardized in preterm infants up to 18 months of age  and some items may be difficult 

to assess in older infants (333). 

Outcome measures and clinical risk variables 

In the studied cohort 16 (24%) children had IVH I-III, 5 (8%) children had IVH III, and 

7(10%) children had WMD as defined by cerebral ultrasound. IVH grade III was 

associated with suboptimal NOS, subnormal PDI and with CP. This supports previous 

findings that IVH with ventricular dilatation is a strong risk factor for adverse outcome 

(6, 14). 

In contrast, associations between WMD and outcome measures were restricted to CP 

where all 3 infants with cystic WMD but no infants with diffuse WMD developed CP. Both 

positive and negative relationships between transient periventricular echodensities 

identified by cerebral ultrasound and outcome have been described previously (21, 351, 

352). Diffuse WMD seems to be better described by MRI at term (23, 24). All five (7%) 

children developing CP had abnormalities on cerebral ultrasound. One child had focal 

WMD (PVL), two children had focal WMD (PVL) and IVH grade III, one child had IVH 

grade III and one child had IVH grade II and signs of cerebral atrophy. 

Several antenatal and neonatal clinical risk factors were univariately associated with 

outcome measures, which was of relevance for the subsequent evaluation between 

cytokines and outcome. Lower GA was associated with suboptimal NOS and subnormal 

PDI which was expected since GA is probably the single most important predictive factor 

for impaired long-term outcome (47, 49). Clinical maternal infection was associated with 

suboptimal NOS, subnormal PDI and with CP. A low Apgar Score (< 7 at 5 min) was 

associated with subnormal MDI/PDI and with CP. 

PROM was unexpectedly protective against subnormal MDI, with the association 

remaining after adjustment for confounders by multivariate analysis. Other studies have 

rather considered PROM being a risk factor of adverse developmental outcome (199, 

353). This discrepancy in effects of PROM on later outcome may be due to the timing of 
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an inflammatory insult that precedes preterm birth, where the interval between the first 

and secondary insult determines if tolerance or sensitization occurs (158, 159). 

A subnormal MDI (< 85) was neither associated with GA nor with cerebral ultrasound 

abnormalities. However, developmental delay (MDI< 70) (N=8) did relate to GA and 

cerebral abnormalities, p<0.001 and p=0.011, respectively. MDI in BSID-II version has 

been demonstrated to have low stability as well as low positive predictive validity when 

performed in younger infants, especially in infants without any neuro-sensory impairment 

(354, 355). Additionally these studies described an influence of socio-demographic factors 

on the predictive validity of this subscale. As in many other studies, we observed that a 

higher maternal or paternal educational level were associated with a lower risk for a 

subnormal MDI. 

Cytokines and outcome measures 

Significant univariate associations between concentrations of cytokines and outcome 

measures were exclusively present in cord blood and at 6 h and were confined to 

concentrations of TNF- , IL-6 and IL-8 and to the outcome measures PDI< 85 and CP. 

A trend towards an association between TNF-  at 6 h and NOS <74 was also present, 

p=0.06. 

These findings indicate that a fetal inflammatory response initiated in utero is predictive for 

adverse developmental outcome. TNF- , IL-6 and IL-8 exhibited highest concentrations 

in cord blood or at 6 h, followed by a subsequent decline with many individuals 

presenting a very short half-life of IL-6 and IL-8. The half-life of especially IL-8 appears 

considerable shorter as compared to temporal profiles of cytokines in cord blood from in

vitro studies, showing a persistent up-regulation of IL-8 after an inflammatory stimulus 

(181). The absence of associations between cytokines sampled at later time points than 6 

h and outcome may explain why a previous retrospective study with sampling of neonatal 

blood at a median age of 2.3 days failed to show an association with CP in preterm infants 

(213).
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To our knowledge, only one other study has prospectively evaluated the association between 

cytokine concentrations in cord blood samples and developmental outcome in preterm 

infants. This study did not demonstrate any significant relationships between cytokines 

and outcome (56). However, as the inclusion criteria were defined on BW, the mean BW 

was significantly lower (770 g vs 1007 g) despite similar GA. This implies inclusion of 

more growth restricted infants and possibly a smaller proportion of infants with antenatal 

inflammation.

Surprisingly, IFN-  did not show any relationship with outcome measures, although we 

previously observed that increased concentrations of IFN-  were related to WMD. 

Further, WMD was not associated with outcome except with CP, where all 3 infants with 

focal WMD (cystic PVL) developed CP. Consequently, the poor relationship between 

WMD and outcome was accompanied by absence in associations between IFN-  and 

outcome variables. There is a great deal of support in experimental studies for the role of 

IFN-  in the pathogenesis of white matter injury (160). Further, clinical studies have 

suggested a role of IFN-  in the development of cystic PVL and of CP (225, 356). 

Cytokine and outcome measures-multivariate analysis 

Cytokines with univariate relationships with each respective outcome measure were 

evaluated in multivariate analyses together with other clinical risk variables exhibiting 

corresponding univariate associations. Models of variables with the highest combined 

predictive capacity for each respective outcome measure were obtained. A PDI <85 was 

best predicted by the combination of increased concentration of TNF-  in cord blood 

and decreasing GA. CP was best predicted by the combination of increased concentration 

of IL-8 in cord blood, Apgar score <7 and severe brain damage. MDI <85 was best 

predicted by the combination of PROM and Apgar Score < 7 at 5 min. NOS < 74 was 

best predicted by the combination of decreasing GA and any cerebral hemorrhage. 

TNF-  was the cytokine most frequently associated with deviant outcome at 2 years of 

age. Importantly, increased concentrations of TNF-  were neither associated with IVH 

nor with WMD. In addition, TNF-  remained associated with subnormal PDI after 

adjustment for severe brain damage. TNF-  is a key cytokine in experimental models of 
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brain injury and induces injury to both neural cells and to oligodendrocyte precursor cells, 

as compared to IFN-  that mediates injury preferentially in immature oligodendrocytes in 

white matter (170-172). Up-regulation of TNF-  is rapid following an inflammatory or 

ischemic insult with a relatively short half life obscuring its detection in the circulation 

(169, 180). The frequently low or undetectable concentrations of TNF-  in this study in 

contrast to some of the other pro-inflammatory cytokines, suggest that the highest levels 

of TNF-  were present before birth.

The weak relationships between TNF-  and WMD and between WMD and outcome may 

also be attributed to the use of cerebral ultrasound for the definition of WMD. 

Ultrasound has been demonstrated to be less reliable than MRI in predicting diffuse 

WMD (23, 24). Increased cord blood concentrations of TNF-  and IL-1  was recently 

shown to be associated with early PVL when defined by MRI (209). 

Increased cord blood concentrations of the chemokine IL-8 were predictive of CP 

together with low Apgar score and cerebral damage (IVH grade III/WMD). Additionally, 

TNF-  displayed an univariate association with CP. The contribution of inflammation as 

well as low Apgar score to later development of CP is in line with the theory of 

sensitization where previous inflammation may sensitize the brain to a subsequent HI 

insult. In a previous clinical study, the combination of placental perfusion defect and 

histological CA predicted abnormal neurological outcome. These findings together 

support the hypothesis of hypoxia and inflammation as being the two most important 

factors preceding white matter damage (45, 56). 

Although a positive association between IL-8 in cord blood and CP has been described 

previously, there is little evidence of a direct causal contribution of IL-8 in the mechanisms 

mediating cell damage in the immature brain (207). Concentrations of IL-8 are most 

probably a readily detected marker of an initiated fetal inflammatory response and thus of 

value for detection of associations in clinical study. 
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Cytokines and the IGF-system at birth in very preterm infants (III) 

Concentrations of IGF-I, IGFBP-3 and lp/hp IGFBP-1 were analysed in cord blood and 

at 72 h postnatal age in 74 preterm infants. Twenty infants (27%) were born SGA. The 

evaluation was performed separately according to BW for GA (AGA/SGA). 

The IGF-system and GA, SGA/AGA 

Significant relationships between IGF-I and IGFBPs in cord blood and GA were 

restricted to the AGA infants, where concentrations of IGF-I and IGFBP-3 were 

positively related and concentrations of IGFBP-1 were negatively related to GA. No 

significant associations were observed between gender and IGF-I and IGFBPs in cord 

blood.

Infants with BW SGA had lower concentrations of IGF-I and a tendency towards higher 

concentrations of lpIGFBP-1 (p=0.06) in cord blood as compared to infants born AGA, 

which has been described previously (252, 253). Fetal concentrations of IGF-I and 

IGFBPs are dependent of maternal nutrition and placental supply (243, 246). The 

decrease in IGF-I and increase in IGFBP-1 in infants with BW restriction is considered to 

be a physiological response, with the purpose to restrict fetal growth when placental 

nutrient supply is limited. 

Temporal changes in the IGF-system 

Median concentrations of IGF-I (Fig. 6), IGFBP-3 and lpIGFBP-1 demonstrated a 

significant decrease from birth up to 72 h postnatal age The decrease was highly 

proportionate to the initial concentrations in cord blood, ie infants with the highest 

concentrations in cord blood had the highest absolute decrease up to 72 h, whereas those 

with the lowest concentrations had the lowest absolute decrease. The proportionate 

decrease in components of the IGF-system suggests that endogenous production of IGF-

I and IGFBPs after birth is very low or even absent during the immediate postnatal 

period after very preterm birth. Levels of IGF-I continue to be low during the first 

postnatal weeks in very preterm infants, whereas levels of IGF-I in term infants show a 

restitution within the first postnatal days (305, 306). Persistent low postnatal levels of 
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IGF-I in very preterm infants have been associated with decreased postnatal growth 

velocity, development of ROP and with other neonatal morbidity (321, 322). 

Figure 6. Median and interquartile ranges of IGF-I 

(ng/ml) in cord blood and at 72 h in infants 

appropriate for gestational age (AGA) and small for 

gestational age (SGA). †= differences between AGA 

and SGA infants. Adapted *=differences between 

levels in cord blood and at 72 h of age within AGA 

and SGA groups respectively. Adapted from paper III 

with permission. ***p<0.001, ††p<0.01 

The IGF-system in relation to nutrional intake and fresh frozen plasma 

Enteral and nutritional intake (0-72 h) did not influence the decrease of IGF-I and 

IGFBPs from birth up to 72 h of age and was not related to concentrations of IGF-I and 

IGFBPs at 72 h of age, although the estimated nutritional intakes were significantly lower 

as compared to intrauterine requirements (data not shown). An influence of postnatal 

nutrition on the IGF-system has previously been described in preterm infants, but during 

a significantly longer observational period (307, 311). 

Due to clinical purposes, 32 (43%) infants received FFP during the first 72 postnatal 

hours. The accumulated administered median (range) volume of FFP was 20 (9-68) 

ml/kg. Concentrations of IGF-I and IGFBP-3 at 72 h correlated positively with 

accumulated volume (ml/kg) of administered FFP, r=0.57, p<0.001 and r=0.72, p <0.001 

respectively (Fig. 7). This suggests, that exogenous administration of IGF components by 

administration of FFP from adult donors has the potential of increasing circulating levels 

in the preterm infant.
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Figure7. Relationship between volume of 

administered fresh frozen plasma (FFP) 

(mL/kg) during 0-72 h and levels of IGF-I 

(ng/mL) at 72 h of age (N=70). The figure 
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The IGF-system and cytokines 

Higher concentrations of IL-6 and IL-8 in cord blood correlated negatively with IGF-I 

and higher concentrations of IL-6, IL-8 and TNF-  correlated positively with 

lp/hpIGFBP-1, in infants with BW AGA (Fig. 8) 
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Figure 8. Relationships between plasma concentrations of IL-6 (pg/mL) and those of IGF-I (ng/mL) and high 

phosporylated insulin-like growth factor I (hpIGFBP-1), respectively, in cord blood in preterm infants with birth weight 

appropriate for gestational age (N=47). Adapted from paper III with permission 
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These findings suggest that inflammation at birth defined as increased levels of pro-

inflammatory cytokines in cord blood is associated with a decreased capacity of the IGF-

system. IGF-I mediates protective and anti-apoptotic effects in immature 

oligodendrocytes in cerebral white matter after induced hypoxia, as well as after induced 

inflammation in vivo and in vitro (280, 281, 284). Very preterm birth is often accompanied 

by both of these insults and consequently the neuro-protective effects of the IGF-system 

may be of substantial relevance. 

Experimental and human studies have described that an increase in pro-inflammatory 

cytokines, is followed by a reduction in levels of IGF-I and an up-regulation in levels of 

IGFBP-1 (292, 303, 304). In addition pro-inflammation may further decrease the capacity 

of the IGF-system by inducing GH-insensitivity in vivo (298). In preterm infants GH-

insensitivity appears less important since expression of GH receptors are low in the fetus 

(240). Inverse relationships between IL-6 and IGF-I have previously been shown in 

children with systemic juvenile idiopathic arthritis, as well as in stable growing preterm 

infants (291, 357). However, a previous study in moderately preterm and term infants did 

not display any correlation between IL-6, IGF-I and IGFBP-1 in cord blood (358). 

The associations between cytokines and the IGF components were only observed in the 

subgroup of infants born AGA. This is an expected finding, since infants born SGA have 

lower concentrations of IGF-I and a tendency to increased concentrations of IGFBP-1 at 

birth, as compared to infants with BW AGA. Infants with BW SGA are also less likely to 

have fetal inflammation. Very preterm infants with vascular placental defects have been 

observed to have lower levels of IL-6 and IL-8, as compared to infants with histologic CA 

(56).

IGF-I is down regulated whereas IGFBP-1 and pro-inflammatory cytokines are up-

regulated by fetal birth stress, which may infer an influence on our described associations 

between cytokines and the IGF-system (198, 261). Adjusting for Apgar score had no 

influence on the association between cytokines and IGF-I or IGFBP-1. Cord blood pH 

was obtained in about half of the eligible infants (N=36) and was not associated with 
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IGF-I, IGFBP-3 or IGFBP-1 which may however be due to the small group of analysed 

infants.

IGFBP-1 and cerebral hemorrhage 

Infants with IVH grade III (all with BW AGA) had higher levels of lp/hpIGFBP-1, as 

compared to infants without IVH or with subependymal hemorrhage. Further, increased 

levels of lp/hpIGFBP-1 in cord blood related univariately to subnormal PDI at 2 y of 

age, p=0.008 and p=0.047 respectively. Increased expression of IGFBP-1 has been 

described to interfere with brain development in mice (274, 275). Our previous finding 

showing a relationship between elevated IL-6 and IL-8 and severe cerebral hemorrhage 

(study I), suggests that the described association between IGFBP-1 and IVH may be due 

to pro-inflammation. There is to date no data supporting a causal relationship between 

increase in IGFBP-1 and development of IVH. 

Effects of fresh frozen plasma on the IGF-system in extremely preterm 

infants (IV) 

The previous findings in study III, where administered amount of FFP (ml/kg) during the 

first 72 postnatal hours correlated positively with concentrations of IGF-I and IGFBP-3 

at 72 h of age, formed the basis for a continued systematic evaluation of FFP as an 

exogenous source of IGF-I and IGFBP-3 during the catabolic period immediately 

following preterm birth. 

Concentrations of IGF-I and IGFBP-3 were analyzed in 20 extremely preterm infants 

who received FFP from adult donors due to clinical purposes. Analyses were performed 

from the portion of administered FFP as well as from neonatal blood, immediately before 

initiation of transfusion, directly after and at 6, 12, 24 and 48 h after completed FFP 

transfusion.  

Administration of FFP and effects on levels of IGF-I and IGFBP-3 

FFP was administered with a mean (SD) volume of 11 (3.1) ml/kg during median (range) 

120 (90-240) min at a postnatal age of median (range) 2 (1-7) days. Base-line 
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concentrations of IGF-I in the infants before study entry were significantly lower than 

previously described fetal concentrations at similar GA and corresponded well with 

concentrations at 72 h of age previously described in study III (250, 253, 254). 

Directly after administration of FFP concentrations of IGF-I and of IGFBP-3 displayed a 

marked increase where concentrations of IGF-I more than doubled in all infants and 

achieved fetal physiological levels in the majority of infants (Fig 9). The significant 

elevation in concentrations was achieved with a mean administered dose of IGF-I of 1.4 

g/kg. As expected preterm infants required a much lower dose to achieve physiological 

concentrations than those reported from studies in adults (359, 360). 

Figure 9. Mean concentrations of insulin-like 

growth factor I (IGF-I) ( g/L) before and after 

fresh frozen plasma (FFP) and at 6, 12, 24 and 

48 hours after FFP. Error bars show ±1 SE.  

Pharmacokinetic aspects 

Significant correlations were observed between administered amounts ( g) of IGF-I and 

IGFBP-3 and those ( g) remaining in the circulation after completed FFP transfusion. 

The latter was calculated by approximating plasma volume in each infant to 50 ml/kg. 

The ratio between administered amount and that remaining after completed FFP 

transfusion ranged between 40 and 103 % for IGF-I. We found that GA at birth 

correlated significantly to this ratio. This correlation remained significant after adjustment 

for postnatal age at FFP transfusion, duration of FFP transfusion and BW for GA. This 
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suggests, that decreased GA at birth was associated with increased loss of administered 

IGF-I from the circulation during the course of transfusion. GA did not display any 

correlation with IGF-I concentrations or relative changes thereof during the study period.

A rapid decline in concentrations of IGF-I and IGFBP-3 was observed following 

completed FFP transfusion and at 24 h concentrations of both proteins did not differ 

from base-line concentrations. Calculated half-life (t1/2) of IGF-I for a neonate of 1 kg 

was 3.5 h based on typical estimates. Half life for IGF-I was thus considerably shorter 

than that described in healthy adults receiving rhIGF-I (360). A large proportion of IGF-1 

in administrated FFP from adult donors is hypothetically present in either binary or 

ternary complexes bound to IGFBP-3 and ALS. The circulating t1/2 of IGF-I would 

therefore be expected to have been considerably longer (233). 

The endogenous production of IGF-I and IGFBP-3 in very preterm infants is probably 

very low or absent during the immediate postnatal period. Moreover, extremely preterm 

infants are in a catabolic state during the first weeks which may further impair the capacity 

of the nutritionally regulated IGF-system (312). In study III we observed that 

inflammation at birth was associated with a decrease in levels of IGF-I. Catabolism and 

pro-inflammation may contribute to increased proteolytic degradation of IGFBP-3, 

thereby causing a severe decrease in circulating t1/2 of IGF-I. 

Due to clinical indications five infants had received FFP during the last 24 h before 

initiation of study and four infants received additional FFP between study sampling at 12 

h and 24 h. This was accompanied by higher mean concentrations of IGF-I and IGFBP-3 

at initiation of study and at 24 h, respectively, as compared to remaining infants.

Although levels of IGF-I were doubled on average, we did not observe any effects on 

plasma glucose levels. Increasing levels of IGF-I to those of the healthy fetus following 

preterm birth does therefore not appear to be associated with hypoglycemia. FFP includes 

other proteins that may interfere with the IGF-system. Transferrin and plasminogen 

interfere with the binding affinity of IGFBP-3 (361-363). High cytokine levels in plasma 

have been associated with febrile transfusion reactions (364). The risk of blood-borne 
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infections is very small but still not negligible. Therefore, continued evaluation of IGF-I 

/IGFBP-3 administration in preterm infants should preferably be based on the use of 

recombinant IGF-I/IGFBP-3. 
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General discussion and future perspectives 

This thesis aimed to describe the effects of inflammation at very preterm birth on 

subsequent morbidity, as well as on the neuro-protective IGF-system. The relationships 

have been evaluated in prospective clinical studies where temporal changes in levels of 

cytokines have been chosen as markers of an induced inflammatory response. 

The use of antenatal recruitment in papers I-III may well have biased selection of subjects 

towards pregnancies hospitalized before birth and included proportionally less rapid 

unexpected deliveries. The latter may be associated with a high prevalence of antenatal 

infection. By retrieving data from non-included infants born during the same time period 

some differences were observed between the study cohort and non-participants. 

Prevalence of WMD and IVH I-II was lower in those not included for study. This may be 

attributed to different diagnostic sensitivity of ultrasound examinations performed within 

or without of study. It could importantly be ascertained that neither mortality nor severe 

brain damage were increased in infants not recruited to study as compared to those within 

the study. 

Early inflammation, low Apgar score at birth, as well as cerebral morphology were related 

primarily to motor outcome, but not to cognitive outcome (paper II). The follow-up was 

performed at a corrected age of 2 years, an age commonly used in many follow-up 

studies. The predictive value of developmental outcome at 24 months of age appears 

sufficiently reliable regarding diagnosis of CP, whereas cognitive impairment is not 

reliably tested until school age (336, 365). Continued follow-up at higher ages is currently 

being performed for the cohort of infants in paper II. 

Repeated measurements of modulatory and pro-inflammatory cytokines over time 

enabled us to assess time-frames of inflammatory response and their relationships to 

morbidity. However, the analysis of 9 cytokines at 4 time points raises the statistical issue 

of multiple comparisons. Adjustment was performed for repeated measures in papers II 
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and IV. Several of the analysed cytokines had no hypothetical relationship to evaluated 

outcomes of these studies and could therefore have been omitted. As negative results 

carry a value we included all measured cytokines in analysis. However, in studies with 

smaller samples of individuals, the number of tests performed should be carefully 

considered.

Prospective clinical studies performed at one single perinatal center do not have the 

possibility of recruiting a large number of infants within a reasonable time period as in 

multi-center studies. On the other hand, the single center can perform a study at a 

different level of detail and ensure consistent data retrieval. Ideally, results from detailed 

single-center studies lead to a new definition of a research question which can be applied 

in subsequent multi-center study. Our results have shown that sampling of inflammatory 

markers in cord blood and at 6 h is of relevance when performing association studies with 

early and late morbidity. This information is of great value for design of continued multi-

center study.

Associations between pro-inflammation and late morbidity at 2 years of age in paper II 

and between cytokines and the IGF-system in paper III were confined to cord blood

samples after adjustment for other risk variables. If pro-inflammation is causal in brain 

damage our results would suggest that an essential part of injury takes place before birth 

implicating that neuro-protective strategies initiated towards the fetus have the greatest 

potential for success. Timing of delivery based on fetal inflammatory markers is a possible 

strategy, as yet, without proven benefits.  

The strong relationship shown between early postnatal inflammation (best described by 

increase in IL-6) and severe IVH and arterial hypotension respectively suggests that pro-

inflammation is the common factor associated with both of these conditions. We and 

others have failed to demonstrate associations between arterial hypotension and either 

cerebral damage or later developmental outcome. Continued study should focus on 

concomitant biochemical evaluation of inflammation and hemodynamic assessment 

including CBF. Disturbance in cerebral blood flow in combination with endothelial 

activation may be additive risk factors for development of IVH. Cerebral hemorrhage 

takes place during the immediate postnatal period and is readily detected by bed-side 
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ultrasound. Thus the time-period of intervention is much more clearly defined than eg that 

required for intervention directed at putative insults causing WMD. 

The source of cytokines measured in cord blood in papers I-III was either fetal or 

placental. An inflammatory response produced by the fetus may be defined as presence of 

fetal vasculitis accompanied by signs of endothelial activation. Since we did not perform 

any placental histology or microbiology, we do not know if the inflammatory reaction 

defined by circulatory elevations of cytokines actually was induced by an antenatal 

infection or a hypoxic insult or a combination of these events. Cellular source of 

measured circulating cytokines can only be speculated upon. Subjects with high circulating 

levels of IFN-  would be expected to have an activated adaptive immunity with signs of 

activation in lymphocytic subsets. 

The observation of the homogenous increase in circulating levels of the anti-inflammatory 

cytokine IL-10 following very preterm birth has formed hypothesis for continued study. 

The hypothesis of endogenous stress causing down-regulation of pro-inflammation and 

up-regulation of modulatory cytokines, and its potential in neuro-protection is currently 

being evaluated in an experimental setting. 

A systematic evaluation of the temporal decrease in components of the IGF-system in a 

larger cohort of preterm infants during the transition from fetal to neonatal life has not 

been performed previously (paper III). The decrease in IGF-I is most probably caused by 

insufficient endogenous production after interruption of placental supply and suggests 

that not only components of the IGF-system but also that other proteins essential for the 

developing brain may decrease in the same manner. The decrease may be further 

aggravated by the catabolic situation with deficit in protein intake that occurs after very 

preterm birth. Enhanced nutrition during the first days may theoretically have positive 

effects on the IGF-system but will probably not be sufficient to achieve fetal 

physiological levels which is indicated by our findings where early nutritional intake did 

not influence components of the IGF-system. Early exogenous administration of IGF-I 

may therefore be essential. 
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In paper IV we describe, for the first time, pharmacokinetic aspects of exogenous 

administration of IGF-I from adult donor plasma to extremely preterm infants. The 

findings where concentrations of IGF-I could be elevated up to fetal physiological levels 

without any side effects, supports continued studies with administration of recombinant 

IGF-I during a longer time period accompanied by concomitant evaluation of clinical 

variables related to IGF-I deficiency. It should however be emphasized that the biological 

activity of IGF-I in the tissues is regulated  by a complicated network of different 

mechanisms and is not only determined by the secretion rate of IGF-I and the total 

circulatory IGF-concentration (227). Further it is not clear whether IGF-I administered to 

the circulation can reach the target organ ie the immature brain. The possible beneficial 

effects of supplementary and systemic treatment with IGF-I on brain development or on 

severe ROP can only be evaluated by future randomized trials of intervention in preterm 

infants.

The studies in this thesis have attempted to highlight how inflammation present at very 

preterm birth relates to different aspects of morbidity. Time windows were identified 

where future interventions may be possible. The first time window is present before birth 

where antenatal markers of fetal inflammation could be of help in the decision of an 

optimal time point of delivery. The other time window is present shortly after birth where 

continued study should address the interaction between pro-inflammation, hemodynamic 

impairment and development of severe IVH.
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Conclusions

Very preterm birth is frequently accompanied by a circulating inflammatory response in 

the infant defined as an increase in both pro-inflammatory and modulatory cytokines. 

Temporal profiles of cytokines show that pro-inflammation is mainly initiated in utero.

Time point of induced inflammatory response appears of importance for type of 

subsequent neonatal morbidity.  

Inflammation at birth is associated with impaired developmental outcome at 2 years of 

age where TNF-  seems to be a key cytokine for subsequent brain injury. Markers of fetal 

inflammation may help in optimizing time point of delivery thereby reducing fetal 

exposure to damaging influence. 

Presence of inflammation at birth is associated with changes in the IGF-system. 

Impairment of the endogenous IGF-system may aggravate the consequences of 

inflammation and hypoxia at birth on the immature brain. 

An immediate postnatal decline in levels of IGF-I occurs after very preterm birth. 

Adminstration of exogenous IGF-I from adult donor plasma elevates low endogenous 

postnatal levels of IGF-I in extremely preterm infants without any overt side effects. 

Future studies with continuous administration of recombinant IGF-I during a longer time 

period deserve evaluation. 
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En bok skall vara som en bro: 

den skall ha sina grundvalar i verklighetens mark 

men höja sig över den i en vid båge 

- Frank Heller 1886-1947 

Sammanfattning på svenska (Swedish summary) 

I Sverige föds cirka 0,3% av alla levande födda barn före 28 fulla graviditetsveckor 

Överlevnaden för dessa höggradigt prematurfödda barn har under de senaste 15 åren 

förbättrats dramatiskt. Samtidigt uppvisar en stor andel av barnen vid senare 

uppföljningsundersökningar ett flertal svårigheter både avseende motorik, inlärning, 

beteende samt uppmärksamhet. Dessa svårigheter anses orsakade av skador som uppstår i 

den omogna hjärnan vid en prematur förlossning samt under den efterföljande 

nyföddhetsperioden.

Orsakerna till en uppkommen hjärnskada efter en mycket prematur födelse är flera. 

Under de sista 3 månaderna av graviditeten sker en mycket snabb tillväxt och utmognad 

av hjärnan vilken gör att hjärnan under denna tidsperiod är extra känslig för påverkan av 

yttre faktorer. 

Den främsta orsaken till mycket för tidig förlossning är infektioner som uppkommer hos 

modern och sedan eventuellt fortplantas till fostret. Dessa infektioner kan ofta 

förekomma under lång tid utan att ge några symptom. Om infektionen passerar över till 

fostret reagerar fostret med att initiera ett inflammatoriskt svar. Detta inflammatoriska 

svar är ett sätt för fostret att försvara sig mot en infektion men samtidigt vet man att ett 

inflammatoriskt svar kan vara skadligt för flera olika organ inte minst hjärnan. Cytokiner 

är proteiner som produceras av immunologiska celler vid en infektion. Dessa cytokiner 

fungerar som budbärare för immunförsvaret och reglerar intensitet och varaktighet i det 

immunologiska svaret. Cytokiner kan både stimulera och nedreglera ett inflammatoriskt 

svar.
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Fostrets tillväxt regleras under graviditeten av ett flertal olika tillväxtfaktorer. Nivåerna av 

dessa tillväxtfaktorer hos fostret är starkt kopplade till moderns och fostrets näringsstatus 

och regleras genom ett utbyte mellan fostret och moderkakan. Vid en för tidig förlossning 

upphör detta utbyte abrupt och barnet måste själv producera dessa tillväxtfaktorer. 

Insulin-like growth factor I (IGF-I) är en av de viktigaste tillväxtfaktorerna under slutet av 

graviditeten och har stor betydelse för hjärnans mognad och tillväxt. IGF-I har också 

visat sig ha en skyddande effekt vid en etablerad hjärnskada i djurexperiment. 

Hos mycket för tidigt födda barn har man visat att låga nivåer av IGF-I kan bestå under 

flera veckor efter födelsen. Man tror att de låga nivåerna av IGF-I efter för tidig födelse 

bland annat beror på en för låg protein produktion som kan vara en följd av otillräcklig 

protein tillförsel. Även om man med dagens nyföddhetsvård strävar efter att optimera 

näringstillförseln så kan man idag inte fullt ut ersätta den näringstillförsel som skett via 

moderkakan.

Det övergripande syftet med detta projekt var att undersöka hur inflammation påverkar 

den omogna hjärnan och IGF-systemet vid en mycket för tidig förlossning. Projektet 

baseras på kliniska studier av prematura barn födda i Lund (i delstudie IV även barn 

födda vid Drottning Silvias Barnsjukhus, Göteborg) under en 5-års period (2001-2006) 

och som ligger till grund för 4 olika delarbeten. Samtliga studier har godkänts av 

Regionala Etikprövningsnämnden i Lund.  

I det första delarbetet ingick 74 barn som föddes i Lund under 2001-2003 med en 

graviditetslängd på mindre än 32 veckor. Vi undersökte nivåer av 9 olika cytokiner i 

blodet vid 4 olika tidpunkter från födelsen och fram till 3 dagars ålder. Under samma 

tidsperiod uppmättes blodtryck. Ultraljud av hjärnan gjorde vid flera tillfällen från 

födelsen fram till dess att barnet var fullgånget. Vi fann att förhöjda nivåer av de cytokiner 

som initierar inflammation relaterade till lågt blodtryck samt till utveckling av 

hjärnblödning och skador i hjärnans vita substans. Detta stödjer hypotesen att etablerad 

inflammation vid förlossningen kan ha betydelse för uppkomst av tidig sjuklighet hos det 

prematurfödda barnet. Tidpunkten för när det inflammatoriska svaret initieras i 
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förhållande till förlossningen tros också ha betydelse för vilken typ och grad av skada som 

uppstår.

Samtliga överlevande barn som undersöktes i det första delarbetet rekryterades till en 

uppföljningsundersökning vid 2 års korrigerad ålder där 67 barn deltog under 2003-2005. 

Vid uppföljningen utfördes dels en neurologisk undersökning och dels en 

utvecklingsbedömning med ett standardiserat test instrument (Bayley Scales of 

Developmental Index). Syftet var att se om det fanns några samband mellan inflammation 

vid födelsen (förhöjda cytokinnivåer) och senare utveckling. Vi fann att förhöjda nivåer av 

två cytokiner (som båda inducerar inflammation) relaterade till försenad motorisk 

utveckling och till cerebral pares. Detta stödjer hypotesen att en tidig inflammation vid 

födelsen kan ha betydelse för utvecklingen även på längre sikt. 

I delarbete III undersöktes samma barn som i delarbete I. Vi undersökte nivåer av IGF-I 

vid födelsen och vid 72 timmars ålder och analyserade även cytokiner vid motsvarande 

tidpunkter. Vi fann att nivåerna av IGF-I minskade drastiskt från födelsen och fram till 72 

timmars ålder. Vi fann också att inflammation vid födelsen (förhöjda cytokinnivåer) 

relaterade till lägre nivåer av IGF-I. Dessa resultat visar att uppkomst av låga nivåer av 

IGF-I efter en för tidig förlossning ytterligare kan förvärras vid en samtidigt pågående 

inflammation.

Som ett delfynd i delarbete III fann vi att barn som på klinisk indikation behandlades med 

färskfrusen plasma hade högre nivåer av IGF-I vid 72 timmars ålder jämfört med de barn 

som inte hade behandlats med färskfrusen plasma. Prematura barn behandlas ofta med 

färskfrusen plasma från vuxna blodgivare, främst vid etablerade blodtrycksproblem. 

Denna plasma innehåller koncentrationer av IGF-I som är cirka 10 gånger högre jämfört 

med koncentrationer i blodet hos mycket prematura barn. Dessa fynd var en anledning till 

att genomföra det sista delarbetet (IV), där vi systematiskt studerade effekter av 

färskfrusen plasma på nivåer av IGF-I hos 20 barn födda före 28 graviditetsveckor under 

2005-2006.
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Barnen inkluderades i studien om de hade kliniska behov av transfusion med färskfrusen 

plasma före 1 veckas ålder. Vi undersökte nivåer av IGF-I före transfusion av färskfrusen 

plasma och sedan direkt efter transfusion och vid ytterligare 4 tillfällen fram till 48 timmar 

efter transfusion. Vi fann att nivåerna av IGF-I mer än dubblerades efter transfusionen 

och att man uppnådde fysiologiska nivåer d.v.s. de nivåer som barnet skulle ha haft under 

en fortsatt graviditet. Inga övriga negativa effekter kunde konstateras. 

Sammanfattningsvis har detta projekt inneburit en ökad kunskap om effekterna av 

pågående inflammation vid mycket för tidig förlossning. Inflammation vid födelsen 

förefaller ha ett inflytande på såväl tidig som sen sjuklighet och påverkar dessutom 

tillväxtfaktorer med betydelse för hjärnans utveckling. Projektet har också för första 

gången kunnat visa att man genom tillförsel av tillväxtfaktorn IGF-I utifrån kan påverka 

de låga nivåerna av IGF-I hos prematura barn. Dessa resultat kan innebära en bas för 

framtida studier där IGF-I ges under längre tidsperiod. I framtiden är det viktigt att 

försöka identifiera de foster som är utsatta för en inflammatorisk påverkan före födelsen 

för att på så sätt försöka optimera tidpunkten för förlossningen och för att terapeutiskt 

kunna motverka en skadlig inflammation.  
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