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utero environment during a critical period of develop-
ment. We have investigated postnatal insulin resistance 
in 60 children born with very low birth weight and either 
small for gestational age or at an appropriate size for 
gestational age. This study showed that IUGR, rather 
than low birth weight itself, was associated with in-
creased fasting insulin levels. As poor fetal growth may 
be associated with the development of obesity, type 2 
diabetes and the metabolic syndrome in later life, it is 
important that we continue to increase our understand-
ing of the effects of IUGR on postnatal growth and me-
tabolism. 

 Introduction 

 Advances in medicine, and specifi cally in neonatal 
care, have allowed an increased proportion of premature 
infants of low and extremely low birth weight to survive. 
These infants represent a challenge for neonatal intensive 
care units and paediatricians. However, as recent data 
indicate an association between birth weight and adult 
disease, considerable interest in the lives of these prema-
ture infants has been raised. As many of the advances in 
neonatal care have taken place over the last 3–4 decades, 
it may be too soon to examine the long-term conse-
quences. In this paper, however, we will examine the 
available evidence for a link between prematurity and 
insulin sensitivity and glucose homeostasis in the perina-
tal period and during infancy and childhood. 
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  Abstract 
 Premature infants of low and extremely low birth weight 
represent a challenge for neonatal intensive care units 
and paediatricians. These neonates may be at increased 
risk of insulin resistance and diabetes perinatally and 
during childhood. During the fi rst week of postnatal life, 
infants born prematurely are at risk of abnormalities in 
glucose homeostasis. Additionally, there are major dif-
ferences in their glucose/insulin homeostasis compared 
with infants born at term. Preterm infants are at risk of 
hypoglycaemia, due to decreases in deposits of glyco-
gen and fat that occur during the third trimester, and also 
to transient hyperinsulinaemia. Hyperglycaemia may 
also be observed in preterm infants during the perinatal 
period. These infants are unable to suppress glucose 
production within a large range of glucose and insulin 
concentrations, insulin secretory response is inappropri-
ate, insulin processing is immature and there is an in-
creased ratio of the glucose transporters Glut-1/Glut-2 in 
fetal tissues, which limits sensitivity and hepatocyte re-
action to increments in glucose/insulin concentration 
during hyperglycaemia. In addition, increased concen-
trations of tumour necrosis factor  �  present in intrauter-
ine growth retardation (IUGR) and induce insulin resis-
tance. It has been proposed that the reduced insulin 
sensitivity may result from adaptation to an adverse in 
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 Insulin Sensitivity and Glucose Homeostasis 
during the Perinatal Period 

 During the fi rst week of postnatal life, infants born 
prematurely are at risk of abnormalities in glucose ho-
meostasis. Additionally, there are major differences in 
glucose/insulin homeostasis compared with infants born 
at term. For example, premature infants of very low birth 
weight always require parenteral glucose administra-
tion. 

 Several ethical restrictions limit research in the peri-
natal period in these infants. Studies should not be inva-
sive; blood samples should be minimized and withdrawn 
from peripheral vessels but should allow obtained data to 
be extrapolated to other inaccessible tissues, and the 
smallest possible sample of patients should be examined. 
These limitations have been overcome by kinetic studies 
using isotopic substances together with the availability of 
mass spectrometric quantifi cation. 

 Glucose Production 
 All available studies of glucose production in preterm 

neonates have used intravenous glucose injected at dif-
ferent rates. In preterm infants, glucose is continuously 
produced at similar rates to those in term newborns, even 
when glucose is administered intravenously. In fact, there 
is a negative correlation between glucose production and 
birth weight in preterm infants. Complete suppression of 
glucose production occurs only when the glucose concen-
tration reaches 250 mg/dl. This contrasts with experience 
in adults, where glucose production is suppressed when 
this glucose is administrated parenterally at a rate similar 
to or greater than endogenous production. To evaluate 
whether this effect is related to insulin sensitivity, a hy-
perinsulinaemic-euglycaemic clamp has been performed 
in newborns  [1] . When insulin was administered at rates 
of 0.5–4.0 mU/kg/min, there was a decrease of 41–58% 
in glucose production, compared with values before insu-
lin administration. The result is similar in term and pre-
term newborns and is in remarkable contrast to the adult 
response during the clamp: in adults, a dose of 2 mU/kg/
min of insulin achieves a maximum insulin effect on both 
glucose production and glucose utilization  [2] . 

 These differences are most likely related, at least in 
part, to the ontogeny of glucose transporters (Glut-2) in 
the liver and pancreatic beta cells. Glut-1 is the predom-
inant glucose transporter isoform in fetal tissues and is 
characterized by a high glucose affi nity and effi ciency in 
transporting glucose through the organs. After birth, the 
concentration of Glut-1 decreases, while concentrations 

of Glut-2 in the liver, Glut-3 in the brain and neurones 
and Glut-4 in muscle increase. Glut-1 continues to have 
an important role in the blood-brain barrier, however, 
and Glut-3 regulates glucose uptake by neurones. Con-
centrations of Glut-1 are negatively regulated by glucose 
but have no effect on Glut-3. On the other hand, insulin 
positively regulates Glut-4 in muscle and adipose tissue. 
There is agreement that glucose utilization (oxidative and 
non-oxidative) is related to the rate of intravenous glu-
cose administration and plasma glucose and insulin con-
centrations, but it is not clear when the plateau is reached 
for each of these factors. Importantly, during the perina-
tal period the ratio of oxidative/non-oxidative glucose 
utilization decreases. As a consequence of this deregula-
tion in the glucose/insulin axis, frequent abnormalities 
occur in glucose homeostasis during the perinatal period 
in preterm infants. 

 Hypoglycaemia 
 Controversy exists regarding the defi nition of hypogly-

caemia, and the reported incidence in preterm infants 
therefore varies from 7 to 57%. Recently, Battaglia et al. 
 [3]  reported cord glucose concentrations to be between 54 
and 108 mg/dl, which appears to indicate that target 
blood glucose concentrations should be over 60 mg/dl 
during this period, similar to those in other periods of life. 
This recommendation is based on studies of preterm in-
fants in which the number, frequency or intensity of hy-
poglycaemic episodes were negatively correlated with 
neurodevelopment. Preterm infants are at risk of hypo-
glycaemia, mainly due to a decrease in deposits of glyco-
gen and fat that occurs during the third trimester, mostly 
after week 34 of gestation, as shown by cord leptin con-
centrations  [4] . In addition, the ratio of brain size to body 
size is increased in preterm infants, and nearly 90% of 
glucose utilization is by the brain. As alternative sub-
strates are not available in preterm newborns, the brain 
is left unprotected from hypoglycaemia. Levitsky et al.  [5]  
showed that ketone bodies and non-esterifi ed fatty acid 
concentrations are decreased in preterm newborns com-
pared with those born at term. Glucose sensing is also 
immature in beta cells  [6] , which could contribute to the 
decreased insulin regulation during hypoglycaemia. 

 Hypoglycaemia can also occur in preterm infants as a 
consequence of transient hyperinsulinaemia or so-called 
stress-induced hyperinsulinaemia. In this case, persistent 
neonatal hypoglycaemia develops due to hyperinsulinae-
mia that subsequently resolves. Patients with this form of 
hyperinsulinaemia have normal sulphonylurea receptors 
and glutamate dehydrogenase function, so the aetiology 
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is different from the known genetic causes of hyperinsu-
linaemia. Transient hyperinsulinaemia has been reported 
to occur more frequently in infants suffering from peri-
natal asphyxia, in those with intrauterine growth retarda-
tion (IUGR) and in cases of maternal toxaemia. In a study 
reported by Hoe et al.  [7] , the mean duration of transient 
hyperinsulinaemia was 5.5 months, with a range of 
2 weeks to 11 months. These patients usually require high 
loads of intravenous glucose and have a positive response 
to diazoxide and glucagon. 

 Hyperglycaemia 
 Hyperglycaemia is the other abnormality in glucose/

insulin homeostasis that can be present during the peri-
natal period, with an incidence as high as 68% in preterm 
infants. This contrasts with 5% encountered in term new-
borns. As explained above, preterm infants are unable to 
suppress glucose production within a large range of glu-
cose and insulin concentrations, the insulin secretory re-
sponse is inappropriate, insulin processing is immature 
and there is an increased ratio of Glut-1/Glut-2 in fetal 
tissues, which limits sensitivity and hepatocyte reaction 
to increments in glucose/insulin concentrations during 
hyperglycaemia. In addition, increased concentrations of 
tumour necrosis factor  �  are present in the perinatal pe-
riod after IUGR, which induce insulin resistance  [1] . 

 Currently, there is agreement that glucose concentra-
tions in the newborn should be maintained between 60 
and 150 mg/dl. This is particularly important, as glucose 
transporters might be programmed during critical win-
dows of development, and exposing the newborn to high 
concentrations of glucose could have important postnatal 
consequences. All the conditions described above should 
encourage caution when assessing insulin sensitivity at 
this early time after birth in preterm newborns. 

 Insulin Sensitivity in Preterm Infants Born 
Small for Gestational Age (SGA) versus Those 
Born at an Appropriate Size for Gestational 
Age (AGA) 

 There are only a few studies of glucose/insulin abnor-
malities within the perinatal period that compare infants 
who were born SGA with those born AGA. 

 To investigate whether IUGR is associated with de-
creased sensitivity to insulin and the effect of glucocorti-
coid therapy, Leipala et al.  [8]  used an abbreviated mini-
mal model to study insulin sensitivity in preterm new-
born infants at a mean of 7  8  3 days with a birth weight 

of less than 1,500 g. Basal insulin sensitivity and insulin 
sensitivity index did not differ between infants born AGA 
and those born SGA, but steroids decreased insulin sen-
sitivity only in the SGA group. 

 A similar observation was performed in a larger group 
of preterm newborns in South Africa  [9] . One-hundred 
premature infants were recruited, and fasting and post-
prandial (standardized milk feed) glucose/insulin levels 
were measured. Assessment occurred within 1–65 days 
after birth. Infants born SGA had higher 60-min insulin 
levels than neonates born AGA, despite similar glucose 
levels. As we have recently described for a term cohort 
 [10] , this study also found that postnatal growth veloc-
ity correlated negatively and independently with birth 
weight and insulin resistance. 

 Insulin Sensitivity during Childhood in 
Individuals Born Preterm and SGA versus 
Those Born Preterm and AGA 

 Interest in studying insulin sensitivity in preterm in-
fants later in life increased after reports during the last 
decade linking low birth weight to cardiovascular disease, 
impaired glucose tolerance and type 2 diabetes mellitus. 
Initial observations were made in retrospective studies of 
British adults  [11] , but later these observations were rep-
licated in young adults and children with different ethnic 
backgrounds. It has been proposed that reduced insulin 
sensitivity is the hallmark in most low birth weight-re-
lated conditions, and may result from adaptation to an 
adverse environment during a critical period of develop-
ment in utero. In this model, birth weight is assumed to 
be a proxy for the prenatal environment. However, it is 
well known that newborns with low birth weight are also 
exposed to stressful conditions postnatally, which is re-
fl ected in higher neonatal morbidity and mortality. This 
has led to the hypothesis that postnatal morbidity may 
also contribute to the metabolic modifi cations observed 
in children of low birth weight, independently of their 
gestational age. Therefore, if early postnatal morbidity is 
relevant in conditioning long-term metabolic changes, 
prematurity may be an important confounding factor 
that was not assessed in historical cohort studies. In ad-
dition, it has been suggested that the metabolic conse-
quences of low birth weight may be mediated by an ac-
celerated rate of postnatal growth. 

 We have recently shown in a prospective cohort of in-
fants born SGA at full term that fasting and post-load 
insulin levels are directly related to the extent of centile 
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crossing in weight and height during the fi rst year of life 
 [12] . To investigate determinants of insulin sensitivity 
and secretion, we assessed whether the link between low 
birth weight and postnatal insulin resistance, regardless 
of gestational age, holds true ( fi g. 1 )  [12] . Sixty children 
born prematurely and of very low birth weight (20 born 
SGA and 40 born AGA), aged 5.7  8  0.7 years, were eval-
uated by a short intravenous glucose tolerance test. The 
effects of current body mass index (BMI), birth weight 
SD score, postnatal growth rates and indicators of post-
natal morbidity were evaluated. These children had been 
closely followed from birth to 7 years of age in a clinic in 
a well-defi ned area of Santiago, Chile. As a consequence 
of the strong geographical stratifi cation in this city, this 
was an excellent indicator of socioeconomic homogene-
ity in our study group. A particular strength of this study 
was the analysis of early postnatal growth using instant 
growth rates that were independent of size at birth, which 
is essential if a separate assessment of the effects of birth 

weight and catch-up growth is desired. These children 
therefore had no endocrine bias. IUGR rather than low 
birth weight was found to be associated with increased 
fasting insulin levels. This link was independent of gesta-
tional age and other indicators of postnatal stress, such as 
early requirements for ventilatory and nutritional sup-
port. In addition, fasting and fi rst-phase insulin secretion 
were related to instant postnatal growth velocity (which 
is independent of size at birth). This was in accordance 
with our previous observations. Interestingly, at this age, 
adiposity was the main determinant of insulin sensitivity 
and secretion. 

 Insulin is an important growth factor during infancy, 
and insulin secretion could be relevant for fat deposition 
and weight gain shortly after birth. This accelerated 
weight gain may in turn lead to the development of obe-
sity in later life, thus contributing to development of in-
sulin resistance. Our fi ndings are in agreement with those 
of a prospective follow-up study of 385 preterm children 
at 9–12 years of age, with birth weights of less than 1,850 g. 
Anthropometric measurements and an oral glucose toler-
ance test were taken at birth and at 18 months and 7 years 
of age  [13] . This study found that postload glucose con-
centrations were negatively correlated with birth weight 
independently of the length of gestation and postnatal 
growth. Fasting 32–33 split proinsulin concentrations 
and 30-min insulin concentrations were highest in chil-
dren who showed the greatest increase in weight centile, 
regardless of gestational age. This suggests that fetal 
growth infl uences 30-min plasma glucose levels; however, 
in contrast, childhood weight gain was the most impor-
tant factor infl uencing insulin concentrations. 

 Recently, a somewhat discordant fi nding was reported 
from the group of Hofman et al.  [14] . They recruited 
85 prepubertal children, aged 4–10 years, from an endo-
crine clinic; 50 had been born preterm ( ! 32 weeks of ges-
tation; 38 AGA, 12 SGA) and 35 had been born at term 
(22 AGA (controls), 13 SGA). Insulin sensitivity was 
measured with the use of an intravenous glucose toler-
ance test with paired insulin and glucose determinations. 
Interestingly, children who had been born prematurely 
had a reduction in insulin sensitivity compared with con-
trols. The authors concluded, however, that children born 
small because of prematurity, regardless of their previous 
growth in utero, are also at risk of metabolic disease. 

 Hofman et al. comment very little on the interactions 
between size at birth and early postnatal growth in deter-
mining insulin sensitivity, which has been shown to be 
relevant in a number of recent studies  [15, 16] . In this 
regard, it is noteworthy that children born SGA in the 
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  Fig. 1.  Serum insulin levels during a short intravenous glucose tol-
erance test (sIVGTT) in children aged 5–7 years, of very low birth 
weight, who were small for gestational age (SGA; n = 20) and an 
appropriate size for gestational age (AGA; n = 40).  a  Insulin profi le 
during the sIVGTT.  b  Fasting insulin levels (mean of values taken 
at –5 and 0 minutes).  c  Postload insulin secretion, evaluated as the 
area under the curve (AUC) for insulin. Data are expressed as mean 
 8  SEM. * p  !  0.05. Adapted from [12] with permission. 
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study discussed above are rather short, probably because 
they had been recruited at a paediatric endocrinology 
clinic. This is in contrast to most population-based stud-
ies, which show that most (up to 90%) children born SGA, 
either at term or prematurely, experience complete catch-
up growth before 4 years of age  [17] . Therefore, we suggest 
caution should be exercised when extending these obser-
vations to other populations. 

 In epidemiological studies, the most common growth 
pattern related to disease risk in later life is the combina-
tion of low birth weight and subsequently becoming over-
weight or obese during childhood  [18, 19] . Recently, ex-
perimental evidence for suppressed thermogenesis, fa-
vouring catch up in fat levels during catch-up growth, has 
been reported  [20, 21] . This suppressed thermogenesis 
would lead to a redistribution of glucose from skeletal 
muscle to adipose tissue, linking catch-up growth and ap-
pearance of the metabolic syndrome in later life  [21, 22] . 
These data are in accordance with data from Gale et al. 
 [19] , who showed that among men aged 70–75 years stud-
ied by dual-energy X-ray absorptiometry (DXA), low 
birth weight was associated with reduced lean tissue mass 
and greater body fat relative to current weight. Interest-
ingly, a study of body composition in preterm infants, 
assessed by DXA, showed that fat mass and percentage 
fat mass increased substantially between discharge from 
hospital and 6 months of age, and values were similar to 
those in a control cohort of infants born at term. How-
ever, lean mass was reduced in the premature infants 
compared with that in the term reference infants at the 
same age  [23] . It is also noteworthy that early postnatal 
growth in preterm infants has been negatively correlated 
with cord blood leptin  [24] . 

 Recently, a study by Bhargava et al.  [25]  has provided 
strong support to the hypothesis of an early-life origin of 

type 2 diabetes. They found that an early ‘adiposity re-
bound’ during childhood, even in the absence of over-
weight or obesity, is associated with a higher prevalence 
of impaired glucose tolerance and type 2 diabetes in 
young adults. However, their data do not rule out that an 
inappropriately high rate of weight and/or length gain 
may start even earlier. Detailed observations in contem-
porary cohorts indicate that BMI in prepubertal children 
is directly related to rates of weight gain during early in-
fancy. This also seems to be the case for children of low 
birth weight, whose ‘catch-up growth’ seems to put them 
at risk of obesity and insulin resistance, despite being 
thinner than children of normal birth weight up to 3 years 
of age. In this regard, Singhal et al.  [26]  observed higher 
32–33 split proinsulin concentrations in adolescents born 
preterm, aged 13–16 years, who had participated in ran-
domized intervention trials of neonatal nutrition with a 
nutrient-enriched formula, compared with those receiv-
ing a low-nutrient formula. 

 Conclusion 

 Identifi cation of infants showing a rapid postnatal 
weight and/or length gain may help to focus preventive 
measures aimed at controlling the current epidemic of 
obesity and its complications. In Chile, the neonatal care 
group in charge of following up children of very low birth 
weight are carrying out a clinical trial to determine the 
infl uence of standard nutrition compared with a high-
protein-enriched formula during the 1st year of life on 
growth and insulin sensitivity at 1 and 2 years of age. Un-
til the results of this and other trials are available, we 
should be cautious in making recommendations. 
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