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Abstract

Objective—To test the hypothesis that
reduced fetal growth leads to altered
plasma insulin-like growth factor-1 (IGF-
1) concentrations in childhood.
Design—A follow up study of 4 year old
children whose birth weights were
recorded, and of 7 year old children whose
weight, length, head circumference, and
placental weight were measured at birth.

Setting—Pune, India, and Salisbury,
England.
Subjects—200 children born during

October 1987 to April 1989 in the King
Edward Memorial Hospital, Pune,
weighing over 2:0 kg at birth and not
requiring special care, and 244 children
born during July 1984 to February 1985 in
the Salisbury Health District and still
living there.

Main outcome measure—Plasma IGF-1
concentrations.

Results—In both groups of children, and
consistent with findings in other studies,
plasma IGF-1 concentrations were higher
in taller and heavier children, and higher
in girls than boys. Allowing for sex and
current size, concentrations  were
inversely related to birth weight (Pune
p=0:002; Salisbury p=0-003). Thus at any
level of weight or height, children of lower
birth weight had higher IGF-1 concentra-
tions. The highest concentrations were in
children who were below average birth
weight and above average weight or height
when studied. Systolic blood pressures
were higher in children with higher IGF-1
concentrations (Pune p=0-01; Salisbury
p=0-04).

Conclusions—Children of lower birth
weight develop higher circulating con-
centrations of IGF-1 than expected for
their height and weight. This is con-
sistent with the hypothesis that under-
nutrition in utero leads to
reprogramming of the IGF-1 axis. The
increase of plasma IGF-1 concentrations
in low birthweight children may also be
linked to postnatal catch-up growth.
High IGF-1 concentrations may be one of
the mechanisms linking reduced fetal

growth and high blood pressure in later
life.
(Arch Dis Child 1995; 73: 287-293)

Keywords: insulin-like growth factor-1, birth weight,
systolic blood pressure.

Recent studies have shown that men and
women who had reduced fetal growth have
increased rates of cardiovascular disease!?
and hypertension.>4 One mechanism pro-
posed as a link between reduced fetal growth
and cardiovascular disease is persisting
changes in secretion of and sensitivity to the
hormones that regulate fetal growth, includ-
ing insulin and insulin-like growth factor-1
(IGF-1).4% Low birth weight is associated
with an increase of plasma insulin concentra-
tions, and insulin resistance, in adult life.”-12
We recently studied glucose and insulin con-
centrations during an oral glucose tolerance
test in 4 year old children in Pune, India, and
7 year old children in Salisbury, England.!3 14
Children of low birth weight (Pune) or low
ponderal index (weight/length3) at birth
(Salisbury) showed evidence of reduced
insulin sensitivity. We hypothesised that fetal
undernutrition leads to insulin resistance
which is present in childhood and persists into
adult life.

As yet there are no comparable data for
IGF-1. We have measured plasma IGF-1 con-
centrations in fasting blood samples taken
during our studies of glucose and insulin
metabolism in children, and examined the
relationship of IGF-1 to birth weight, and
other measurements of body size at birth. We
have also examined the relationship of plasma
IGF-1 concentrations to blood pressure.

Subjects and methods

PUNE

The study sample was 404 singleton children,
born in the King Edward Memorial Hospital
(KEMH) during October 1987 to April
1989, weighing more than 2-0 kg at birth, and
admitted to the routine postnatal wards (that
is, they did not require special care). They
were selected using random number tables



Fall, Pandit, Law, Yajnik, Clark, Breier, Osmond, Shiell, Gluckman, Barker

Table 1 Anthropometric data at birth and 4 years in
Pune and comparison British data*; values are median
(3rd, 97th centiles)

Boys (n=104) Girls (n=96)

Birth weight (kg)
Pune 2-750

(2-083, 3-600)

3-607

(2-918, 4-443)

2:700
(2-160, 3-509)
3-463
(2773, 4-245)

British standards

At 4 years:
Weight (kg)
Pune 13-0 125
(10-6, 16-9) (10-0, 17-2)
British standards 165 16-3
(13-1, 20-4) (13-1, 20-2)
Height (cm)
Pune 97-6 97-8
(887, 1057) (881, 106-6)
British standards 101-6 100-4

(936, 109:7) (92-4, 108-6)

*Standards for British children are from Gairdner and
Pearson!? and Tanner et al.!8

from 1998 live births listed in the labour
ward register, in which birth weights are
recorded routinely. We wrote to the children’s
parents inviting them to the hospital, where a
paediatrician explained the study and obtained
consent. Eighty four children were no longer
living at the address listed at birth and could
not be traced. The parents of 201 (63%) of
the remaining 320 allowed their child to take
part.
Children were admitted to the KEMH, with
a parent, the evening before the test, and fasted
overnight. Blood pressure was measured in the
left arm, during sleep, using an automated
device (Dinamap), with a cuff of the recom-
mended size for the measured mid-upper arm
circumference. Two measurements were made
at an interval of one minute, and the average
used in the analysis. In the morning a fasting
blood sample was taken after applying local
anaesthetic cream (EMLA) to the venepunc-
ture site. The child’s weight was measured
using a portable (Seca) scale to the nearest
0-5 kg and height using a wall mounted stadio-
meter (Microtoise) to the nearest 0-1 cm.
Ethical permission for the study was given by
the KEMH ethics committee.

SALISBURY

Subjects were recruited from 431 singleton
children who had been born in Salisbury Health
District between July 1984 and February 1985
(total number of singleton births=638) and
who had taken part in our earlier study of blood
pressure at the age of 4 years.!> Information on
the mother’s pregnancy and delivery, and the
baby’s weight, length, head circumference, pla-
cental weight, and gestational age at birth were
available from the obstetric records. The 370
children who were listed on the child health
computer as still living in the district, and whose
general practitioners gave permission, were
invited by letter to take part. They were visited
at home by a paediatrician or a nurse, who
explained the study and obtained consent, and
250 (68%) children agreed to have blood
samples taken. A blood sample was taken at a
second home visit, in the morning, after the
child had fasted overnight. EMLA cream was
applied one hour before venepuncture. The

child’s weight was measured to the nearest 0-1
kg using digital scales, and height to the nearest
0-1 com wusing a portable stadiometer
(Minimetre).

Blood pressure was not measured during
this (7 year) study. We subsequently recon-
tacted the children at the age of 9 years, and
the 239 children still living in Hampshire,
Wiltshire, or Dorset agreed to have their
blood pressure measured. Pressures were
measured either at school or at home, in the
left arm, using an automated recorder
(Dinamap) with the cuff size recommended
for the measured arm circumference. After a
five minute rest period, with the child seated,
three measurements were taken at one minute
intervals, and the average used in the analysis.
The child’s weight and height were measured
as before. Ethical permission for the studies
was obtained from the Salisbury Health
Authority ethics committee.

LABORATORY METHODS

Samples suitable for laboratory analysis were
obtained from 200 children in Pune and 244
children in Salisbury. Plasma IGF-1 con-
centrations were measured in Auckland, New
Zealand, using a double antibody radio-
immunoassay, after acid-ethanol cryoprecipita-
tion.!® The primary antiserum (No 878/4) was
used at a final dilution of 1:250 000. The cross
reactivity of the antibody with IGF-2 and
insulin was <0-05% and <0-001% respectively
and the minimal detectable dose was 0-07
ng/tube. Recombinant human IGF-1 (batch
CPG 35’126, provided by Drs K Mueller
and W Maerky, Ciba-Geigy Ltd, Basel,
Switzerland) was iodinated by the chloramine T
method. Residual IGF binding proteins were
blocked by addition of an excess thIGF-2 (50
pg/tube, Eli Lilly and Co, Indianapolis,
Indiana) before addition of !25] labelled IGF-1
tracer and incubation at 4°C for 18 hours. The
intra-assay coefficient of variation was 5% and
the interassay coefficient of variation was 8%,
across the whole range of IGF-1 concentrations.
IGF-1 values are expressed in terms of the inter-
national reference preparation (IRP IGF-1,
batch 87/518).

STATISTICAL METHODS

Among the Pune children, the distribution of
plasma IGF-1 concentrations was positively
skewed, and values were transformed to nor-
mality using logarithms. Among the Salisbury
children the distribution of IGF-1 was not
markedly skewed and did not require trans-
formation. Data were analysed by tabulation
of means and multiple linear regression.
Comparisons between the sexes were made
using ¢ tests. Levels of significance refer to
analyses of continuous variables by regres-
sion.

Results
IGF-1, SEX, AND CURRENT BODY SIZE
In Pune, the children’s ages ranged from 3-7 to
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Table 2 Anthropomertric data at birth and 7 and 9 years
in Salisbury; values are mean (SD)

Boys (n=124) Girls (n=120)

At birth

Weight (kg) 3-374 (0-545) 3-344 (0-464)

Length (cm) 515 (2-4) 50-8 (2-3)

Head circumference

(cm) 34-8 (1-3) 343 (1:3)

Ponderal index (kg/m3) 253 (3:1) 257 (3-2

Placental weight (g) 665 (201) 654 (133)

Gestation (weeks) 40-0 (1-8) 40-3 (1-4)
At 7 years

Weight (kg) 263 (4°6) 25-8 (4-1)

Height (cm) 127-3 (6°4) 126-2 (5-4)
At 9 years (n=239)

Weight (kg) 32-0 (6:3) 31-4 (56)

Height (cm) 135-3 (6-7) 133-9 (5:7)

Length at birth was known for 210 children, head
circumference for 212, placental weight for 215, and gestational
age for 234.

4-4 (median 4-0 years). Their birth weights
and anthropometric measurements, shown in
table 1, were low in comparison with British
children,!? 18 but similar to Indian community
averages.!®20 In Salisbury the children’s ages
ranged from 7-3 to 82 years (median 7-7
years). Their anthropometric data at birth and
7 years are shown in table 2.

Table 3 shows mean plasma IGF-1 concen-
trations in relation to height and weight,
divided by approximate quartiles, for both
groups of children and in boys and girls
separately. Concentrations were higher in girls
than boys (p value for difference: Pune
p<<0-001; Salisbury p=0-5). Concentrations

were higher in heavier and taller children of

both sexes. Among the Pune children they rose
by 13%/kg increase in current weight (95%
confidence interval (CI) 9 to 18; p<<0-0001)
and by 5%/cm increase in height (95% CI 4 to
7; p<0-0001). In a simultaneous analysis of
weight and height, both measures were
independently related to IGF-1 concentrations
(p=0-01 and 0-006 respectively). Among the
Salisbury children concentrations rose by
3-2 ng/ml/kg increase in weight (95% CI 2-3 to
4-1; p<0-0001) and by 1-7 ng/ml/cm increase
in height (95% CI 1-0 to 2-5; p<0-0001). After
allowing for weight, concentrations were not
independently related to height (p values
were <0-0001 and 0-9 respectively in a simul-
taneous analysis).

IGF-1 AND BIRTH SIZE

Plasma IGF-1 concentrations tended to fall
with increasing birth weight, although the
trends were not statistically significant (Pune
p=0-2; Salisbury p=0-06). Birth weight was
positively correlated with current weight (Pune
p=0-0006; Salisbury p=0-03) and height
(Pune p=0-002; Salisbury p=0-02). Table 4
shows a multiple regression analysis of plasma
IGF-1 concentrations with birth weight, cur-
rent weight and height, and sex. In both groups
of children, after allowing for current size and
sex, IGF-1 concentrations were strongly
inversely related to birth weight. Table 5 shows
mean plasma IGF-1 concentrations according
to both birth weight and current weight.
Children who had been below average birth
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weight and were above average weight when
studied had high IGF-1 concentrations.
Children of above average birth weight and
below average weight when studied had low
concentrations. There were no statistically
significant differences in the trend of IGF-1
with birth weight at different levels of current
weight, nor in the trend of IGF-1 with weight
at different levels of birth weight. Trends were
similar in both sexes.

Among the Salisbury children, who were
measured in detail at birth, IGF-1 concen-
trations, allowing for current weight, were
higher in children who were shorter at birth
(p=0-05), those who had smaller head
circumferences (p=0-08), and those who had
lower placental weights (p=0-03), but were
not related to ponderal index (weight/length3;
p=0-7) at birth. Among the 232 children
whose gestational age was known, plasma
IGF-1 concentrations were not related to
gestation, and allowing for gestational age did
not diminish the relation of IGF-1 to birth
weight (p=0-003), length at birth (p=0-02),
head circumference (p=0-04), or placental
weight (p=0-02).

IGF-1 AND BLOOD PRESSURE

Among the 4 year old Pune children mean
(SD) systolic and diastolic blood pressures
were 96 (10) mm Hg and 49 (9) mm Hg
respectively. Blood pressure was measured at
the age of 9 years in Salisbury (median age 9-3
years, range 8-9 to 9-7). Anthropometric data
for the children at 9 years are shown in table 2.
Mean systolic and diastolic pressures were 99
(9) mm Hg and 59 (6) mm Hg. As expected, in
both groups, heavier children had higher blood
pressures. Systolic pressure rose by 1-3 mm Hg
(95% CI 0-5 to 2-0; p=0-001) in Pune and by
0-4 mm Hg (95% CI 0-3 to 0-6; p<0-0001) in
Salisbury, for each kg increase in current
weight. Systolic pressures were also higher in

Table 3 Mean plasma IGF-1 according to height and
weight; figures in parentheses are numbers of children

Plasma IGF-1 (ng/ml)

Girls Boys All
4 Year old children in Pune
Height (cm)
<94-0 43 (24) 33 (26) 37 (50)
>94-0-97-5 51 (22) 34 (25) 41 (47)
>97-5-100-5 69 (29) 42 (24) 55 (53)
>100-5 66 (21) 56 (29) 60 (50)
Weight (kg)
<115 43 (23) 25 (18) 34 (41)
>11-5-12-5 56 (31) 36 (30) 45 (61)
>12-5-14-0 55 (19) 48 (27) 51 (46)
>14-0 77 (23) 52 (29) 62 (52)
All 56 (96) 41 (104) 48 (200)
SD (geometric) 17 1-7 1-7
7 Year old children in Salisbury
Height (cm)
<122 104 (29) 104 (26) 104 (55)
>122-126 111 (28) 108 (23) 109 (51)
>126-130 128 (34) 121 (38) 124 (72)
>130 131 (29) 124 (37) 127 (66)
Weight (kg)
<23-0 102 (27) 98 (30) 100 (57)
>23-0-25'5 108 (38) 110 (25) 109 (63)
>25-5-28-0 133 (25) 117 (37) 123 (62)
>28-0 137 (30) 135 (32) 136 (62)
All 119 (120) 116 (124) 117 (244)
SD 33 37 35
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Table 4 Multiple regression analysis of plasma IGF-1
concentration with birth weight and other variables

Regression  Standard
Variable coefficient error p Value
Pune
Height (cm) 0-0331 0-0111 0-003
Weight (kg) 0-0842  0-0278 0-003
Sex (boys=0, girls=1) 0-3532  0-0651 <0-0001
Birth weight (kg) —0-2970  0-0924 0-002
Constant 3-692

y variable=log plasma IGF-1 concentration (ng/ml)

Salisbury
Height (cm) 0-2069 05041 07
Weight (kg) 3207 06795  <0-001
Sex 4-807 4-117 0-2
Birth weight (kg) —-12-42 4-108 0-003
Constant 115-0

y variable=plasma IGF-1 concentration (ng/ml)

Height, weight, and birth weight standardised by subtracting
their means. Thus constant=predicted IGF-1 (logIGF-1 in
Pune) for a boy of average height, weight, and birth weight.

taller children (Pune p=0-0006; Salisbury
p=0-0007), although not independently of
weight. Trends were similar for diastolic pres-
sure, though weaker. There was no statistically
significant relation between blood pressure and
birth weight in either group of children. After
allowing for current weight, systolic pressure
fell by 0-6 mm Hg (95% CI —4-4 to 3-1;
p=0-7)/kg increase in birth weight in Pune,
and by 0-5 mm Hg (95% CI —2:6 to 1-6;
p=0-6)/kg increase in birth weight in
Salisbury.

Children with higher IGF-1 concentrations
had higher systolic blood pressures (figure).
Among the Pune children, systolic pressure
rose by 2-2 mm Hg as plasma IGF-1 doubled
(95% CI 0-5 to 3-9; p=0-01). Among the
Salisbury children, systolic pressure at 9 years
rose by 32 mm Hg (95% CI 0-2 to 6-3;
p=0-04) for each 100 ng/ml increase in plasma
IGF-1 concentration at 7 years. The associa-
tion of systolic blood pressure and IGF-1
concentrations was not statistically significant
in a simultaneous analysis with current weight
(Pune p=0-2; Salisbury p=0-7). IGF-1 con-
centrations were not related to diastolic blood
pressure.

Discussion

Consistent with the findings of others,?! and in
both groups of children studied, those who
were heavier and taller had higher plasma
IGF-1 concentrations (table 3). A new finding
was that at any level of current weight or
height, children who were lighter at birth had
higher plasma IGF-1 concentrations (tables 4
and 5). Gestational age at birth, available for

the Salisbury children, was not related to
IGF-1 concentrations, suggesting that the
higher concentrations in lower birthweight
babies are related to intrauterine growth
retardation rather than premature birth. Our
findings are consistent with the hypothesis that
the IGF-1 axis is altered, or ‘reprogrammed’,
in babies who were undernourished in utero,
resulting in higher plasma concentrations
during childhood.

With one exception,22 studies have consist-
ently shown that plasma IGF-1 concentration
and activity are low in umbilical cord blood
from small for gestational age fetuses® 2324
and neonates.?>3% In the early neonatal
period, both high3! 32 and low33? plasma IGF-
1 concentrations/activity in low birthweight
babies have been reported. We can speculate
about mechanisms by which low levels in
small babies at birth might become raised
postnatally. Studies in animals and humans
have shown that nutrition is a dominant
influence on IGF-1 concentrations pre-
natally,® 34-3% and continues to modulate con-
centrations postnatally,3” 38 undernutrition
leading to reduced IGF-1 secretion and to
IGF-1 resistance.3® High concentrations may
be a response to adequate postnatal nutrition
or alternatively, they may reflect persisting
IGF-1 resistance, in an individual who experi-
enced prenatal undernutrition. The fact that,
in our study, IGF-1 concentrations were
higher in low birthweight babies after control-
ling for current size, suggests that there is an
element of IGF-1 resistance, at least to its
growth promoting actions, in the lower birth-
weight children.

Another possible explanation for the higher
concentrations in lower birthweight children is
that they are mediated through growth
hormone. Growth hormone becomes a major
regulator of IGF-1 after birth. It stimulates
synthesis and release of IGF-1, and IGF bind-
ing protein 3, which prolongs the survival of
IGF-1 in circulation.?® Low birthweight babies
have been shown to have high basal growth
hormone concentrations and an increased
growth hormone response to growth hormone
releasing hormone.3!

In our study the highest plasma IGF-1 con-
centrations were found in children who had
the lowest birth weights but had attained the
highest weights or heights when studied (table
5). The increased IGF-1 concentrations in
low birthweight children may be linked to the
process of catch-up growth, which occurs
during infancy in many babies whose growth
was reduced in utero. Catch-up growth is

Table 5 Mean plasma IGF-1 concentrations (ng/ml) according to birth weight and current weight; figures in parentheses are numbers of children

Pune Salisbury

Weight at 4 years (kg) Weight at 7 years (kg)
Birth weight Birth weight
(kg) <115 >11-5-12-5 >12-5-14-0 >140 All (k) <23-0 >23-0-25-5 >25-5-28:0 >280 Al
<25 38 (14) 52(19) 53 (14) 75 (10) 51 (57) <30 100 (14) 117 (10) 130 (11) 138 (14) 121 (49)
>2-5-2-75 30(10) 51 (14) 68 (8) 57 (12) 49 (44) >3-0-3-3 100 (24) 110 (17) 131 (13) 150 (12) 118 (66)
>2-75-3-0 36 (12) 40 (20) 42 (10) 78 (14) 46 (56) >3-3-3-6 99 (10) 104 (16) 130 (18) 144 (10) 119 (54)
>3-0 28 (5) 38 (8) 48 (14) 48 (16) 43 (43) >3-6 103 (9) 108 (20) 109 (20) 125 (26) 114 (75)
All 34 (41) 45 (61) 51 (46) 62 (52) 48 (200) All 100 (57) 109 (63) 123 (62) 136 (62) 117 (244)
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influenced by prenatal growth,*! 42 and by a
number of postnatal factors, especially nutri-
tion. During their first year, low birthweight
babies whose growth catches up have higher
plasma IGF-1 concentrations than those who
do not, although concentrations do not
exceed those of higher birthweight babies of
equivalent infant size.#> We do not have
infant growth data for our children, and
where only birth size and current size are
known it is not possible to conclude whether
the higher IGF-1 concentrations are due to a
combination of small size at birth and large
current size, or to catch-up growth during a
critical period in infancy. Further study is
required of IGF-1 concentrations during and
after catch-up growth.

High IGF-1 concentrations in low birth-
weight children may be analogous to the
high insulin concentrations found in low
birthweight adults.”"!2 The high insulin
concentrations in adults reflect insulin resis-
tance, and occur in men and women who
were thin, having a low ponderal index, at
birth.® Length at birth was not available for
the Indian children in our study, but higher
IGF-1 concentrations in the Salisbury
children were associated with shortness at
birth, and not with low ponderal index. This
suggests that the pattern of fetal growth
associated with altered IGF-1 concentrations
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differs from that associated with altered
insulin concentrations.

IGF-1 concentrations were low in the
Indian children in comparison with those of
European children of the same age measured
using the same assay method,2! while concen-
trations in the Salisbury children were similar.
This is consistent with the smaller size of
Indian children. Their low height and weight
are likely to reflect a degree of chronic under-
nutrition, although none showed clinical signs
of acute undernutrition. Poorer nutrition and
growth may explain the greater positive skew-
ness of the distribution of IGF-1 concentra-
tions in the Indian, compared with the British
children in our study, requiring log trans-
formation of the data. The consistency of our
findings in both groups of children shows that
the relationship of high IGF-1 concentrations
to low birth weight does not result from the
poorer growth of the Indian children. The
relationship of IGF-1 concentrations to
current size differed in the two groups of
children. Among the Indian children
increased height and weight both, indepen-
dently, predicted higher IGF-1 concentra-
tions, while among the Salisbury children,
although concentrations rose with increasing
height and weight, only weight remained a
significant predictor of IGF-1 in a simultane-
ous regression analysis. We are unable to
explain this difference. Published studies of
European children report that height and
weight (or body mass index) are positively
related to IGF-1 concentrations, but do not
discuss the interrelationships of height and
weight.2! 4445 In our study, IGF-1 concentra-
tions were higher in girls than in boys, the
difference being more marked, and statisti-
cally significant, in the 4 year old Indian
children. European studies consistently report
higher concentrations in girls compared with
boys, despite their smaller size, although the
differences are not significant.#44¢ We have
no explanation for the stronger sex difference
among the Indian children.

We did not find the inverse relationship of
systolic blood pressure with birth weight in
the 4 year old Indian children that has been
found in European children of similar age,%’
and in the Salisbury children when studied at
4 years.!5 In European studies this relation-
ship becomes evident after infancy, disap-
pears during puberty, and grows stronger with
increasing adult age.® The relationship may
be absent in the Indian population studied, or
the age at which it appears may differ. We
plan to measure blood pressure in the same
group of children at a later age, and are cur-
rently studying blood pressure in Indian
adults. The non-significant relationship of
systolic pressure to birth weight at the age of 9
in the Salisbury children is consistent with the
findings of the Brompton longitudinal study
of blood pressure in children.4? Systolic pres-
sure was significantly inversely related to birth
weight at the age of 4 years, but the relation-
ship was weaker, and not statistically signifi-
cant at 9 years. This may be because the
children were approaching puberty, during
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which the tracking of blood pressure is known
to be perturbed.*8

In both groups of children plasma IGF-1
concentrations were positively correlated with
systolic blood pressure. We do not know
whether this is just an association mediated
indirectly through current body size, or
whether it reflects a biological interaction
between IGF-1 and systolic blood pressure.
Lever and Harrap have suggested that growth
factors which determine somatic growth also
determine blood pressure in childhood,?® and
that essential hypertension may be initiated by
the action of growth factors on blood vessel
development during childhood. IGF-1 is
thought to be important for the growth of
blood vessels, and is mitogenic for vascular
smooth muscle cells in culture.51-53

In conclusion we have shown that, after
allowing for current size, 4 year old Indian
children, and 7 year old British children, of
lower birth weight have higher circulating
concentrations of IGF-1. At present the mech-
anisms responsible for this, and the possible
consequences on cardiovascular development
are unknown.
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(Pune), and G Wield and V Cox (Southampton), and C Gibson
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the Wellcome Trust.
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