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The immediate prenatal and postnatal consequences of
reduced fetal growth have long been known. The longer
term associations between reduced birth weight and adult
disease risk are also now well established. Reduced fetal
growth is usually detected late in gestation, and the
assumption has been that this is the time when factors
regulating fetal growth have their greatest effect. However,
recent evidence suggests that both the growth trajectory of
the fetus and its adaptive responses to the prenatal and
postnatal environment may be determined in the period
around the time of conception.
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W
hen considering the associations
between birth weight and health out-
comes, it is important to remember that

birth weight is a single, cross sectional summa-
tive measure taken at the end of a long period
during which growth is rapid but not linear. The
same birth size can be obtained by quite different
intrauterine growth trajectories (fig 1). Thus
taking a single measure of growth at the time of
birth may mask the true associations between
fetal growth trajectory and the outcomes of
interest. A simple clinical example is to compare
two babies born at an appropriate weight for
gestational age of 3200 g. One is the infant of
Oriental parents whose first baby weighed
2900 g, and the other the infant of Polynesian
parents whose previous babies all weighed
around 4000 g. It seems likely that the Oriental
baby has had normal intrauterine growth, the
increase in birth weight compared with the
sibling reflecting the well known phenomenon
of lower birth weight in firstborns. In contrast,
the Polynesian baby has probably suffered
intrauterine growth restriction, and is more
likely to experience the neonatal complications
associated with this impaired growth.

The distinction between fetal growth and birth
weight can be clearly demonstrated in experi-
mental animals. In fetal sheep, daily increase in
chest circumference can be measured directly
using surgically implanted growth catheters.
Mellor and Murray1 showed that growth rate in
late gestation fetal sheep slowed during nine
days of maternal undernutrition, but recovered
upon refeeding. However, if undernutrition was
continued for 19 days, fetal growth rate
remained reduced despite maternal refeeding.
In the clinical setting, there are a few case reports
suggesting that when human fetal growth has
been compromised by severe maternal malnutri-
tion, fetal growth trajectory can be increased in
the second half of gestation by the initiation of

maternal total parenteral nutrition, resulting in
an increase in fetal abdominal circumference
from an average of the 2nd to the 33rd centile.2

Thus there may be a variety of changes in fetal
growth trajectory, including slowing followed by
later acceleration or catch-up, but resulting in a
birth weight within the accepted normal range.

However, the fact that birth weight may fall in
the normal range does not exclude other possible
long term consequences as a result of intrauter-
ine adaptations made during the period of
undernutrition. To investigate this possibility,
we undernourished pregnant sheep for 10 or
20 days in late gestation (term = 145 days) and
followed the offspring to adulthood at 3 years of
age. Consistent with the findings of Mellor and
Murray,1 only offspring of ewes undernourished
for 20 days were lighter than controls at birth.
However, the offspring of ewes undernourished
for only 10 days, whose birth weights were not
different from those of controls, showed accen-
tuated adrenocorticotrophic hormone and corti-
sol responses to stimulation with corticotrophin
releasing hormone and arginine vasopressin at 3
years of age.3 In contrast, glucose tolerance at
five and 36 months of age in all offspring was
inversely related to birth weight, independent of
the nutritional group in late gestation.4 These
data illustrate two important points: firstly,
intrauterine environmental insults that may
affect fetal growth trajectory can result in altered
postnatal physiology without an effect on birth
weight;5 secondly, the same environmental insult
may affect different physiological systems in
different ways and presumably via different
pathways.

IMPORTANCE OF ALTERED BODY
PROPORTIONS AT BIRTH
It is increasingly well recognised that different
body proportions at birth may reflect different
intrauterine growth trajectories. Traditional divi-
sions of clinical intrauterine growth restriction
into ‘‘symmetrical’’ and ‘‘asymmetrical’’ pat-
terns, thought to reflect early or late onset fetal
undernutrition respectively, are not supported by
more careful examination of large datasets.6

However, the fetus clearly can and does make
adaptations to adverse intrauterine environ-
ments that result in differential organ growth.
For example, when oxygen supply is limited,
studies in fetal sheep have shown that there is a
redistribution of fetal cardiac output away from
‘‘non-essential’’ organs such as carcass, gut, and
skin to the ‘‘essential’’ organs such as brain,
adrenals, and heart.7 Ultrasound studies of
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human growth restricted fetuses suggest that similar changes
occur.8 These changes may help explain brain, and thus head,
sparing and also the increased risk of necrotising enterocolitis
in growth restricted babies.

In fetal sheep, the proportion of umbilical venous blood
flow that goes to the liver, rather than bypassing the liver via
the ductus venosus, does not appear to be affected by
hypoxaemia.9 However, when the ductus venosus was either
stented or occluded, fetal hepatic weight and concentrations
of insulin-like growth factor (IGF)-I mRNA were affected by
the proportion of umbilical venous blood flow that passed
through the liver. In fetuses with stents in the ductus
venosus, causing more blood to bypass the liver, liver weight
and hepatic IGF-I mRNA concentrations were decreased; the
converse was true when the ductus venosus was occluded
with an embolisation coil for one week in late gestation.10

Intriguingly, detailed prospective ultrasound studies of
human fetuses have reported perhaps analogous associations
between shunting of umbilical venous blood flow through
the ductus venosus and maternal nutritional status. In
fetuses of mothers who were healthy but were slim or who
had an ‘‘imprudent’’ diet before becoming pregnant, there
was reduced shunting of umbilical venous blood through the
ductus venosus and increased hepatic blood flow.11 The
authors hypothesised that this may reflect the need for
increased hepatic nutrient conversion, a phenomenon well
described in fetal sheep.12 13 We have data from nutritional
studies in sheep linking these two strands of evidence. Fetal
sheep of ewes moderately undernourished from 60 days
before until 30 days after mating had increased liver weights,
but no difference in birth weight, more than three months
later, compared with fetuses of ewes well nourished
throughout pregnancy.14 Consistent with this, IGF-I mRNA
concentrations, measured by reverse transcriptase polymer-
ase chain reaction, were significantly increased in the liver,
but not placenta or skeletal muscle, in the fetuses of
periconceptionally undernourished ewes (fig 2).

Altered body proportions at birth have also been associated
with altered physiology many years after birth in humans.
For example, babies with a low ponderal index (PI) at birth
had raised glucose concentrations after a glucose tolerance
test at 7 years of age. The mean 60 minute glucose
concentration in children with a PI at birth in the lowest
quartile was 8.5 mM, compared with 7.9 mM in those with a
PI in the highest quartile.15 Others have found a similar

association between PI at birth and insulin tolerance or type 2
diabetes at 50–60 years of age.16 A decreased abdominal
circumference at birth has also been associated with raised
serum triacylglycerol concentrations at 50 years of age.17

Growth of the fetus relative to the placenta also seems to
be important. Babies born small but with a relatively large
placenta are less likely to show catch-up growth in the
18 months after birth,18 and have an increased risk of
hypertension in adult life.19 Evidence that undernutrition
around the time of conception in rats can alter the number of
cells in the inner cell mass and trophectoderm raises the
intriguing possibility that apportioning of cells at this early
blastocyst stage may influence the relative sizes of fetus and
placenta.20

FETAL GROWTH TRAJECTORY MAY BE DETERMINED
IN EARLY PREGNANCY
Fetal growth
In late gestation, most of the important fetal growth factors,
such as IGF-I, insulin, and the thyroid hormones, are
nutritionally regulated. Thus fetal growth is also principally
regulated by fetal nutrition. Although it is important to
remember that changes in maternal nutrition do not
necessarily lead directly to changes in fetal nutrition, as the
fetus lies at the end of a long supply line,21 it is readily
apparent that, where there is significant maternal under-
nutrition, fetal substrate supply may not meet fetal demand,
necessitating a slowing of the fetal growth trajectory.
However, the effect of maternal nutrition on fetal growth
in human pregnancy has been substantially ignored, perhaps
in part because numerous studies of maternal nutrient
supplementation during pregnancy have failed to show a
clinically significant effect on birth weight. The Cochrane
review of balanced protein/energy supplementation in preg-
nancy reports a mean benefit in birth weight of only 37 g.22

Failure of the supplements to reach the fetus along a limited
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Figure 2 Fetal liver weight (A) and insulin-like growth factor (IGF)-I
mRNA concentrations in fetal liver (B), muscle (C), and placenta (D),
measured by reverse transcriptase polymerase chain reaction, in
singleton ovine fetuses from ewes exposed to either good nutrition
throughout pregnancy (N; n = 10) or a period of moderate
periconceptional undernutrition from 60 days before to 30 days after
mating, designed to reduce maternal body weight by 10–15% (UN; n =
12). Data are mean (SEM). *p,0.05, ***p,0.001 v N fetuses.
RoD, Relative optical density.
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Figure 1 Different fetal growth trajectories resulting in similar birth
weights. The graph shows three exaggerated hypothetical growth
trajectories: rapid growth in the first half of pregnancy with slowing
thereafter (long dashed line); a similar initial trajectory followed by a
period of slow growth before there is intrauterine catch-up growth (short
dashed line); initially slower growth with acceleration in the last half of
gestation (solid line).
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supply line may be one explanation. Another may be that, in
these women, who were entered into the trials because of
concern about longstanding nutritional status, the interven-
tion was too late and fetal growth trajectory had already been
set much earlier in gestation. One study of over 4000 healthy
women with a normal menstrual history and a first trimester
ultrasound scan found that pregnancies in which there was a
discrepancy of between two and six days between the
measured and expected crown-rump length on the first
trimester scan had a 2–3-fold increased risk of producing a
growth restricted or preterm baby, suggesting that the
growth trajectory and gestational length were already
determined in the first trimester.23

Studies of the relation between maternal diet during
pregnancy and birth weight also suggest that the early
pregnancy period is important. Godfrey et al24 have reported
that women who had a high carbohydrate and low dairy
protein intake in early pregnancy but the reverse in late
pregnancy had offspring with the highest birth weight.
Similar relations have been reported between birth weight
and maternal dietary intake, particularly of dairy products,
protein, and fish, in very early pregnancy, but much weaker
or absent relations with dietary intakes in late pregnancy.25

Others have reported that a history of an eating disorder in
the mother, even if resolved before pregnancy, results in
lower birth weight.26 Similarly, the birth weight of a baby is
reported to be correlated with the pre-pregnancy weight of
the mother, and even more closely with the mother’s own
birth weight, again suggesting the importance of maternal
nutritional status before or in very early pregnancy, in
determining fetal growth trajectory.27

We have direct evidence from studies in singleton fetal
sheep that fetal growth rate in late gestation is determined by
nutritional status at the time of conception.28 Fetuses of ewes
exposed to moderate undernutrition from 60 days before to
30 days after mating—that is, up to one month of a five
month pregnancy—had reduced growth rates in late gesta-
tion and were thinner, but not lighter, at birth.14

Furthermore, fetal growth and metabolic responses to
maternal nutritional restriction in late gestation were also
determined by prior growth rate and periconceptional
nutritional status. In response to maternal nutritional
restriction in late gestation, fetuses of ewes undernourished
in the periconceptional period, growing more slowly than
fetuses of well nourished ewes, continue to grow at the same
rate. In contrast, fetuses of ewes well nourished in the
periconceptional period, growing more quickly in late
gestation, slow their growth with maternal undernutrition
in late gestation.28 Consistent with these findings, fetuses of
periconceptionally well nourished ewes have raised arterial
partial pressures of oxygen in response to a three day
maternal fast in late gestation, suggesting reduced oxidative
demand at the time of slowing of fetal growth. Fetuses of
periconceptionally undernourished ewes did not have altered
arterial partial pressure of oxygen, but did have raised lactate
concentrations, suggesting continued growth with a shift to
alternative fuel sources.14

Thus there is now good evidence that fetal growth
trajectory in late gestation is determined much earlier,
probably in the periconceptional period. The growth trajec-
tory that is set may be predictive of the likely future
intrauterine environment. This growth trajectory may be
further modified by factors in late gestation, but the fetal
growth response to later insults may itself be determined by
the trajectory that was set in early gestation. The develop-
mental trajectory of other physiological systems may be
determined in a similar fashion as demonstrated below; the
appropriateness or otherwise of these predictive responses to
the postnatal environment may contribute to disease risk.29

Fetal development and gestation length
Evidence is now accumulating that reduced maternal
nutrition in early pregnancy not only affects fetal growth
rate in late gestation, but also has other effects on fetal
development and even length of gestation.

We have reported that periconceptional undernutrition
(once again lasting only to the end of the first month of a five
month pregnancy) in sheep leads to precocious activation of
the fetal hypothalamic-pituitary-adrenal axis and preterm
birth.30 31 These fetuses also had altered glucose and insulin
responses to a glucose tolerance test and an arginine
stimulation test, consistent with accelerated pancreatic
maturation.32

There is now some evidence that poor maternal nutrition in
humans in early pregnancy may also affect gestation length.
In women in the Gambia, where there are seasonal periods of
famine and plenty, gestational length is shortest eight to nine
months after the peak period of famine.33 In rural India,
gestational length is about a week shorter than in
Southampton.34 The Southampton women’s study, an
ongoing large prospective study of women of child bearing
age that includes detailed nutritional assessment, should
provide further information on the influence of early
nutritional status and pregnancy outcome.

Long term consequences
Maternal nutrition around the time of conception has also
been shown to have long term consequences for the lifetime
health of the offspring, independent of any effects on size at
birth. Nutritional restriction in early pregnancy in sheep
results in increased fat mass in offspring, associated with
increased leptin mRNA concentrations and an accentuated
leptin response to catecholamines.35 In rats, a maternal low
protein diet only during the preimplantation period (0–
4.5 days after mating) results in lower cell numbers in the
inner cell mass and trophectoderm, reduced birth weight,
and hypertension in the offspring.20

Similar data are beginning to accumulate on human
pregnancy. In a cohort of Jamaican women followed
prospectively throughout pregnancy, the blood pressure of
their 10–12 year old children correlated most closely with
maternal triceps skinfold thickness at 15 weeks gestation,
suggesting that growth trajectory, and the postnatal con-
sequences associated with reduced growth trajectory, were
already determined at the end of the first trimester.36

Data from the Dutch hunger winter at the end of the
second world war provide more direct evidence of the effects
of severe maternal undernutrition in different trimesters of
pregnancy on later disease risk. Offspring of women exposed
to famine in early gestation were of normal birth weight, but
had abnormalities in lipid profile and an increased risk of
coronary heart disease in later life.37 38 In contrast, offspring
of women exposed to famine in late gestation were lighter at
birth and had an increased risk of glucose intolerance later in
life, especially if they became obese.39 Once again, such data
suggest that at least some aspects of postnatal physiology are
determined by maternal nutritional status in early pregnancy,
but that the mechanisms and timing may be different for
different organ systems.

FETAL GROWTH TRAJECTORY IN TWINS
Twins are born both smaller and earlier than singletons.40 41

Clearly therefore, in experimental studies of fetal growth, it is
critical to consider the effects of the presence of multiple
fetuses on the outcomes of interest. Similarly, in investiga-
tions of the consequences of altered fetal growth on in utero
or postnatal physiology, the potential confounding effects of
co-twins must be considered. Unfortunately, many animal
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Figure 3 Metabolic and growth responses to a three day maternal fast in late gestation twin fetuses of ewes that were either well nourished or
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studies have included mixtures of singletons and twins,
making the results sometimes difficult to interpret.

Although twin growth rate in humans has been docu-
mented ultrasonographically to be reduced in late gestation,
the supposition that this reduced rate of growth and the
shortened gestational length are secondary to constraints of
uterine size are without supporting data. We speculate that
fetal growth trajectory in twins is also set early in gestation,
although it may then be modified by late gestational factors
similar to those acting on singletons. There are some human
data to support this hypothesis. In multiple pregnancies in
which fetal number was reduced early in pregnancy, either
spontaneously or medically, fetal size and gestation length
are related to the initial number of fetuses, rather than the
number present at delivery.42 43 Similarly, recent human
ultrasound data and animal postmortem data suggest that
growth in twins may diverge from that in singletons as early
as the first trimester.44 45

To test the hypothesis that fetal growth trajectory in twins
is determined early in gestation, we studied both singleton
and twin fetuses of ewes that were either well nourished
throughout pregnancy or were undernourished from 60 days
before to 30 days after mating. Ewes carrying both twins and
singletons underwent an additional brief, three day fast in
late gestation during which detailed measurements of fetal
growth and metabolites were made. We divided the twins
into the heavier and lighter twins in each pair, on the basis of
postmortem data obtained at the end of the experiment. We
considered that, in the animals that had been well nourished
throughout pregnancy, the heavier twin in each pair could be
considered to be the twin with optimal growth. However,
consistent with our hypothesis that reduced growth in twins
is already determined early in gestation, the heavier of the
well nourished twin pairs showed a growth and metabolic
profile in response to a maternal fast that was similar to that
of singletons undernourished in the periconceptional per-
iod.46 Interestingly, fetal metabolic responses to the maternal
fast were determined by an interaction between twin growth
status—that is, heavier or lighter twin—and periconceptional
nutritional status—that is, well fed or undernourished
(fig 3).46 From these data, we suggest that twinning per se
does indeed result in a signal or cue to the developing embryo
that affects the fetal growth trajectory set early in gestation.
The fact that growth and metabolic responses to a late
gestation fast in twins are determined by an interaction
between periconceptional nutritional status and twin growth
status, defined as being the heavier or lighter twin, suggests
that other factors also play a role.

In cases of human twinning where there is discordant
intrauterine growth, it is not known what determines
individual growth trajectories in a twin pair, but the fact
that birth weight discrepancy also occurs in monozygotic
twins suggests that it is environmental rather than genetic.47

Twin growth status within a twin pair often correlates with
each twin’s placental mass, suggesting that at least some of
the discordant growth may relate to placental supply.48 There
are some observational data that may support this, although
it is difficult to establish a causal relation.49 This proposal
would suggest that twins set a reduced growth trajectory in
the periconceptional period by virtue of being a twin, that
this trajectory can be further modified by maternal nutri-
tional status in this period, and may also be affected at a later
stage in gestation by relative placental supply.

If reduced fetal growth trajectory in twins is indeed
determined in early gestation, then an association between
twinning per se and later disease risk might be expected. The
literature on the association between birth weight in twins
and later disease risk is conflicting, and it has been argued
that this is evidence against any association between fetal

growth and postnatal physiology.50 However, there are many
reasons why twin studies might not show the expected
association,51 not least of which are the lack of a singleton
control group and the comparison of outcomes between
the heavier and lighter co-twins, thereby making the
assumption that both twins are not affected. Clearly, if twin
growth trajectory is determined early in gestation, this
assumption is incorrect. Indeed, a recent study from our
institution reported that insulin sensitivity was greatly
reduced in prepubertal children who were twins compared
with singleton controls.52 Likewise, the incidence of diabetes
or glucose intolerance in a population based study of adult
twins from Denmark was 35%, much higher than in the
general population.53

Recent twin studies, separating within-pair and between-
pair regression analyses,54 rather than using a simple paired
difference analysis, indicate that there are significant
associations between birth weight in twins and postnatal
outcomes such as blood pressure and diabetes.55 56 Using a
similar approach, we have recently shown that adrenocorti-
cotrophic hormone and cortisol responses to a combined
corticotrophin releasing hormone plus arginine vasopressin
challenge in postpubertal female sheep is related to birth
weight in both singletons and twins, with similar regression
coefficients, but much larger effect sizes, in twins.57

The strength of the association increased in a within-
pair analysis, suggesting that factors specific to the growth
of each fetus, rather than to maternal factors, were
important.

CONCLUSIONS
Although birth weight provides some useful information
about the sum of fetal growth, it does not give any
information about the trajectory a fetus followed to attain a
given size. Other measures of size at birth may add additional
information. However, longitudinal measures of growth
during pregnancy are optimum in the study of fetal growth
and its associations with postnatal physiology and are
possible in animal experiments. There is accumulating
evidence that factors in the periconceptional period, includ-
ing maternal nutritional history, the prevailing maternal
nutritional, hormonal and metabolic environment, and the
presence of other fetuses, can modify fetal growth trajectory.
These factors may also influence other aspects of fetal
development, including the length of gestation, and long
term physiological status after birth. We suggest that the
reduced fetal growth trajectory in twins is also determined, at
least to some degree, in the periconceptional period, although
it may be further modified later in gestation, and that this
altered trajectory, is associated with physiological changes
that persist into postnatal life. Further research is needed to
identify the periconceptional signals or cues that influence
fetal growth trajectory and to narrow down the time window
during which they operate. Studies of twins, using appro-
priate singleton controls if possible and separating out the
within-pair from the between-pair effects, may provide an
additional route to understanding the regulation of fetal
growth. Such studies may, in the future, make it possible to
provide better information on nutritional status to women of
child bearing age.
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