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For the multiple causes of impaired fetal growth a simple
classification has been proposed, dividing them into
chromosomal, toxic, infective and nutritional1. In the first
three of these, fetal growth is impaired because of the
effects on cell division in embryonic or early fetal
development. These causes will not be discussed further
in this article. The most common and potentially most
treatable cause of impaired fetal growth is nutritional.

NUTRITIONAL REGULATION OF FETAL GROWTH

Work in animals leaves little doubt that nutrition is an
important regulator of fetal growth in late gestation. In fetal
sheep, where increments can be measured day to day,
growth slows within about three days after the onset of
maternal undernutrition and resumes promptly with
maternal refeeding2. Somewhat similar findings are
recorded in case reports of human pregnancies. Severe
maternal undernutrition, usually with some medical cause,
has been reported to be associated with poor fetal growth,
and ultrasound monitoring has shown improvement of fetal
growth with measures such as intravenous supplementation
in the mother3. However, it has been widely held that
nutrition has little influence on human fetal growth under
more usual circumstances. Why should this be?

First, confusion has been generated by the failure to
distinguish between maternal and fetal nutrition. The fetus
must grow at the end of a long and sometimes precarious
supply line involving maternal nutrient uptake, nutrient
delivery to the placenta via uterine blood flow, transport
across the placenta, uptake into the fetus via the umbilical
circulation, and incorporation of nutrients into fetal tissues,
which is under fetal hormonal regulation4. Since the
function of this supply line is largely determined by
maternal size and health, we should not be surprised that
maternal size is an important influence on fetal size.
Similarly, given the enormous reserve capacity of this
supply line, it is not surprising that large changes in
maternal nutrition may have negligible impact on fetal
nutrition. Conversely, the fetus may suffer substantial loss
of substrate supply if, for example, uterine blood flow or

placental function are impaired, without a corresponding
change in maternal nutrient intake. When considering the
nutritional regulation of fetal growth, fetal nutrition must
therefore be distinguished from maternal nutrition.

The second cause of confusion in this area has been the
presumption that fetal growth is reflected in birthweight.
Although birthweight can be easily and accurately measured,
it conveys only limited information about the pattern of fetal
growth which has resulted in that final outcome5. Various
groups have recommended the use of other measurements
such as ponderal index or mid-arm circumference to partially
overcome this difficulty6; however the inadequacies of such
approaches are readily demonstrated in animal studies.
Relatively brief periods of maternal undernutrition in sheep
result in profound changes in organ size and body composition
of the fetus at delivery, without affecting birthweight 7.
Similarly, variation of the proportion of protein in the diet of
pregnant rats has complex and non-linear effects on the
growth of the placenta, fetus and various fetal organs8.
Measurements of fetal growth by repeated ultrasound
examination will probably overcome some of these
difficulties in human pregnancy, and individualized fetal
growth curves have been advocated as one approach to
distinguishing babies whose small size at birth is appropriate
from those whose growth has truly been impaired9.

Third, the timing and balance of alterations in maternal
nutrition may have profound influence on fetal growth. For
example, high carbohydrate intake in early pregnancy
followed by low protein intake in late pregnancy is associated
with lower than average birthweight in apparently well
nourished British womenl0. The nature of these interactions
and their implications remains to be explored.

Finally, it is increasingly apparent that fetal growth is
under fetal endocrine control. In particular, insulin and the
insulin-like growth factors (IGFs) are critical mediators of
fetal growth in late gestation. Fetal pancreatectomy1l and
IGF- 1 gene deletion12 both result in fetal growth
retardation. However, the fact that increases in fetal plasma
insulin1 1 or IGF- 1 13 concentrations do not substantially
increase overall fetal size suggests that neither hormone is
directly regulating fetal growth. In turn, these hormones
are under fetal nutritional control. Fetal insulin secretion is
regulated by fetal glucose and aminoacid concentrations11.
Similarly, fetal IGF-1 concentrations are regulated by fetal
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that prevent normal swallowing tend to have impaired
growth. The late-gestation human fetus swallows up to
700 mL per day and may obtain as much as 10% or its
calorie and protein requirements by this route4. Since
common causes of impaired fetal growth are altered
placental function and subnormal uterine blood flow, an
alternative approach to improving fetal nutrition is enteral
nutrient supplementation. Carbohydrates and proteins
injected into amniotic fluid have been shown to be
swallowed by the fetus, digested, absorbed and incorpo-
rated into body tissues. In fetal sheep, infusion of nutrients
into the fetal gut prevented the onset of growth retardation
caused by maternal undernutrition18. In human pregnancy,
infusion of glucose and aminoacids into the amniotic cavity
has been claimed to improve growth, but there are no clear
measurements of fetal size or untreated controls against
which such intervention could be assessed19.

Fetal nutrient supplements

There have been case reports of direct infusion of nutrients
to the human fetus but again lack of controls and good
measurement of growth hampers interpretation of the
data19. Certainly in animals, growth restriction can be
prevented by intravenous infusion of nutrients. Chronic
glucose infusion to the normally growing fetus results in
larger fetal sheep which have increased body fat20. Also in
sheep, intravenous infusion of a commercial parenteral
nutrition mixture of glucose and aminoacids prevented the
growth restriction induced by placental embolization21.
Direct fetal supplements have the potential advantage that
any compromise in the fetal supply line is bypassed.
However, the difficulties of suitable access in human
pregnancy remain to be overcome.

DIFFICULTIES WITH NUTRITIONAL TREATMENT
OF IMPAIRED FETAL GROWTH

Although fetal nutrient supplements are a potentially
valuable approach to the treatment of fetal growth
impairment, many issues remain to be overcome. First, it
is not clear that, once established, fetal growth impairment
is readily reversible. Most of the work in animals indicates
that nutrient supplements can prevent the onset of growth
impairment, but in no case has the growth impairment been
demonstrably reversed once it is established. In sheep, fetal
growth slows with the onset of maternal undernutrition and
resumes after ten days with maternal refeeding. If maternal
undernutrition is prolonged for twenty-one days, fetal
growth does not resume upon maternal refeeding; thus
growth retardation seems at some point to become
irreversible22. These irreversible changes may be due at
least in part to fetal hormone resistance23 an important
issue to address before intrauterine therapy can become a

glucose and insulin concentrations14. Thus these data are
most easily interpreted as suggesting that the fetal endocrine
environment is an important mediator of the nutritional
regulation of fetal growth.

NUTRITIONAL TREATMENTS OF IMPAIRED
FETAL GROWTH

If fetal nutrition is the major regulator of fetal growth, then
we might reasonably conclude that nutrient supplementa-
tion will improve fetal growth. Such supplements could at
least in theory be offered at any point along the fetal supply
line, but the choice has usually fallen on glucose and
aminoacids, the major oxidative substrates for most
mammalian fetuses in late gestation.

Maternal supplements

One reason for the widely held belief that nutrition has
little influence on fetal growth in human pregnancy is that
maternal nutrient supplements have scant effect on
birthweight. Multiple randomized trials of maternal dietary
supplements have been undertaken in many thousands of
women in many parts of the world. An overview of these
trials suggests that, although balanced calorie and protein
supplements in severely undernourished women lead to a
small increase in birthweight15, the effect is quite variable
and is minimal in women who are not severely
malnourished at the time they become pregnant. Thus
maternal dietary supplements are unlikely to be helpful in
most cases of impaired fetal growth in Western
populations. This is not to suggest that such supplements
are entirely without benefit, since there is some evidence
that late-gestation calorie supplementation in undernour-
ished women can improve growth of the offspring in the
first five years of lifel6. This effect may be mediated at least
in part by improved maternal lactation capacity although
this has not been adequately investigated.

Furthermore, it is becoming apparent that the balance of
both macronutrients and micronutrients at different times
in gestation may be critical for fetal growth. For example,
in women folate status is significantly related to fetal size,
perhaps through its involvement in homocyst(e)ine
metabolism17. Abnormalities of maternal homocyst(e)ine
metabolism are in turn associated with various complica-
tions of pregnancy, including pre-eclampsia, which
commonly result in poor fetal growth. However, clinical
trials to determine whether maternal folate supplementa-
tion will improve fetal growth, either directly or indirectly,
have not yet been reported.

Amniotic fluid supplements
The fetus normally swallows large quanitites of amniotic
fluid in late gestation, and fetuses with congenital anomalies 613
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realistic option. This irreversibility of impaired fetal growth
may be reflected in the postnatal growth failure seen in
many infants born small for gestational age.

In addition, it seems that some aspects of the nutritional
regulation of fetal growth may extend over more than one
generation. Studies of the Dutch 'hunger winter' at the end
of the Second World War have shown that women exposed
to famine in early gestation gave birth to babies of normal
size, but the girl babies in their turn grew up to have babies
who were on average of lower birthweight24. There is
substantial epidemiological evidence that women who were
themselves small at birth have a high risk of giving birth to
small babies25. In chronically undernourished rats, restora-
tion of normal diet did not result in restoration of normal
size and three generations were required before fetal
growth and adult size returned to normal26. Thus maternal
nutrient supplements may not reverse impaired fetal growth
immediately, and the effect may not be achieved even in the
next generation.

The second difficulty in the nutritional treatment of
impaired fetal growth is that such nutrient supplements are
not without risk. In this regard, it is useful to think of fetal
growth as normally being nutritionally limited. However,
the nutrient which is most limiting may vary from time to
time and between individuals. Thus, relief of the scarcity of
the critical limiting nutrient will increase fetal growth only
to the extent that the next nutrient becomes limiting. This
concept of the 'next limiting nutrient' is best illustrated in
experiments involving nutritional supplementations. Glu-
cose infusion to the normally oxygenated fetus results in an
obligatory increase in oxygen demand and a corresponding
fall in fetal oxygenation27. Such a fall in P02 and pH in
response to fetal glucose administration has been demon-
strated in growth restricted human fetuses28. Thus
additional supply of one nutrient, in this case glucose,
may result in increased demand for another, in this case
oxygen, which cannot be met. The result may be
disadvantageous or even lethal for an already compromised
fetus.

Similarly, increased oxygen supply may seem a simple
and safe approach to reducing fetal nutrient limitation.
Indeed, maternal oxygen supplementation is reported to
reduce perinatal mortality in growth-restricted human
fetuses29. However, the hypoxaemic fetus maintains
oxygen supply to essential organs such as the brain and
heart by redistributing cardiac output at the expense of
peripheral tissues. Maternal oxygen supplementation
reverses this adaptation, decreasing the supply to the
brain of blood and hence of other nutrients such as
glucose and aminoacids30. Thus maternal oxygen
supplementation may 'improve' fetal blood flow, as
assessed by doppler ultrasound, without improving either

Aminoacid supplementation is also not without risk,
although the reasons for the adverse effects of aminoacids
are not as clearcut. An overview of clinical trials shows that
maternal dietary supplementation with a high protein
supplement resulted in increased perinatal mortality and
reduced fetal growth in many studiesls. The adverse effects
of high concentrations of individual aminoacids are also well
known, for example in maternal phenylketonuria. One of
the reasons why high aminoacid concentrations have adverse
effects may be that individual aminoacids compete for
carriers on the placental membranes31. In this way excessive
quantities of supplemented aminoacids may actually reduce
fetal supply of some essential aminoacids. Alternatively, the
demand for some essential aminoacids may be increased in
order to 'detoxify' the supplemented aminoacids. For
example, glycine is required for many synthetic metabolic
processes and also for metabolism of methionine. During
pregnancy some women have only marginal glycine
sufficiency32. Supplementary dietary methionine seems to

increase demand for glycine and thus limit its availability for
other metabolic processes33. Given the risk of these various
nutrient supplements and the fact that relief of any one

limitation may simply result in the next nutrient becoming
limiting, supplements containing combinations of nutrients
are more likely to be effective.

CONCLUSION

Fetal growth in late gestation is largely limited by fetal
substrate supply. Thus impaired fetal growth is most readily
considered a reflection of impaired fetal nutrition.
Although supplementary supply of nutrients to the poorly
growing fetus is an attractive proposition, it is not yet close
to clinical reality. Animal studies to date have shown that
supplements can prevent but not reverse impairment of
fetal growth. Furthermore, we now know that they carry

substantial risks. Provision of combinations of nutrients,
perhaps via amniotic fluid to be taken up by the fetal enteral
route, seems most promising and remains to be explored in
suitable animal models.

There is now a rapidly growing body of published work
relating impairment of fetal growth to increased risk of
diseases of adult life including ischaemic heart disease and
non insulin-dependent diabetes34. These observations raise
the possibility that nutrient supplements to the poorly
growing fetus will eventually provide means to prevent
several major disease groups. Much research is now needed
to assess the likely benefits and risks of such approaches.
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