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Blood formation in infancy
It is hard to believe that 27 years have passed since
the first of Douglas Gairdner's papers on this sub-
ject was published in the Archives.' Although he was
later to write about other aspects of neonatal
haematology-such as the postnatal plasma shift2' 3
and the control of acidosis during exchange trans-
fusion4-it is perhaps his 4 papers about red cell
formation5'56 7 which have best stood the test of
time and are still 'required references' (on both sides
of the Atlantic) in any article about the physio-
logical anaemia of the newborn or the anaemia of
prematurity.

In the first paper' the authors described the
appearance of the bone marrow in normal infants
during the first 3 months of life. Each baby was
selected from those whose mother, having already
had a normal baby, had volunteered to take part in
the project. The examination of the marrow showed
a decline in erythroid activity during the first one to
2 months which paralleled the fall in haemoglobin
and was accompanied by a pronounced increase in
marrow lymphocytes, a finding which could be
misinterpreted by the unwary observer as true red
cell hypoplasia. We still do not know if these
'lymphocytes' so prominent in the marrow at the
nadir of erythroid activity are all truly lymphoid
cells; some of them perhaps, residing in the null
(non-T, non-B) fraction are stem cells or early
erythroid precursors awaiting a surge of erythro-
poietin to nudge them into differentiation and
multiplication.

In the next two papers5 6 results of measurement
of haemoglobin, red cell count, PCV, and reticu-
locytes during the first 3 months on the same group
of normal term babies and in a large number of cord
blood samples were reported. The relative macro-
cytosis of neonatal red cells, the low reticulocyte
count, and the progressive decline in haemoglobin
between 2 and 9 weeks were noted. The authors
were not the first to make these measurements, but
they related them to the changing bone marrow
appearances to produce a classical description of the
pattern of normal neonatal erythropoiesis. The
advent of the electronic counter has made more
accuratered cells countsand direct measurement of the
MCV possible and the use of these techniques con-
firms the pattern of red cell values during the first
months after birth.8'9 Gairdner and his colleagues
attributed the changing red cell picture after birth
to decreased red cell production and to the effect of

body growth rather than to accelerated red cell
destruction. They concluded that in the fetus and
the infant, erythropoiesis was governed by the
arterial oxyhaemoglobin level and that erythro-
poietic activity was regulated to ensure a level in the
fetus and newborn of about 11 g of oxyhaemoglobin
per 100 ml blood.
How do these conclusions look a quarter of a

century later? It has been shown, using 5'Cr-labelled
autologous red cells that the fall in haemoglobin is
due to an actual decrease in red cell mass rather
than to expansion of plasma volume.'0 The red cell
of the term baby, examined in the isotope era, has a
life span of about two-thirds of the adult cell;" that
this is due to an intrinsic defect has been shown by
infusion of DF32P*-labelled neonatal cells into
normal adults.'2 There are now substantial descript-
ions about the metabolic characteristics of the
fetal erythrocyte which include greater glucose
consumption, reduced phosphofructokinase, and
increased levels of other glycolytic enzymes and
greater susceptibility to oxidant injury.'5 However
no relationship has been established between these
metabolic abnormalities, which are not simply those
of a young red cell population, and the cells' relatively
short survival. In the last months of fetal life the
estimated rate of red cell production is 3 to 5 times
that of adult life'4 and it has been suggested that
this intense erythroid activity results in formation of
short-lived macrocytes, so-called stress reticulo-
cytes.'5

Despite this evidence of decreased red cell sur-
vival, the major factor in the postnatal decline of
haemoglobin is, as Gairdner surmised, decreased
red cell production. The decline in marrow ery-
throid activity is reflected in decreased 59Fe clearance
and incorporation into red cells.'6 It is now evident
that red cell production is mediated through the
effect of tissue oxygen tension on the output of the
hormone erythropoietin.17 The site of erythro-
poietin production remains controversial. Although
in postnatal life it is probably the kidney, fetal
erythropoietin, the production of which is inde-
pendent of the mother, may be made in the liver.
The main effect of erythropoietin is to stimulate
committed erythroid precursor cells to differentiate
to proerythroblasts.18 Erythropoietin can be
detected in the plasma of the fetus and in cord blood
from the newborn infant, but levels decline rapidly
*DF32P = di-isopropyl phosphofluoridate.
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after birth until between 8 and 12 weeks when its
reappearance heralds the resumption of erythroid
activity in the bone marrow.19 20 Anaemic and
hypoxic infants continue to produce erythropoietin
during the first weeks after birth and, as Gairdner
observed, show no decline in marrow activity.
The postnatal decline in erythropoietin production

and the subsequent fall in haemoglobin is therefore
a physiological response to the rise in arterial
oxygen saturation at birth and the resulting increase
in oxygen delivery to the tissues. More slowly the
left shifted haemoglobin-oxygen dissociation curve
which, in the fetus, favours transfer of oxygen from
the maternal to the fetal circulation, gradually shifts
to the right, favouring increased oxygen delivery to
the tissues without impairment of oxygen loading in
the lungs. This shift of the curve is mediated by the
presence of increasing amounts of adult haemo-
globin with increased binding of the phosphate
ester 2,3 diphosphoglycerate (23DPG). It has been
calculated that at a mixed venous 02 tension of
40 mmHg the 3-month-old infant delivers more
oxygen to his tissues than a neonate despite a fall in
Hb from 17'0 to 105 g/dl.21
The replacement of fetal by adult haemoglobin is

a function of fetal maturity and is uninfluenced by
the timing of birth. Haemoglobin A is synthesised
in small amounts (5-10 %) from 6 to 8 weeks'
gestation, until 32-36 weeks when there is a sharp
increase in the synthesis of Hb A and a decline in
that of Hb F; the switch is not confined to one cell
line making Hb A alone and is not restricted to
either marrow or hepatic erythropoiesis.22 The
mechanism of the 'switch' remains unknown,
tantalisingly, since ability to reverse the process
might provide an effective treatment of disorders of
r-thalassaemia and sickle cell anaemia by endowing
permanent possession of 100% haemoglobin F.
Homozygous hereditary persistence of fetal haemo-
globin and possession of haemoglobin variants with
high oxygen affinity both appear compatible with
normal growth and health despite possession of a
permanently left-shifted haemoglobin-oxygen dis-
sociation curve.23
What of the earlier and more profound drop in

haemoglobin which occurs in the preterm infant?
Gairdner and his colleagues distinguished between
this early anaemia of prematurity occurring between
the 2nd and 4th months after birth and the late
anaemia occurring after 5 to 6 months; the latter
being clearly due to iron deficiency. They next
addressed the problem of the early anaemia.7 Their
attention, like that of many others, was partly
diverted by haematinic red herrings. Cobalt, now
known to stimulate production of erythropoietin,
was given to 5 premature babies and caused reticulo-

cytosis and a rise in haemoglobin but was un-
acceptably toxic resulting in transient exopthalmos
and goitre.

Gairdner also investigated the use of oral iron and
found that giving it from the 3rd week mitigated but
did not prevent the early anaemia of prematurity.
It has since been shown that this anaemia is not
associated with a low serum iron or raised TIBC
and is not influenced by early administration of oral
iron.24 Iron stores in the preterm infant are influenced
by birthweight and blood loss (particularly iatro-
genic), and by feeding practices; iron is readily
absorbed from breast milk and breast-fed infants
attain greater iron stores than those fed artifici-
ally.25' 26 Nevertheless the preterm baby fed on
breast milk, like the artificially-fed premature baby,
is at risk of developing a late anaemia due to iron
deficiency unless he receives additional iron. A
recent prospective study of low birthweight infants
used sequential measurements of Hb, iron, and
TIBC and also serum ferritin, the most sensitive
index of tissue iron stores. One half of the babies
received supplementary iron. The same nadir of
haemoglobin was reached at 2 months in both
groups; by 3 months iron stores were significantly
lower in the control group and by 6 months most
babies in the control group, whether breast or bottle
fed, were iron deficient and anaemic.27
The problem of iron supplementation was com-

pounded for a while by the vitamin E story. 12
years ago it was reported that a group of low
birthweight infants developed haemolytic anaemia,
thrombocytosis, and oedema associated with
decreased plasma levels of vitamin E and increased
sensitivity of the red cells to peroxide haemolysis.28
A number of similar reports followed and it seemed
possible that vitamin E deficiency might play a role
in the anaemia of prematurity. However it is now
apparent that this haemolytic anaemia is a result of
highly unphysiological dietary manipulation. The
lipid content of the red cell membrane reflects the
lipid content of the diet and in low birthweight
preterm babies fed certain proprietary milks rich in
polyunsaturated fatty acids the membrane becomes
a substrate at risk of peroxidation. Plasma vitamin
E (antioxidant) levels are low in such babies and the
addition of iron generates free radicals which
initiate the process of peroxide haemolysis of the red
cell membrane.29 30. 31 Thus the haemolytic anaemia
is a multifactorial disorder of artificially-fed low
birthweight premature infants receiving early iron
supplements: it is therefore preventable.
Serum and red-cell folate levels are relatively high

in the newborn but may fall in the preterm infant
within a few weeks to levels which are low by adult
standards. Despite this, megaloblastic anaemia is
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extremely rare and there is no evidence that folate
supplementation influences the early anaemia of
prematurity. It has been suggested that folate
supplements should be given to very immature
babies or to those who are at risk of dietary
deficiency.32 Breast feeding should obviate this risk,
since plasma and red-cell folate levels in breast-fed
infants are higher than in adult controls.33 It seems
therefore, that breast milk is best haematinically as
in every other respect.
The early anaemia of prematurity now known to

be uninfluenced by haematinics, often exacerbated
by venepuncture, is, like that of the mature baby,
associated with reticulocytopenia and decreased
marrow activity.7 34 Erythropoietin, measured by
bioassay, was detected in the urine of premature
infants at birth but was then undetected until the
haemoglobin declined to a nadir at 5 to 7 weeks.
Hypoxic premature infants continued to produce
erythropoietin.35 It is claimed that radioimmuno-
assay is a more sensitive technique for measuring
erythropoietin than bioassay, but the reliability of
immunoassay is at present controversial. Erythro-
poietin was detected using radioimmunoassay in low
concentration in the plasma of premature infants.
There was a significant inverse correlation between
plasma erythropoietin and haemoglobin and an even
more significant inverse correlation between ery-
thropoietin and oxygen-unloading capacity of the
blood. This is hardly surprising since measurement
of oxygen-unloading capacity takes account not
only of the haemoglobin but also of the position
of the haemoglobin-oxygen dissociation curve both
of which affect oxygen delivery to the tissues.
In infants with right shifted curves (that is, those
who had been transfused and had relatively large
amounts of adult haemoglobin) the haemoglobin
fell lower before an erythropoietin response was
observed.36 These results suggest that premature in-
fants respond appropriately to a decrease in oxygen-
unloading capacity by increased erythropoietin
excretion.
The reason for the earlier fall in haemoglobin in

the premature baby is not entirely clear. One possible
factor may be decreased red cell survival; the scanty
data available suggest that red cell survival in the
preterm baby is shorter than in the mature infant.11
Stockman and Oski have recently reviewed the

present state of knowledge of the anaemia of the
newborn, much of it derived from their own work.
They suggest that low oxygen consumption in the
preterm baby allows a more profound drop in
haemoglobin before reactivation of erythropoiesis,
and consider that the 'anaemia' of prematurity is
compatible with adequate tissue oxygenation.37
However, most recent work on oxygen consumption

indicates that 02 consumption is higher in the pre-
term baby38 39 than in more mature infants.
The assumption that anaemia in the preterm

newborn is physiological has been challenged in a
recent paper in the Archives in which are reported
results of measurement of haemoglobin, reticulo-
cytes, P50 (partial pressure of oxygen at which
Hb is 50% saturated), and available-oxygen. The
figure for 'available-oxygen' is derived from the
haemoglobin concentration and P50, and is calcu-
lated to be the amount of oxygen capable of being
released per dl of blood. These values were cor-
related with the clinical features at the nadir of the
anaemia. In babies of 33 weeks' gestation the
clinical features of anaemia appeared to correlate
better with available oxygen than with haemoglobin
or P50 values; surprisingly this correlation did not
hold for more mature babies, even those of 33-34
weeks' gestation. In some babies with relatively high
haemoglobin but low available oxygen who were
judged clinically anaemic, symptoms of anaemia
improved after transfusion.40
The clinical features of anaemia are as nonspecific

in the infant as in the adult, but it is difficult to
define a more objective way of assessing them.
Simple comparisons of 'available-oxygen' in the
preterm baby and the adult do not allow for
the fact that cardiac output is much higher in the
newborn infant than in the adult.
For the moment, rather than embarking on a

policy of liberal transfusion with all its attendant
dangers, we should continue to observe the generally
accepted criteria41 while trying to determine more
precisely which babies may benefit from transfusion.

It is good that the Archives, under Douglas
Gairdner's editorship, has continued to provide a
forum for debate about blood formation in infancy.
To argue whether anaemia is 'physiological' or not
is surely a question of semantics. Recent research
has at least reminded us of the importance of con-
centrating not only on oxygen uptake and arterial
oxygenation, but also on oxygen unloading at the
tissues.

I am grateful to Professor Alastair Bellingham
and Dr Edmund Hey for their helpful comments.
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