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Topical Review

The effects of anaemia as a programming agent
in the fetal heart
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The intrauterine environment plays a powerful role in determining the life-long risk of
cardiovascular disease. A number of stressors are well known to affect the development of the
cardiovascular system in utero including over/under maternal nutrition, excess glucocorticoid
and chronic hypoxia. Chronic fetal anaemia in sheep is a complex stressor that alters cardiac
loading conditions, causes hypoxic stress and stimulates large changes in flow to specific tissues,
including large increases in resting coronary blood flow and conductance. Decreased viscosity
can account for approximately half of the increased flow. It appears that immature hearts are
‘plastic’ in that increases in coronary conductance with fetal anaemia persist into adulthood even
if the anaemia is corrected before birth. These large changes in conductance are possible only
through extensive remodelling of the coronary tree. Adult hearts that were once anaemic in utero
are more resistant to hypoxic stress as adults but it is not known whether such an adaptation
would be deleterious in later life. These studies indicate the need for investigation into the basic
mechanisms of coronary tree remodelling in the immature myocardium. New information on
these mechanisms is likely to lead to better prevention of and therapies for adult-onset coronary

disease.
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It is well established that genetic factors play a central
role in life-long risk of cardiovascular disease. In
addition, epidemiologic observations support the concept
that the intrauterine environment plays an additional
powerful role in determining life-long risks of cardio-
vascular disease (Barker, 2000; Gluckman & Hanson,
2004). Maternal glucocorticoid administration, maternal
nutritional deprivation, fetal anaemia, fetal hypoxia and
increased fetal cardiac load all affect the fetal heart and
may have long-term significance (Dodic et al. 2001;
Broberg et al. 2003; Li et al. 2003; Barbera et al.
2000; Han et al. 2004). These factors are likely to
initiate multiple interrelated physiological processes. For
example, fetal anaemia is associated with lowered blood
viscosity, increased blood flow, hypoxaemia, and a series of
endocrine responses. Research to date gives only
preliminary insight into ‘programming’ of the cardio-
vascular system. Further research is therefore necessary
to understand the mechanisms of fetal origins of adult
cardiovascular disease.
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Chronic fetal anaemia

Since the study of the fetal origins of adult
cardiovascular disease is in its early stages, investigations
of the underlying mechanisms are few. Chronic fetal
anaemia is one of the best-studied late term fetal
manipulations that lend insight into the ‘programming’
of the fetal heart. In fetal sheep, adaptations to chronic
anaemia include a 30% increase in heart to body weight
ratio, a 50% increase in stroke volume and cardiac output,
a sixfold increase in coronary blood flow and a doubling
of coronary conductance with preservation of coronary
reserve (Copel et al. 1989, Davis et al. 1999). These changes
are thought to be adaptive and directed at maintaining
myocardial and systemic oxygen supply, oxygen
consumption and organ function when oxygen content is
reduced. Chronic fetal anaemia also has an effect on the
coronary microcirculation. Fetal anaemia is associated
with a 40-60% increase in ventricular capillary diameter
while capillary density is maintained at the non-anaemic
level in the presence of cardiac hypertrophy (Martin
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et al. 1998). The underlying mechanisms for these effects
are not well understood. However, in response to low
levels of oxygen seen during fetal anaemia, fetal cardiac
concentrations of hypoxia-inducible factor 1 and vascular
endothelial growth factor are increased (Martin et al.
1998). Systemic cardiovascular changes seen during fetal
anaemia include a fall in the precapillary to postcapillary
resistance ratio that increases capillary hydrostatic
pressure and results in a nearly threefold increase in
thoracic duct lymph flow (Davis & Hohimer, 1991, Davis
etal. 1996).

Chronic anaemia in fetal sheep results in a 50% increase
in cardiac output and stroke volume (Davis et al. 1999).
The compensatory ventricular eccentric hypertrophy that
develops appears to normalize wall stress by maintaining
a normal ratio of radius to wall thickness while increasing
stroke volume. These adaptive changes are similar to the
response to anaemia in the adult. For example, anaemic
adult rats develop eccentric myocardial hypertrophy with
increased coronary capillary length and diameter (Oliverti
et al. 1989, 1992). These compensatory responses to fetal
anaemia and consequent cardiac adaptations occur over
time. When anaemia is rapidly induced in fetal sheep,
central venous pressure increases, whereas when anaemia
occurs slowly, central venous pressure remains normal
(Blair et al. 1994).

The effects of chronic anaemia on regional blood flow
within the ovine fetus are illustrated in Fig. 1. In these
experiments the haematocrit was reduced from 35 to 15%
over 1 week. Coronary blood flow increased to a greater
extent than did flow to other organs (Davis & Hohimer
1991). These findings are thought to be due at least in
part, to local metabolic regulation at the organ level. Since
oxygen extraction in the fetal sheep heart is normally 65%
and 34% in the brain (Fisher et al. 1982, Davis et al.
1999), the heart has less extraction reserve. Thus, blood
flow to the heart would need to increase severalfold under
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Figure 1. Regional blood flow after 7 days of anaemia

Regional blood flow in chronically anaemic and control fetal sheep at
near term as determined by microspheres. Data taken from Davis &
Hohimer (1991).
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hypoxaemic conditions, while the cerebral blood flow
would need to only double, in order to maintain oxygen
consumption at resting levels. This has consequences in
regards to programming. At the same degree of hypoxia,
endothelial changes that are regulated by increased blood
flow may not be apparent in some vascular beds but present
in others.

Coronary pressure-flow relationships

The fetal coronary flow—perfusion pressure relationship
has yielded significant insight into the effects of
chronic fetal anaemia on the regulation of the coronary
tree. Maximal coronary conductance is the slope of
the relationship between myocardial blood flow and
coronary perfusion pressure during maximal coronary
vasodilatation with adenosine (Hoffman, 1984). This
relationship is a physiological measure of the total
resistance vessel area of the coronary circulation and can be
used to index vascular ‘growth’ of resistance vessels. This
relationship is also useful as it allows the determination of
coronary reserve at a specific pressure if resting blood flow
is known. In the adult, maximal coronary conductance
does not increase in response to stress (Hoffman & Spaan,
1990). For example, in response to an increase in afterload
accompanied by left ventricular hypertrophy in the adult,
coronary conductance actually decreases (Flanagan et al.
1994, Kalkman et al. 1996). This fall in conductance is not
well understood and is ascribed to vascular rarefaction
as myocyte growth outstrips resistance vessel growth,
to medial hypertrophy of resistance vessels leading to
decreased conductance, or to functional vascular changes
secondary to increased transmission of pressure.
Coronary conductance can be approximated by altering
central arterial pressure by variable occlusion of the aorta
or inferior vena cava. The effects of chronic anaemia on
coronary conductance in the fetus are illustrated in Fig. 2.
The coronary flow—perfusion pressure relationships are
shown in the same fetus studied at a normal haematocrit
and following 1week of anaemia. Autoregulation of
resting flow appears to be intact in the normal fetus,
in that coronary flow increases very little in response to
increased perfusion pressure (open circles). Resting flow
in the anaemic animal at its normal arterial pressure
(45 mmHg) is at about the same level as maximal flow
conditions in the non-anaemic state. However maximal
coronary conductance is approximately double during
anaemia compared to the non-anaemic state (Davis
et al. 1999). Maximal coronary conductance increases
from ~18 to 33 ml min~"! (100 g left ventricle) ! mmHg ™!
(Fig. 3). Even after adjustment for changes in viscosity and
haematocrit by transfusion in the anaemic fetus, coronary
blood flow is 43% greater at normal coronary perfusion
pressures (Davis et al. 1999). Thus, approximately half
of the increase in maximal coronary conductance can be
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attributed to angiogenesis and half to physical forces in the
vasculature.

Increased flow, perhaps via shear forces, appears
to stimulate growth in both the adult and fetal
coronary circulation (Wothe et al. 2002; Helisch &
Schaper, 2003). Chronic infusion of adenosine into
the fetal coronary artery that does not change oxygen
content, arterial pressure or cardiac output increases
maximal coronary conductance. However, the excess in
maximal coronary conductance can be largely blocked by
NC-nitro-L-arginine methyl ester (L-NAME) (Wothe et al.
2002). Because maximal coronary conductance and flow
in the presence of L-NAME are not less than the response to
adenosine alone, differential regulation of larger proximal
resistance vessels by nitric oxide and more distal metabolic
regulation of smaller arterioles by adenosine as suggested
by Kuo ef al. (1995) may occur in the fetal coronary tree.
Similarly, nitric oxide-dependent coronary dilatation in
fetal guinea pigs raised in conditions of chronic hypoxia
is also increased (Thompson, 2000). However, it is not
currently known where in the fetal coronary vascular tree
resistance occurs or how flow affects total cross-sectional
area.

From these experiments, it is clear that fetal anaemia
can alter the coronary vasculature during the fetal period
and that the fetal coronary tree is highly plastic. In terms
of fetal ‘programming’ and the fetal origins of adult
cardiovascular disease, it is important to know whether the
effects of anaemia on the fetal coronary circulation persist
into adulthood. To address this, twin fetal sheep were
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Figure 2. Coronary pressure—flow relationships

Coronary pressure—flow relationships in a singleton fetus before and
after anaemia induced over 1 week. Resting coronary blood flow
shows normal autoregulation. Resting flow when anaemic is at the
maximal flow in response to adenosine 1 week earlier. Reproduced
with permission from Davis et al. (1999).
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instrumented to make one of the fetal twins anaemic in
utero and the other twin to serve as a non-anaemic control.
Fetal anaemia was induced in late gestation for about
a week. Just before delivery, the anaemia was corrected
by transfusion to allow the anaemic fetus to survive a
natural delivery. At 7 months of age the postpubertal sheep
that were once anaemic in utero had a maximal coronary
conductance twice that of their non-anaemic twins, ~11
versus 6 mlmin~' (100 g~') mmHg ™' even though their
resting coronary blood flows were not different (Davis et al.
2003).

The effects of anaemia and adenosine infusion on
coronary perfusion are summarized in Fig. 3. Several issues
are worthy of note. (1) Maximal coronary conductance
increases in fetal anaemia. Thus, an increase in coronary
conductance allows the anaemic fetus to maintain
coronary reserve at normal pressures (Fig. 4). (2) Chronic
adenosine infusion via flow-modulated growth also
increases maximal coronary conductance over time even if
the fetusisnotanaemic. (3) Fetal anaemia, evenif corrected
before delivery, results in an excess coronary vasodilatory
reserve that persists into young adulthood. It is important
to note that maximal coronary blood flow when expressed
per unit weight of heart has been shown to decrease with
age, being higher in the fetus than the newborn, and lower
in the adult (Toma et al. 1985; Flanagan et al. 1994; Davis
etal. 1999; Davis et al. 2003). With ageing, there are further
decreases in coronary blood flow and coronary reserve
as measured in the rat (Hachamovitch et al. 1989). The
effects of haemoconcentration on coronary conductance
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Figure 3. Maximal coronary conductance in response to
adenosine

Maximal left ventricular coronary conductance measured in ovine
fetuses that were anaemic as compared to controls, in ovine fetuses
infused with adenosine into the coronary circulation to increase flow
without altering oxygen content as compared to controls, and in adult
sheep that were anaemic in utero only as compared to control twin
siblings. Data from Davis et al. (1999) and Wothe et al. (2002);
reproduced from Davis et al. (2003).
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however, have not been studied in the fetus. We are aware
that experiments in adult dogs show a linear decrease in
the maximal incremental conductance as haematocrit
increases (Baer et al. 1987). While the general concept
would likely hold true for the fetus, it has not yet been
investigated.

It would be valuable to know if the additional coronary
reserve seen in adults that were anaemic in late gestation
confers functional advantage during the adult period. In
keeping with the concept of programming the heart for
disease risk, one might also wonder whether the once
anaemic adult heart is at a functional disadvantage in spite
of an increased conductance. Eight-month-old sheep that
were anaemic only in utero were studied under conditions
of 5-min hypoxic episodes and were compared to their
twins which were not anaemic in utero. The sheep that
were anaemic in utero had higher indices of left ventricular
systolic function including end-systolic elastance (Ey)
and dP/dt compared to their twin controls (Broberg et al.
2003). These findings show that in utero events can induce
changes that persist into adulthood and in this case, confer
a function advantage in terms of coronary vasodilatory
reserve and cardiac function.

Responses that are unique to the fetal-neonatal
period

Changes in coronary vascular reserve, however, are not
limited to the fetal period. Several studies suggest that
maximal coronary conductance in the adult can be
modified by events that occur in the perinatal period.
Exercise training in young swine results in an initial
increase in capillary density that subsequently normalizes
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Figure 4. Coronary reserve

Coronary reserve ovine fetuses that were anaemic as compared to
controls, in ovine fetuses infused with adenosine into the coronary
circulation to increase flow without altering oxygen content as
compared to controls, and in adult sheep that were anaemic in utero
only as compared to control twin siblings. Data from Davis et al.
(1999) and Wothe et al. (2002); reproduced from Davis et al. (2003).

J Physiol 565.1

as the number of small (20-30 um) arterioles increase
(White et al. 1998). These investigators suggested that
the ‘extra’ capillaries developed into arterioles (White
et al. 1998). Flanagan et al. (1994) found that in adult
sheep, aortic banding for 6 weeks results in a 67% decrease
in left ventricular coronary conductance and a 17%
decrease in capillary density. When aortic banding is
performed in month-old lambs, coronary conductance
as well as capillary density is maintained. Similarly,
capillary to myocyte density is increased in congenital
aortic stenosis in humans and decreased in acquired
aortic stenosis (Rakusan et al. 1992). Functionally, Aoyagi
et al. (1992) found that aortic banding in adult sheep
decreased left ventricular shortening indices by 35%,
whereas month-old lambs submitted to 6 weeks of aortic
banding maintained LV function. These investigators
found that there was no difference in baseline dP/df,y.
However, heart rate-corrected circumferential shortening
decreased in aortic-banded adults and increased above
normal in aortic-banded lambs. Levels of Ca*"-ATPase
mRNA and Na™—Ca?* exchanger protein were decreased
in adult sheep with hypertrophy compared to newborns
with aortic banding (Aoyagi et al. 2001). Taken together,
these data show that maximal coronary conductance and
accompanying function decrease in the adult left ventricle
in response to aortic banding, whereas in young lambs
coronary conductance and function are maintained. These
data are consistent with the observation that maximal
coronary conductance is greater in adults that were
anaemic in utero. However, the functional significance of
whether this increase in conductance confers a similar
advantage when the heart remodels after a pressure load
is applied to the left ventricle in the adult is not known.
Finally, there is the recent observation that in arterioles of
female hearts transplanted into male recipients, 45% of the
smooth muscle cells show the presence of a Y chromosome
(Quaini et al. 2002). This suggests that under conditions
of immunosupression and increased workload (the female
hearts were significantly smaller than the male recipient
hearts) resistance vessels may be reprogrammed and/or
remodelled.

The relationship between vascular growth and cardiac
myocyte growth is not well understood in the fetus.
In models of hypertrophy in young animals, including
aortic banding (Flanagan et al. 1999), arteriovenous
anastomoses (Chen et al. 1994), and anaemia (Rakusan
et al. 2001) arterial density does not change. In these
studies, arterial growth is presumed to have occurred
since vascular density did not decrease with concurrent
hypertrophy. Accurate measurements of arterial size and
density in the heart are difficult to perform sterologically
due to the rarity of the vessels by comparison to capillaries
and due to anisotropy of arterioles as arterioles change
direction within a planar section. A direct approach to
quantifying properties of coronary vascular trees that
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gives a more complete picture has been to analyse
vascular casts as developed by Kassab et al. (1993).
Kassab compared the casts of the coronary arterial tree
of the hypertrophied adult pig right ventricle resulting
from pulmonary artery banding compared to the normal
right ventricle. The coronary vascular parameters from
sectioned casts were compared. Kassab found an increase
in the diameter of the trunk of the right coronary
artery and substantial increases in the total number of
vessels in each branching order in the hypertrophied
right ventricle. However, following normalization to gram
of right ventricle, the hypertrophied ventricle was not
different from the control ventricle. Thus, the vascular
growth measured was appropriate for the increased muscle
mass in this adult model of hypertrophy. This analysis has
never been applied to a fetal heart under control or under
hypertrophic conditions much less to an adult heart which
is no longer hypertrophied yet has increased conductance
(adult that was anaemic in utero). Other investigators
(Tomanek ef al. 1999) have suggested that vascular growth
is regulated at least in part by the rate of myocardial
growth.

In fetal sheep, increased right ventricular systolic
pressure load results in increased heart mass, right
ventricular myocyte size and binucleation of cardiac
myocytes suggesting accelerated terminal differentiation
(Barbera et al. 2000). In addition the estimated
number of cardiac myocytes increased, suggesting that
right ventricular systolic pressure load stimulates both
hypertrophic and hyperplasic growth. Chronic hypoxia in
pregnant rats resulted in increased size and proportion of
binucleated myocytes and increased numbers of apoptotic
cells in the fetal heart (Bae et al. 2003). The long-term
consequences of the effects in increased cardiac load or
chronic fetal hypoxia on the cardiac myocyte are not
known and remain an important area of investigation.

Evidence for endothelial dysfunction
in cardiac programming

There is evidence for endothelial dysfunction in a
number of animal models that lead to programming
and in humans of low birth weight. Exposure to
corticosteroids at 27-28 days of gestation in sheep
results in adult-onset hypertension and decreased cardiac
function in response to dobutamine (Dodic ef al. 2001).
Recently, Roghair et al. (2005) gave dexamethasone at
a similar time period and evaluated vascular function
in 4-month-old lambs. Conduit coronary arteries of
steroid-exposed fetuses showed increased constriction to
acetylcholine, angiotensin II and U46619 compared to
controls. Mesenteric vessel reactivity, however, was not
altered. Thus, glucocorticoid-induced tissue responses
may be different in various tissues. This is an interesting
observation in view of the recent finding by Bugiardini et al.
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(2004) that in women with angina but normal angiograms,
vasoconstriction in response to acetylcholine predicted an
eventual abnormal angiogram in some 60%, whereas in
women who showed vasodilatation in response to acetyl-
choline resolved their symptoms. These data and others
suggest that endothelial dysfunction, which is common to
most models of intrauterine programming, is a powerful
risk factor for coronary disease later in life.

In a Langendorff model of total coronary
ischaemia—reperfusion injury, Li et al (2003) found
that adult rats that were exposed to hypoxic conditions
before birth had increased area of infarct compared to
normal controls. Hypoxia-exposed animals had decreased
ventricular levels of heat shock protein 70 and endothelial
nitric oxide synthase. A recent review (Zhang, 2005) gives
greater detail. Taken together, these observations suggest
the possibility of long-term endothelial dysfunction in
response to intrauterine programming.

Our understanding of the fetal origins of adult
cardiovascular disease is in its earliest stages. Over the
next decades major advances will be made in under-
standing the mechanisms underlying ‘programming’ of
the cardiovascular system during the fetal and neonatal
period. Understanding these mechanisms will advance the
prevention and the treatment of cardiovascular diseases in
the adult. In addition, understanding these mechanisms
may give insight into the adaptive processes of congenital
heart disease that result from erroneous developmental
processes earlier in gestation.
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