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AbsTrACT
The heart undergoes rapid transformations in 
function during the transition to extrauterine life. Our 
understanding of the adaptive physiology underlying 
this process is able to inform the clinical management 
of infants who are struggling to complete this complex 
transition. Much of our knowledge of the cardiac 
transition is derived from the preterm infant in whom 
the preparative adaptations are incomplete and clinical 
sequelae all too common. This review will re-examine 
the cardiac transition highlighting the physiology that 
drives it and suggest appropriate clinical intervention to 
support the process.

The feTAl heArT And CirCulATion
The fetus is reliant on the placental circulation for 
essential gas exchange, nutrient supply and waste 
elimination.1 In humans, the fetal placental perfu-
sion is via two umbilical arteries arising as branches 
of the internal iliac arteries.1 The seminal work on 
the fetal circulation was performed by Rudolph 
and Heymann in the early 1960s using a combina-
tion of the Fick principle and microsphere distri-
bution.2 This work has since been validated using 
gated MRI techniques.3 The placenta receives 40% 
of the combined fetal cardiac output (CO) mainly 
arising from the right ventricle (RV) via the ductus 
arteriosus (DA). Nutrient and oxygen-rich blood 
returns from the placenta via a single umbilical 
vein and distributes blood to the fetal liver and 
directly through the ductus venosus (DV) to the 
inferior vena cava and right atrium. The proportion 
of blood passing through the DV is responsive to 
variations in the physiological status of the fetus.4 
In utero, the right heart provides around 60% of 
the CO and is the dominant ventricle. The RV 
receives blood from both vena cavae, including 
the hepatic portion of placental return. RV ejec-
tion is into the pulmonary artery and then via the 
ductal arch feeding the descending aorta perfusing 
the lower torso and the placenta. In utero, a small 
but variable proportion of CO travels through the 
pulmonary circulation, blood flow increasing at the 
end of the second trimester at the time of maximal 
pulmonary development and then decreasing again 
towards term.5 By contrast, the left ventricle (LV) 
receives nutrient and oxygen-rich blood from the 
DV through the foramen ovale (FO) with a minor 
contribution from the pulmonary veins. Outflow is 
via the aortic valve to coronary vessels, the head and 
upper torso, with less than 25% of the LV outflow 
perfusing the lower torso. The in utero fetal circula-
tion ensures appropriate distribution of nutrients to 
those organs with greatest metabolic demand: the 
heart and the brain. The heart in utero has a near 

constant workload with a relatively high- volume 
and low-resistance circulation, the myocardium can 
be considered metabolically stable but mechanically 
less efficient than the adult heart.

The posTnATAl heArT
In the few minutes following delivery the heart 
undergoes remarkable changes in function. Pres-
sures and flows in the RV drop while conversely 
increasing in the LV which is promoted to be the 
dominant ventricle by workload. LV afterload 
increases as the placental circulation is removed. 
The circulation becomes dynamically responsive 
to the changes in workload required by post-
natal activities, LV output doubling from 150 to 
around 400 mL/kg/min and systemic blood pressure 
(BP) rising.6 7 This produces a significant increase on 
the metabolic demand of the heart, coronary blood 
flow and oxygen delivery to the LV increases.8 The 
heart is now far more like an adult heart, mechan-
ically very efficient but metabolically more fragile. 
These changes appear seamless in the term infant 
but may be more challenging to the preterm where 
compromised CO has been clearly documented in 
the few hours following birth. The adaptive mech-
anisms that allow the heart to withstand this rapid 
change in function offer possible avenues for clin-
ical intervention.

CArdiAC funCTion And hAemodynAmiCs 
AfTer birTh
Although the evolving cardiac dynamics throughout 
childhood are well described, we have only recently 
come to appreciate the changes that occur over the 
first few days of life. The advent of bedside ultra-
sound and neonatologist performed scans have 
furnished this information in the premature infant. 
The term infant is not considered a clinical problem 
and therefore only very recently starting to receive 
attention.9

In the compromised preterm, infant BP declines 
over the first 6 hours of life and then recovers after 
12–24 hours of age.10 This has been linked to clinical 
adverse outcomes including death, peri/intraven-
tricular haemorrhage (P/IVH) and neurodevelop-
mental delay.11 There has been little evidence that 
standard treatment with volume or pressor agents 
have improved outcomes, some studies suggesting 
worsening outcome if pressor agents are used.11–14 
Point-of-care clinical ultrasound has permitted 
insights as CO can be directly measured. A method-
ology that reflects cerebral perfusion and is indepen-
dent of cardiac shunts (DA and FO) is superior vena 
cava flow (SVCf).15 Although the pattern of SVCf 
over the first 24 hours of life mirrors that previously 
demonstrated with BP, there is growing awareness 
that the relationship between CO and BP is not 
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tight as there is also considerable variation in systemic vascular 
resistance (SVR) and in the fetal cardiac shunts.16 Low SVCf 
is a better predictor of P/IVH than BP16 17 and also correlates 
with adverse neurodevelopmental outcomes.18 The relationship 
between cerebral perfusion, CO and BP is complex and extends 
beyond early concepts of BP-dependent cerebral autoregulation. 
We are now aware of significant changes in oxygen extraction 
at lower cerebral perfusion and regional variations in cerebral 
blood flow that serve to protect the brain from injury.7 19 It is 
only when these mechanisms are exhausted that the brain suffers 
hypoxic damage (uncompensated shock).20

Clinical measures of cardiac performance at this stage impli-
cate a failure of the immediately post-transitional myocar-
dium to adequately respond to increasing afterload induced by 
increases in SVR.21 22 CO therefore diminishes before BP.23 The 
addition of inotropic agents may induce a rise in SVR without 
compensatory increases in output further impairing organ perfu-
sion.24 25 Non-invasive measures of inherent myocardial function 
are difficult in clinical settings. Velocity of contraction in relation 
to wall stress (MVFS/WS) has been one such measure. In a study 
of infants exhibiting low SVCf and later increased risk of P/IVH, 
Osborn et al demonstrated a steeper MVFS/WS than in controls 
with normal SVCf,26 implying the at-risk infants were less able 
to cope with increasing afterload. Lee et al demonstrated a clear 
reduction in the velocity of tissue Doppler measurements for 
both ventricles over the first few hours of life with recovery by 
24 hours of age.27 A greater understanding of underlying cardiac 
contractility may be available from the more sophisticated echo 
techniques that are now being adopted.9 28 29

While the clinical picture is now established, the pathophys-
iology underpinning these observations is not well understood 
and we are yet to fully comprehend the drivers of this transient 
haemodynamic compromise or introduce effective prevention or 
management. The following candidates are considered.

myocardium and the contractile unit
The fundamental structure of the contractile unit is conserved 
throughout development. Repeating mirrored patterns of a 
honeycomb arrangement of six actin strands anchored by a Z 
disc give muscle its characteristic striated appearance. Myosin 
heavy chain proteins, from which hinged light chains project, 
are housed in opposing actin tubules. Binding between the head 
units of the myosin light chains and actin generates the longitu-
dinal force of contraction. This force is proportional to intracel-
lular Ca++ concentration which acts on the complex troponin 
protein to remove tropomyosin from the myosin/actin-binding 
site.30 The contractile sarcomeres are held in an extracellular 
matrix containing the giant elastic molecule titin, this molecule 
facilitates passive diastolic recoil and filling.31 Varying isoforms 
of the components of the contractile unit are present in devel-
opment but are not clearly associated with significant alterations 
in function, the rate at which these changes occur is likely too 
slow to influence functional change around transition. More 
important changes occur in the intracellular development of 
the sarcoplasmic reticulum (SR) which serves as an intracellular 
Ca++ store. In the embryonic stages, the SR is poorly developed 
and the intracellular rise in Ca++ is predominantly across the 
cell membrane. With maturation, the SR grows to envelop the 
contractile units with Ca++ channels32 33 and calcium-induced 
calcium release from the SR predominates.34 35 Later in devel-
opment, SR transverse tubules form to ensure the action poten-
tial initiated Ca++ release penetrates rapidly throughout the 
enlarging myocyte.36

Maturational changes occur both in the myocardial cells 
and their arrangement within the cardiac muscle. Embryonic 
myocardial cells are globular containing few contractile units, 
over time the cells elongate and become almost completely 
filled with contractile units and mitochondria.37 These changes 
improve contractile efficiency and increase the compliance of 
the ventricles to enhance diastolic filling. The orientation of 
the cells within the LV develops into a complex of longitudinal, 
circumferential and spiral elements that combine to produce an 
efficient wringing motion during systole.38

metabolic
The fetal heart is almost exclusively fuelled by glucose.39 In the 
relatively hypoxic uterine environment only a fraction of the 
glucose is completely oxidised, the remainder being converted 
to lactate. After birth, oxygen availability increases and the heart 
more completely oxidises glucose improving energy produc-
tion and ATP availability.40 Over the first week of life, the 
heart switches to metabolism of fat via the fatty acid oxidation 
(FAO) pathway.40 There is a complex signalling mechanism that 
orchestrates these changes.41 In utero hypoxia-inducible factors 
(HIF-1α) promote the glucose transporter GLUT-1 and favour 
glucose metabolism. After birth, HIF-1α falls and releases inhibi-
tion of peroxisome proliferator-activated receptors (PPAR) and 
their cofactors which serve as transcription factors to upregulate 
the FAO pathways. Oestrogen-related receptors play a direct role 
in upregulation of the mitochondria at birth and feedforward 
with PPAR to promote FAO.42 It is thought that the rise in circu-
lating fats associated with the first milk feed also induces upreg-
ulation of myocyte FAO.43 These changes are associated with the 
terminal differentiation of the myocyte as described above, and 
the forced maturation associated with premature birth may limit 
cardiomyocyte number44 and alter cardiac function in later life.45

Dawes et al first described the deposition of cardiac glycogen 
in the fetus and the role this plays in surviving hypoxic isch-
aemic injuries at birth.46 Shelley later described the depletion of 
these stores in the newborn facing a hypoxic insult.47 We are still 
unclear whether the premature newborn heart can be compro-
mised by lack of glucose supply over the first few hours of life.48

endocrine
Early animal work demonstrated a marked increase in circu-
lating catecholamines associated with birth and fetal adrenal-
ectomy showed this rise necessary for the normal transition.49 
Furthermore, in the premature infant, the catecholamine rise is 
even more pronounced though the effect on promoting transi-
tion is blunted.50 The seminal work of Liggins described a late 
gestational rise in cortisol that orchestrates the maturation of 
fetal organs in preparation for delivery, in hypophysectomised 
animals he showed poor transition despite a significant catechol-
amine response.51 52 These findings have since been explained 
by cortisol-induced upregulation of α and β adrenergic recep-
tors.53 Liggins’ observations paved the way for antenatal steroids 
for lung maturation, but the hormonal control of development 
is equally important for cardiac function and transition. Ante-
natal steroids have consistently been proven to improve neonatal 
survival and reduce the risk for P/IVH,54 more specifically the 
need for BP support is reduced.55 56 In a baboon model, a rise 
in fetal BP was demonstrated within 6 hours of maternal steroid 
administration, it is unclear whether this is mediated through 
increased catecholamine sensitivity or more fundamental 
myocardial changes.57
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Thyroid hormone secretion increases slowly in late gestation 
and plays a role in maturing adrenergic receptors, a signifi-
cant rise in thyroid-stimulating hormone-stimulated thyroxine 
release with birth has not been shown to facilitate the normal 
transition.58 Trials of antenatal thyroid-releasing hormone, in 
addition to steroids, failed to yield significant improvements and 
were associated with increased risks for neurodevelopmental 
delay.59 60

In summary, the fetal heart has a relatively high-volume 
low-resistance circulation. At birth, the LV must cope with an 
increase in afterload and greater variability of demand, the RV 
output must mirror the LV but at a much lower afterload. The 
fetal heart is mechanically less efficient than in later life but meta-
bolically resilient and able to withstand the hypoxic challenges 
of delivery. Postnatally, the heart rapidly becomes mechanically 
more efficient but metabolically more vulnerable, dependent on 
continuous oxygen and fuel delivery. These changes occur less 
rapidly in the preterm infant creating a period of vulnerability 
during the first few hours of life. Knowledge of this physiology 
can inform support of the circulation during this transition.

CliniCAl impliCATions
Prevention, as always, is the best strategy with avoidance of 
preterm birth and antenatal sepsis where possible. Antenatal 
steroids should be given to promote maturation of the heart as 
well as the lungs to diminish the postnatal consequences of early 
reductions in CO,11 20 as well as potentially improving cardiac 
function in utero.57 Can the premature heart be ‘primed’ for 
delivery? While there has been much published on the impact 
of alterations in late gestational physiology and long-term 
cardiovascular and metabolic programming,61 less attention has 
been paid to the potential for such programming to influence 
cardiac function during the transition. It is tempting to think 
that in utero stressors may prepare the heart for extrauterine 
life. This is, however, unlikely to mirror the advantages seen 
in pulmonary development. Intrauterine growth restriction 
has been extensively studied and undernutrition can result in 
maturational changes in the cardiac myocytes,62 this does not 
however translate into a clinical functional advantage.63 Further-
more, premature maturation may diminish the total myocyte 
count into adult life.44 Inflammation has also been considered 
and studied with intra-amniotic lipopolysaccharide adminis-
tration in animal models. Inflammation has deleterious effects 
on the heart and also increases the risk of metabolic injury and 
infarction.64 With current knowledge, it seems unlikely that we 
could promote the contractility of the heart without a concomi-
tant increase in the metabolic vulnerability.

In infants who are perceived to have circulatory compromise 
in the first few hours of life, BP alone is insufficient to delin-
eate pathophysiology or determine management. These infants 
are not a homogeneous group, clinical context and early echo-
cardiographic assessment should define the underlying physi-
ology and inform appropriate management. It is important to 
separate those infants with a physiological decline in LV func-
tion from those who have other defined problems. Sepsis, for 
instance, predominately presents as high output with a decreased 
SVR and may require volume and pressor agents65; rare cases 
of congenital heart disease should be evident on echocardiog-
raphy and managed in conjunction with paediatric cardiolo-
gists. Infants with apparent physiologically low CO generally 
recover by 24 hours of age and ‘permissive hypotension’ may be 
a reasonable approach.12 It is fair to say we know more about 
what does not help in this situation and are still unsure of any 

positive interventions. Inotropes appear more likely to do harm 
and may even decrease CO. Inodilators (milrinone) seem inef-
fective in this age group, possibly because the receptors are not 
yet developed.66 We need to pay careful attention to ventilation 
so as not to impair LV preload. This may involve reducing mean 
airway pressures, if possible, and managing pulmonary hyper-
tension with alternative ventilation modes and/or the addition 
of nitric oxide. While space does not permit a discussion of the 
controversies surrounding management of the DA, varying from 
possible closure if torrential left to right shunt to maintaining 
patency if significant pulmonary hypertension, these are options 
to consider. Toyoshima has developed an algorithm for managing 
these infants based on LV wall stress with considerable personal 
success but not widely reproduced.67 Postnatal steroid therapy is 
being rediscovered with some encouraging trials.68 None have 
specifically addressed early CO.

An understanding of the physiological mechanisms around 
immediate transition and the influence of management of the 
umbilical cord on cardiac function offers potential for inter-
vention. In the lamb model, early clamping of the cord before 
the pulmonary circulation has been established significantly 
compromises LV function. The LV suffers from reduced preload 
as FO shunting decreases with cessation of umbilical venous 
return, at the same time afterload increases as the compliant 
placental circulation is removed.69 If the placental circulation 
remains intact until pulmonary blood flow is established, phys-
iologically-based cord clamping (PBCC), then haemodynamic 
compromise is minimised and insult to the LV reduced.70 PBCC 
has also been shown to confer advantages in the asphyxiated 
animal model.71 The translation of these findings to clinical 
practice has been hampered by a focus on a placental transfusion 
and delayed cord clamping without emphasis on establishing 
a pulmonary circulation; nevertheless, results are encouraging 
with a reduction in mortality and a trend towards reduced P/
IVH and needs for circulatory support.72 A large study in term 
infants from Tanzania demonstrated a significant negative rela-
tionship between mortality and the time from onset of respi-
ration to cord clamping.73 Two small studies of PBCC, one in 
term infants74 and the other in preterm,75 have confirmed the 
feasibility of this approach.

In conclusion, the challenges facing the transitioning preterm 
heart are complex and as yet not fully understood. It is likely the 
greatest improvements in care and outcomes for these infants 
will be derived from a more thorough understanding of their 
physiology and the subsequent application of management 
specifically targeted to their needs.
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