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Abstract 

Changes in oxygenation and placental function affect foetal cardiac function 
and circulation. Congenital heart defects alter normal circulation of blood 
flow, which may further alter cardiac development and function. In distress, 
the foetus can adapt to the situation by altering energy consumption, 
enhancing cardiac function, and redirecting blood to critically vital organs. 

The main objective of this thesis was to investigate the responses of foetal 
cardiovascular function to hypoxaemia and in situations when the normal 
circulation is altered either by pharmacologically increasing the placental 
vascular resistance or by mechanically occluding the ventricular outflow 
tracts. The specific aims were to study the factors affecting the redistribution 
of blood flow to critical organs, the responses of the ventricles and the role of 
different foetal shunts during changes in blood flow. 

Chronically instrumented late gestation foetal sheep were studied. Foetal 
hypoxaemia was induced by increasing placental vascular resistance with 
angiotensin II (ATII) infusion (I) or by maternal hypo-oxygenation (IV). In 
addition, blood circulation was altered by mechanically occluding the foetal 
ascending aorta (AaO, II) or the main pulmonary artery (PaO, III). In each 
study, foetal cardiac function and central and peripheral haemodynamics were 
assessed with spectral and pulsed-wave Doppler ultrasonography 
concomitantly with invasively monitored foetal blood pressures and arterial 
blood samples. Additionally, tissue Doppler imaging (TDI) was used in studies 
I-III to study myocardial systolic and diastolic function. 

ATII infusion led to foetal hypoxaemia and metabolic acidaemia (I). The 
earliest signs of cardiac dysfunction were seen on TDI parameters describing 
diastolic function, and these changes were seen earlier in the left ventricle 
(LV). AaO led to LV systolic and diastolic dysfunction, while the right ventricle 
(RV) was able to improve its systolic function; however, RV diastolic 
dysfunction developed (II). There were signs that the AoI could not provide 
adequate blood flow to the cerebral circulation (II). During PaO, the FO blood 
flow slightly increased, but it could not fully compensate for the drop in RV 
cardiac output and pulmonary return (III). In addition, PaO led to RV systolic 
and diastolic dysfunction, and LV systolic dysfunction developed, while LV 
diastolic function was preserved. During foetal hypoxaemia without placental 
compromise, the peripheral chemoreflex was seen to function even during 
prolonged hypoxaemia and metabolic acidaemia (IV).  AoI was able to increase 
blood flow towards the brain, however, the perfusion pressure towards the 
brain decreased.  

The findings of the current study show that the foetal special circulatory 
areas, such as FO and AoI, may have limited capacity to support adequate 
redistribution of highly oxygenated blood towards cerebral circulation in late-
term pregnancy. In addition, the cardiac outputs did not increase during 
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hypoxaemia and metabolic acidaemia. This is of great importance as foetuses 
with congenital heart defects have altered circulation and cardiac function, 
and foetuses with placental insufficiency have diminished reserves to enhance 
their oxygenation and cardiac function. These foetuses could be at great risk 
of foetal compromise in late-term gestation. 

Keywords: angiotensin II, cardiovascular physiology, Doppler 
ultrasonography, fetal distress, fetal research, fetus, foramen ovale, hypoxia, 
placental insufficiency, sheep, ventricular dysfunction 
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Tiivistelmä 

Sikiön sydämen ja verenkierron toimintaan vaikuttavat sikiön kasvun ja 
kehityksen lisäksi istukan toiminta sekä äidin verenkierron eri tekijät. Sikiön 
hapettuminen on riippuvaista äidin hapetuksesta ja istukan toiminnasta. 
Synnynnäiset sydänviat ovat yleisimpiä vastasyntyneen rakenteellisia vikoja. 
Rakenteellinen muutos aiheuttaa poikkeavan verenvirtauksen sydämessä ja 
kammioista lähtevissä isoissa verisuonissa, joka voi vaikuttaa myös aivojen 
verenkierron happipitoisuuteen. Poikkeava verenvirtaus aiheuttaa poikkeavaa 
kuormitusta kammioihin, joka voi edelleen vaikuttaa sydämen kasvuun, 
kehitykseen ja toimintaan.  

Sikiön verenkierron oikovirtausreitit, laskimotiehyt, soikea aukko ja 
valtimotiehyt, sekä aortansola (aortan istmus) auttavat runsashappisen veren 
ohjautumisessa kohti aivoja, missä solujen energia-aineenvaihdunta on 
pääosin hapesta riippuvaista. Sikiö reagoi hapenpuutteeseen usealla eri 
mekanismilla. Perifeerinen kemorefleksi on yksi merkittävin mekanismi, joka 
auttaa ohjaamaan hapekasta verta sikiön tärkeimpiin elimiin, eli aivoihin, 
sydänlihakseen ja lisämunuaisiin. Muutokset veren virtauksessa aiheuttavat 
muutoksia myös sydämen kuormitukseen tehostaen sen toimintaa. 

Tämän väitöskirjatutkimuksen tarkoitus oli tutkia lammasmalleilla sikiön 
sydämen ja verenkierron vasteita loppuraskaudessa, kun sikiö altistuu istukan 
vajaatoiminnasta aiheutuvalle hapenpuutteelle (I) ja hapenpuutteelle ilman 
istukan vajaatoimintaa (IV). Sydämen rakenteellisesta syystä johtuvaa 
poikkeavaa verenvirtausta mallinnettiin estämällä verenvirtaus nousevan 
aortan (II) tai keuhkovaltimorungon kautta (III). Tutkimuksessa pyrittiin 
selvittämään, mitkä tekijät tällöin rajoittavat sydämen toimintaa ja 
aivoverenkiertoa. Sikiön sydämen ja verenkierron toimintaa selvitettiin 
samanaikaisesti kajoamattomalla ultraäänitutkimuksella ja kajoavasti 
mitatuilla verenpainearvoilla ja verikaasunäytteillä.  

Istukan vajaatoiminnasta aiheutuvan etenevän sikiön hapenpuutteen 
aikana kudos-Doppler-kuvantamisella mitattavat sydämen vajaatoimintaa 
kuvaavat muutokset tulivat näkyviin aiemmin kuin perinteisellä Doppler-
kuvantamisella (I). Varhaisimmat muutokset nähtiin sydämen vasemman 
kammion diastolisessa toiminnassa. Sikiön veren happipitoisuuden laskiessa 
perifeerinen kemorefleksi aktivoitui ja se pysyi aktivoituneena myös 
pitkittyneen hapenpuutteen aikana. Hapenpuutteen aikana verenvirtaus 
sikiön aivoihin lisääntyi käänteisen aortan istmisen osan virtauksen 
lisääntyessä, mutta sydämen vasemman kammion toiminta ei muuttunut (IV). 
Lisäksi perfuusiopaine aivovaltimoihin verta vievässä karotisvaltimossa laski 
(IV). Tutkimuksessa lisäksi havaittiin, että verenvirtaus aortan istmisen osan 
(II) ja soikean aukon kautta (III) ei merkittävästi lisäänny kohti aivoja. 

Tutkimuksen perusteella raskauden loppuvaiheessa sikiön aivojen 
verenkiertoa voi rajoittaa riittämätön verenvirtaus soikean aukon ja aortan 
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istmisen osan kautta. Sikiön perifeerisen kemorefleksin aktivoituminen 
hapenpuutteen aikana auttaa ohjaamaan verta aivoihin tehostaen 
vähentynyttä hapensaantia. Tutkimuksen perusteella vaikuttaa, että 
sydänlihaksen toiminta ja istukan verenkierto kestävät hapenpuutetta 
paremmin, kuin aivojen verenkierto. Sikiöt, joilla on sydämen rakenteellinen 
vika tai jotka kärsivät istukan vajaatoiminnasta, voivat olla suurentuneessa 
riskissä raskauden loppuvaiheessa ahdinkotilanteessa, kun verenkierto 
aivoihin ei riittävästi tehostu.  

Avainsanat: angiotensiini II, dopplerkaikukuvaus, fysiologia, hapenpuute, 
istukan vajaatoiminta, lammas, sikiödiagnostiikka, sikiön ahdinkotilanne, 
sikiön hypoksia, sikiön sydän, sydämen vajaatoiminta, sydän- ja 
verenkiertojärjestelmä  
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1 Introduction 

The foetal cardiovascular system contains unique features that are essential 
for life in utero. Foetal and placental growth affect the amount of circulating 
blood, the myocardium responds to changes in blood volume and pressure, 
and foetal circulatory shunts allow for connection between the right and left 
ventricular circulations that are lined in parallel. In addition, the foetal 
cardiovascular responses mature with advancing gestation (Fletcher, Gardner, 
Edwards, Fowden, & Giussani, 2006). 

The foetus can face distress due to several reasons, many of which may lead 
to inadequate oxygenation. Foetal, maternal and/or placental causes may lead 
to inadequate oxygenation and gas exchange. The foetus has several adaptive 
mechanisms by which it responds to hypoxia. These mechanisms aid to 
preserve adequate blood flow and oxygen delivery to critical organs, which are 
the brain, myocardium, and adrenal glands, at the expense of other organs. 

Perinatal hypoxia is a major contributor to stillbirth, hypoxic-ischemic 
encephalopathy (HIE) and cerebral palsy. Globally, 23% of the 4 million 
neonatal deaths per year are due to intrapartum complications (Lawn et al., 
2014). Of the survivors, many develop long-term consequences leading to 
neurological and psychiatric disorders. Maternal diseases that may lead to 
inadequate placental perfusion and foetal oxygenation, such as pregestational 
diabetes, gestational diabetes, hypertensive disorders, and obesity, are 
increasing (Egan et al., 2017). Foetuses may adapt to diminished oxygenation 
for quite a while, until the inadequate foetal reserves manifest during labour 
with severe consequences. Detecting these foetuses before the great stress of 
labour to prevent irreversible damage is crucial. In addition, foetal growth 
restriction seems to result in metabolic programming and cardiovascular 
remodelling, which increases the risk of metabolic and cardiovascular diseases 
later during child- and adulthood (Crispi, Miranda, & Gratacós, 2018). 
Nowadays, the leading cause of death for both men and women is 
cardiovascular disease. Prematurity is a major global problem and one of the 
leading causes of death of children less than 5 years old (Liu, L. et al., 2016). 
More children nowadays survive prematurity, however the survivors have 
more neurodevelopmental deficits, cardiovascular diseases, kidney disease, 
chronic airway obstruction, metabolic syndrome, and psychiatric disorders. 
Also, these morbidities may manifest earlier compared to those who develop 
in an optimal intrauterine environment until full term (Luu, Rehman Mian, & 
Nuyt, 2017; Ream & Lehwald, 2018; Sullivan, Winchester, & Msall, 2019). All 
these abovementioned aspects must be considered in evaluating a foetus that 
has a risk of diminished reserves. Better understanding of foetal physiology 
and pathophysiology would allow more reliable determination of the optimal 
delivery time, thereby minimising the adverse events associated with both 
prematurity and non-optimal intrauterine environment. 
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The prevalence of congenital heart defecst (CHD) is 9.4/1 000 at birth (Liu, 
Y. et al., 2019). These foetuses may have altered blood flow due to the 
structural defect, and adequate blood flow to the critical organs may thus be 
limited leading to neurological damage with adverse life-long consequences 
(Donofrio et al., 2003; Raissadati, Haukka, Pätilä, Nieminen, & Jokinen, 
2020). In addition, pregnancies with a CHD foetus have increased risk of 
placental-related complications, which may further diminish foetal reserves 
(Ruiz et al., 2016). 

The foetal cardiovascular system has been investigated extensively, but its 
unique features make the understanding of the physiological, 
pathophysiological, and maturation-related changes difficult. Human foetuses 
can be studied mainly non-invasively, as the possibility of performing direct 
invasive measurements during medically indicated antenatal foetal 
procedures is limited. Doppler ultrasound has long provided reliable 
information on the foetal cardiovascular state, whic has been confirmed and 
validated in experimental animal studies with invasive measurements. 

According to the present knowledge, there is no reliable and definitive non-
invasive tool to detect foetuses that are adapting to compromised oxygenation 
or who are about to overcome the limits of this adaptation. The lack of accurate 
understanding of the foetal cardiovascular physiology and pathophysiology 
hinders the possibility of innovating new methods to detect foetal 
compromise. 

The main aim of this research was to provide new insights into the foetal 
cardiovascular responses in various experimental settings. The effects of acute 
and prolonged foetal hypoxaemia with and without placental compromise 
were studied (I and IV). In addition, an experimental setting of altering blood 
flow and blood flow distribution was created, and the acute effects were 
studied (II and III). Foetal cardiac function and haemodynamics were studied 
using spectral colour and pulsed-wave Doppler ultrasonography, and tissue 
Doppler imaging (TDI) was used as a newer method to assess foetal 
myocardial function. Ultrasonographic data were combined with invasive 
measurements of foetal arterial and venous blood pressures, and with arterial 
blood gas samples to determine changes in foetal oxygenation and 
haemodynamics. 
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2 Review of literature 

2.1 Normal foetal cardiac function 

2.1.1 Development of foetal heart 
During the embryonic period, the structure of the heart and other organs 
develop. After this, the foetal heart continues to grow by myocyte cell division. 
The density of myofibrils increases in early pregnancy and myocardial 
contractility improves during the second half of pregnancy. The foetal left and 
right ventricles are different histologically and their outputs, responses to 
loading and ventricular function curves differ from each other (Adamson, 
Morrow, Bull, & Langille, 1989; Reller, Morton, Reid, & Thornburg, 1987; 
Smolich, Walker, Campbell, & Adamson, 1989; Thornburg & Morton, 1983; 
Thornburg & Morton, 1986). 

Adequate loading is essential for normal foetal cardiac morphogenesis and 
function (Sedmera, Pexieder, Rychterova, Hu, & Clark, 1999). With advancing 
foetal growth, the increase in blood volume and changes in preload and 
afterload stimulate the developing ventricle (Fishman, Hof, Rudolph, & 
Heymann, 1978). Changes in cardiac loading conditions during gestation may 
lead to abnormal development of the cardiac structures. Increased right 
ventricular (RV) preload leads to RV dilatation, maldevelopment of the cardiac 
valves and structural changes on the left side, whereas decreased left 
ventricular (LV) preload leads to LV hypoplasia with compensatory 
overdevelopment of the right side (Sedmera et al., 1999). In response to 
increased load, the foetal heart can increase its myocardial mass both by 
myocyte hypertrophy and hyperplasia, and the differentiation rate of 
cardiomyocytes increases (Barbera et al., 2000; Jonker et al., 2007; Jonker et 
al., 2010). Decreased loading leads to reduced cardiomyocyte proliferation and 
hypoplastic growth but does not affect myocyte size or volume (O'Tierney et 
al., 2010).  

In the foetus, the ventricles work in parallel and they both pump blood 
mainly into the systemic circulation; only a small amount of blood circulates 
from the right ventricle to the pulmonary circulation. The combined cardiac 
output (CCO) increases towards term (Rasanen, Wood, Weiner, Ludomirski, 
& Huhta, 1996). The CCO normalised to foetal weight is similar (about 450 
ml/min/kg) in both human and sheep foetuses during the second and third 
trimesters (Kiserud, Ebbing, Kessler, & Rasmussen, 2006; Mielke & Benda, 
2001). The right ventricular output is slightly larger than that of the left (60% 
vs. 40%) at term of pregnancy in human foetuses (Rasanen et al., 1996). 
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2.1.2 Heart cycle and ventricular pressures 
Myocardial depolarisation, contraction and blood flow occur sequentially. 
Electrical changes within the myocyte initiate myocardial contraction. Action 
potentials propagate from cell to adjacent cell and via the AV-node, bundle of 
His and Purkinje fibres. Several extrinsic factors affect the conduction of 
action potentials. In addition, the myocyte has the intrinsic ability to contract 
in response to changes in stretch. The co-ordinated and ordered contraction 
enables the atria and ventricles to generate pressure. The ventricles increase 
the pressure and kinetic energy of the blood, which causes the blood to move. 

One cardiac cycle is divided into systole and diastole. At resting heart rates, 
the diastole is longer than systole. When diastole shortens, the ventricular 
filling decreases if no compensatory mechanisms increase the filling (Hashima 
et al., 2010). The normal foetal heart rate is about 110–160 bpm, decreasing 
with advancing gestational age (Veille, Smith, & Zaccaro, 1999) as the 
parasympathetic responses of the cardiovascular functions mature towards 
term (Nuwayhid, Brinkman, Su, Bevan, & Assali, 1975). 

In foetal life, as both cardiac chambers pump in parallel to the systemic 
circulation, the right and left ventricular pressures are almost equal (Johnson, 
P., Maxwell, Tynan, & Allan, 2000). Also, the right and left atrial pressure 
difference is minimal (Johnson, P. et al., 2000; Reller et al., 1987; Thornburg 
& Morton, 1986). The left and right ventricular systolic and end-diastolic 
pressures increase with advancing gestation, whereas the atrial pressures 
remain constant (Johnson, P. et al., 2000). The LV end-diastolic pressure was 
about 1–14 mmHg and LV systolic pressure about 11–35 mmHg in human 
foetuses between 16 and 29 weeks of gestation, when measured invasively 
during a medically indicated interventional procedure (Johnson, P. et al., 
2000). Mean left atrial pressure was recorded to be about 3.4 mmHg and on 
the right atrium about 3.7 mmHg (Johnson, P. et al., 2000). In foetal sheep, 
atrial pressures were recorded to be similar (3 mmHg and 3.5 mmHg 
respectively) (Reller et al., 1987). The right atrial pressure remains low to allow 
low pressure umbilical venous return (Johnson, P. et al., 2000). 

2.1.2.1 Systolic function 
When all the cardiac valves are closed, the myocardial contraction rapidly 
increases intraventricular pressure. However, the ventricular volume does not 
change, and this phase is called isovolumic contraction. When the pressure 
inside the chambers exceeds the diastolic pressure in the aorta and pulmonary 
artery, the aortic and pulmonary valves open and blood is ejected (ventricular 
ejection). The velocity of the blood ejected is rapid at first and then slows 
down. The intraventricular pressure decreases as blood is ejected. The atria fill 
from the veins simultaneously when the intraventricular pressure decreases. 
In the end of systole, when pressure in the ventricles decreases below the 
pressure in the ascending aorta and the pulmonary artery, the kinetic energy 
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of the blood still propels the blood forward. At this time, the atrial pressure 
increases as the continuous venous flow fills the atria, but the atrioventricular 
(AV-) valves remain closed. The ventricular pressure-volume relationship is 
illustrated in Figure 1. 

2.1.2.2 Diastolic function 
Diastole begins when the ventricles start to relax after ejection and 
intraventricular pressures decrease until no blood is crossing the aortic and 
pulmonary valves. The pressure difference between the ventricles and 
pulmonary artery or aorta decreases, which leads to closure of the aortic and 
pulmonary valves. The drop in aortic and pulmonary artery pressure is not as 
abrupt as in the ventricles due to the storage of potential energy in the vessel 
walls. During this time, while the pressure further decreases in the ventricles, 
all the valves are closed, and no blood is moving in or out of the ventricles. This 
phase is termed as isovolumic relaxation. 

When the ventricular pressures fall below atrial pressures, the AV-valves 
open and ventricular filling from the atria begins (rapid/early ventricular 
filling). The ventricles are still relaxing, and the ventricular pressure falls 
further, even though the filling has started. When the ventricles are fully 
relaxed, the increasing filling starts to increase their pressure. Ventricular 
filling slows down as the intraventricular pressure starts to increase (slow 
ventricular filling/diastasis). Ventricular filling is an active process during 
ventricular relaxation. 

Atrial filling is dependent on the venous return. Right atrial filling is 
dependent on the superior and inferior vena cava and the coronary sinus blood 
flow. The left atrial filling is dependent on pulmonary venous return and flow 
across FO. 

Atrial contraction completes ventricular filling and hence diastole. After 
the atria have contracted, their pressure begins to decrease. Most of the foetal 
ventricular filling occurs during atrial contraction, and the ventricular filling 
is increased by enhanced atrial contraction (Veille et al., 1999). Before 9 weeks 
of gestation, the inflow waveform is monophasic, and the ventricular filling 
and the cardiac output depends on atrial contraction (Makikallio, Jouppila, & 
Rasanen, 2005). After that, the inflow pattern becomes biphasic and with 
advancing gestation, the proportion of early filling increases. Diastasis is 
usually very short in foetal cardiac cycle. 

The residual volume of blood remaining in the ventricle after ejection is the 
end-systolic volume (ESV). The maximal ventricular filling called end-
diastolic volume (EDV) is when all the valves are closed just prior to the 
ejection phase. Stroke volume (SV) is the amount of blood ejected during one 
cardiac cycle, which is defined as 
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(1) SV = EDV - ESV 

Ejection fraction (EF) describes the proportion of stroke volume (SV) of the 
total ventricular volume. 

(2) EF = SV/EDV = (EDV - ESV) / EDV 

 

Figure 1 The relationship between ventricular pressure and volume is illustrated traditionally 
in adult hearts as pressure-volume loops. 

The electrical events can be monitored with an electrocardiogram and precede 
ventricular mechanical events. Foetal mechanical cardiac cycle time intervals 
can be evaluated non-invasively using several methods, such as M-mode, B-
mode and pulsed-wave Doppler echocardiography, foetal surface 
electrocardiogram (Dancea, Fouron, Miro, Skoll, & Lessard, 2000; Fouron, 
Proulx, Miro, & Gosselin, 2000) and newer ultrasound modalities such as 
tissue Doppler imaging (TDI), 2D speckle tracking and spatiotemporal image 
correlation (Crispi & Gratacos, 2012). However, antenatally, exact timing of 
the mechanical cardiac events with electrocardiography is possible but 
difficult to obtain noninvasively (Nii et al., 2006; Pasquini et al., 2007). The 
foetal electrocardiogram signal is easily disrupted since it is obtained through 
the mothers’ abdomen. 

2.1.2.3 Calcium as an important regulator of diastolic and systolic 
function 

Ventricular contraction and relaxation include a series of energy-consuming 
events and hence they are considered active processes. Ventricular contraction 
and relaxation involve a complex interaction of several ion movements and 
protein interactions, where calcium (Ca2+) plays an important role. 

Cardiac excitation-contraction coupling is the process where electrical 
excitation of the myocyte leads to ventricular contraction. A small amount of 
Ca2+ enters the myocyte through depolarisation-activated Ca2+ -channels 
during the action potential. This Ca2+ entry triggers subsequent and profound 
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Ca2+ release from the sarcoplasmic reticulum via ryanodine receptors. These 
together, termed as ‘calcium-induced calcium release’, lead to an increased 
free intracellular Ca2+ concentration (Fabiato, 1983). Free intracellular Ca2+ 
binds to the calcium-specific site of troponin C (TnC) in a concentration-
dependent manner. Binding of Ca2+ induces a conformational change in the 
troponin complex and allows actin to bind with myosin. This interaction 
between actin and myosin results in adenosine triphosphate (ATP) hydrolysis 
supplying energy so that conformational changes can occur in the actin-
myosin complex. This allows formation of cross-bridges between actin and 
myosin allowing them to slide past each other, and the sarcomere length 
reduces and the muscle contracts. 

The strength of cardiac contraction can be altered by modifying the 
amplitude and duration of the Ca2+ transient or by modifying the sensitivity of 
the myofilaments to Ca2+ (inotropy). Myofilament Ca2+ sensitivity and hence 
contraction is enhanced by stretching of the myofilaments during diastole 
(preload), as the Frank-Starling mechanism states. Acidosis, elevated 
phosphate, and elevated magnesium concentration reduce myofilament Ca2+ 

sensitivity (Bers, 2002b). 
Four pathways transport the Ca2+ out of the cytosol and relaxation may 

occur. These pathways involve sarcoplasmic reticulum Ca2+ ATPase (SERCA 
pumps), sarcolemmal Na+ / Ca2+ exchange, sarcolemmal Ca2+-ATPase and 
mitochondrial Ca2+ uniport (Bers, 2002a). These mechanisms are dependent 
on adequate energy supplies as they consume ATP. The sarcoplasmic 
reticulum is the main storage site for Ca2+ within the myocyte. In order to 
maintain normal cardiac function, the same amount of Ca2+ needs to be 
extracted from the cytosol before a new excitation-contraction coupling 
begins. Several post-translational modifications and other signalling pathways 
modulate the protein functions and hence, regulate the Ca2+ transient. When 
intracellular Ca2+ decreases below the threshold for binding to troponin C and 
Ca2+ is released from the thin filament, the myosin and actin cross-bridges are 
released. New ATP binds to the myosin and the sarcomere extends to rest 
length. Efficiency of relaxation depends on the rate of removal of cytosolic 
Ca2+, Ca2+ dissociation from the thin filament, and the rate of utilisation of ATP 
by myosin. Several factors alter these functions (Bers, 2002a; Biesiadecki, 
Davis, Ziolo, & Janssen, 2014). 

If the relaxation is impaired, the ventricle will be incompletely filled, which 
results in low volume cardiac output even if the contractile state of the 
myocardium is preserved. This is referred to as diastolic dysfunction. Both 
contraction and relaxation require energy, i.e., ATP, which the heart produces 
aerobically. In cellular hypoxia, there is deficiency of ATP and these functions 
are impaired resulting in contractile dysfunction and abnormal Ca2+ cycling. 
Several mechanisms regulate the dynamic contraction to adjust cardiac output 
to meet the oxygen demands of the tissues and organs. Myocardial oxygen 
consumption is increased by an increase in heart rate, inotropy, afterload and 
preload. 
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The foetal myocardium receives ATP mainly through glycolysis and lactate 
oxidation (Char & Creasy, 1976). The foetal heart can use lactate as an energy 
source while simultaneously releasing it (Bartelds et al., 1999). During foetal 
acute hypoxia, lactate is produced as a by-product of anaerobic metabolism in 
foetal hindlimbs and possibly from other sources as well. However, with 
sufficient oxygen levels lactate can be converted back to pyruvate and hence to 
ATP (Gardner, Giussani, & Fowden, 2003). During foetal hypoxaemia, the 
myocardial oxygen consumption and cardiac work did not change, indicating 
stable myocardial oxygenation (Fisher, Heymann, & Rudolph, 1982a). 

2.1.3 Cardiac output 
Cardiac output (CO) is the amount of blood ejected by the ventricle per minute. 

(3) CO = SV * HR 

Where SV = stroke volume and 
HR = heart rate. 

Even though CO is described with this equation, the effects of increasing HR 
or SV are not actually linear because several physiologic mechanisms in the 
heart and circulation affect these parameters. Combined cardiac output (CCO) 
is the sum of left ventricular cardiac output (LVCO) and right ventricular 
cardiac output (RVCO). 

In sheep and human foetuses, the right ventricle has a larger SV than the 
left ventricle (Reller et al., 1987). This is due to larger chamber volume and the 
elevated ventricular function curve on the right side compared to the left side 
(Pinson, Morton, & Thornburg, 1987; Reller et al., 1987; Thornburg & Morton, 
1986). Therefore, the right ventricular SV is greater than that of the left at any 
physiological atrial filling pressure. 

The average CCO in mid-gestation is estimated to be about 210 ml and it 
increases to about 1900 ml at 38 weeks’ gestation (Rasanen et al., 1996). The 
RVCO is slightly larger than the LVCO (60–65% vs. 35–40% in sheep foetuses 
from 60 days of gestation until term) (Rudolph & Heymann, 1970), and 
approximately 60% and 40%, respectively, in human foetuses at term 
gestation (Mielke & Benda, 2001; Rasanen et al., 1996). Human foetal 
ventricular outputs and distribution of blood flow during the second half of 
pregnancy are presented in Figure 2. 
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Figure 2 Normal human foetal circulation and percentages of ventricular output ejected by 
each ventricle at gestational weeks 20, 30 and 38. Picture from Rasanen et al. 1996, 
with permission. 

2.1.4 Cardiac loading 

2.1.4.1 Preload 
Preload is the initial stretching of the myocytes just prior to contraction. It 
depends on the sarcomere length at the end of diastole. This in turn depends 
on ventricular end-diastolic volume, end-diastolic pressure, and compliance. 
The change in preload alters the myocyte to generate force when it contracts. 
Increased volume loading from the venous return to atria and further to 
ventricles increases ventricular end-diastolic volume and pressure, and 
therefore preload is increased. This increase in preload stretches the myocytes 
and increases the force generation, which leads to increased SV. This increase 
in force generation is called the Frank-Starling mechanism and it is found to 
function also in the foetal heart (Kirkpatrick, Pitlick, Naliboff, & Friedman, 
1976). However, already at resting heart rates, the foetal ventricles are 
operating at the top of their function curves and the foetal heart has a limited 
capacity to increase SV by increasing end-diastolic filling pressures 
(Thornburg & Morton, 1986). The capacity of the RV to increase SV in 
response to increased preload is even less than LV (Thornburg & Morton, 
1986). 

Several factors affect ventricular preload. Increased venous return and 
venous pressure increase ventricular preload. Blood flow through FO and 
pulmonary venous return affect left ventricular preload. Inferior and superior 
vena cava blood flow and venous return from the coronary sinus determine 
right ventricular preload. Since a large proportion of the blood volume is 
within the placenta, the capacity to increase RV preload by altering venous 
return is limited (Indik & Reed, 1990). Ventricular compliance determines 
end-diastolic volume and the intraventricular filling pressure. The 
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pericardium, lungs, and chest wall have an impact on the compliance of the 
ventricles (Grant & Walker, 1996). Ventricular stiffness progressively 
decreases towards term (Veille et al., 1999). 

Heart rate affects the relaxation time and hence diastolic filling time of the 
ventricle. Enhanced atrial contraction increases ventricular filling and is 
therefore an important determinant of the ventricular filling during high heart 
rates. Ultrasound studies suggest that atrial contraction is more important for 
ventricular filling in foetuses than in the adult (Makikallio et al., 2005; Tulzer 
et al., 1994). Inflow and outflow tract resistance may limit the filling and 
emptying of the ventricle. 

2.1.4.2 Afterload 
Afterload is the load against which the ventricle must contract to eject blood. 
The major determinant of afterload is the systemic arterial pressure. Foetal 
right ventricular afterload is a result of pulmonary vascular resistance and the 
vascular resistance in the lower body and placenta. The vascular resistance of 
the foetal brain and upper body account for the left ventricular afterload. 

Increased afterload decreases the velocity of fibre shortening and hence, 
decreases SV and increases end-systolic volume. Afterload is a major 
determinant of myocardial oxygen consumption (Braunwald, 1971). 

2.1.4.3 Contractility and relaxation 
Contractility (inotropy) is a cellular mechanism of the interaction between 
actin and myosin in the myocyte, which is not dependent on sarcomere length. 
Any cellular mechanism that alters cellular calcium handling and myosin 
ATPase activity at a given sarcomere length alters force generation and 
contractility. The most important mechanisms include increased Ca2+ influx 
during the action potential, increased Ca2+ release from sarcoplasmic 
reticulum and sensitizing of troponin C to Ca2+, myosin phosphorylation, 
SERCA activity and Ca2+ efflux across the sarcolemma. The foetal heart has 
less contractile elements and the sarcoplasmic reticulum is immature, which 
reduces its intrinsic contractility (Friedman, Pool, Jacobowitz, Seagren, & 
Braunwald, 1968). 

The most important mechanism affecting contractility is sympathetic 
activation. Sympathetic nerves release circulating catecholamines, 
norepinephrine and epinephrine, which bind to β1-adrenoreceptors and 
increase Ca2+ entry into the cell and Ca2+ release from the sarcoplasmic 
reticulum during contraction. Also, an abrupt increase in afterload or increase 
in heart rate can cause a positive inotropic effect. In adult hearts, myocardial 
stretch quickly leads to an increase in myofilament calcium sensitivity (Frank-
Starling mechanism). After this, slower force response is detected as a result 
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of an increase in Ca2+ transient amplitude (Anrep effect), which increases the 
positive inotropic effect (Allen & Kurihara, 1982; Johnson, R. C. et al., 2014). 

Regulation of relaxation (ie. lusitropy) is regulated by the rate of reducing 
intracellular concentrations of free Ca2+, the rate of thin filament deactivation 
and cross-bridge kinetics. The reduction of intracellular Ca2+ causes the Ca2+ 
bound to troponin C to be released, and thereafter the myosin-actin coupling 
is inactivated. β-adrenergic stimulation increases lusitropy, resulting in 
decreased Ca2+ sensitivity of troponin; however, the inotropic effect of β-
adrenergic stimulation predominates (Biesiadecki et al., 2014). This allows for 
enhanced contractility and relaxation during sympathetic stimulation, when 
diastole is shortened during high heart rates. Increased preload decreases the 
rate of thin filament activation and the rate of cross-bridge cycling and 
prolongs relaxation (Biesiadecki et al., 2014). 

2.1.4.4 Factors affecting cardiac output 
Preload, afterload, and contractility independently affect ventricular function. 
However, they also function interdependently when they change the SV, CO, 
and hence, the ventricular and arterial pressures. 

Already in the embryonic heart, the isovolumically beating ventricles at 
constant end-diastolic pressure can increase contractility in response to an 
increase in heart rate, and, respectively, a negative response occurs during 
deceleration of heart rate (Bowditch effect) (Faber, 1968). When the heart rate 
decreases, the end-diastolic filling time prolongs and the end-diastolic volume 
increases. This allows the maintenance of CO and perfusion pressure despite 
bradycardia (Anderson, P. A., Glick, Killam, & Mainwaring, 1986). An increase 
in foetal heart rate can increase contractility and CO through the force-interval 
relationship (Schmidt, U., Hajjar, & Gwathmey, 1995). High heart rate, 
however, might decrease the SV as filling time decreases (Anderson, P. A., 
Killam, Mainwaring, & Oakeley, 1987). The foetal heart rate is higher than in 
adults, and it decreases towards term as the parasympathetic nervous system 
matures (Ursem et al., 1998; Veille et al., 1999; Wakatsuki et al., 1992). 

The sympathetic innervation is not fully developed in the foetal heart and 
it continues to develop after birth (Barrett, Heymann, & Rudolph, 1972; 
Lebowitz, Novick, & Rudolph, 1972). In addition, the myocardial 
concentrations of catecholamines are lower than after birth. This suggests that 
the foetal heart may not be markedly affected by circulating catecholamines 
and local reflexes through the sympathetic nervous system until late gestation. 

Low pulmonary flow contributes only a small proportion to left ventricular 
preload. Left ventricular filling depends on flow through FO. During 
advancing gestation, the left ventricular preload becomes more dependent on 
pulmonary venous return, since in the third trimester, the pulmonary venous 
return increases and FO becomes more restricted (Rasanen et al., 1996). This 
reduces the shunting of blood from right to left, which increases right 
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ventricular preload and afterload, which seems to be well tolerated by the 
foetus (Gardiner, 2005). 

The loading conditions change throughout foetal life. As the foetal body 
grows, the blood flow demands change, the vessels mature, blood volume 
increases, and intravascular pressure increases. In human foetuses, the 
changes in loading always involve both pressure and volume loading. The left 
ventricular outflow tract obstruction causes pressure loading on the LV and 
volume loading on the RV. During normal cardiac function, the increase in 
afterload reduces ventricular systolic emptying, leading to increased end-
systolic volume and therefore an increase in preload. Increased preload in turn 
enhances myocardial performance, which counteracts the effect of increased 
afterload (Hawkins, Van Hare, Schmidt, & Rudolph, 1989; Ross, 1976). 

Even though both ventricles are anatomically different, they share the 
interventricular septum, common muscle fibres and the pericardial sac, and 
furthermore the shunts allow pressure equalisation between the ventricles. 
However, the parallel arrangement allows them to selectively regulate 
ventricular output. 

2.2 Basics of blood circulation and haemodynamics 

Circulating blood enables cells to receive metabolic substances, e.g., oxygen 
(O2), glucose, amino acids and fatty acids, and to remove metabolic waste 
products, e.g., carbon dioxide (CO2) and lactic acid. The heart serves as a 
pump, providing the kinetic and pressure energy to circulate blood in the 
vessels. Although the biomechanical properties of biofluids in the foetal 
circulation are extremely complex, rough estimates and simplified general 
fluid mechanics can be applied. 

The heart is situated between low-pressure veins and high-pressure 
arteries. Contracting cardiac chambers circulate the blood and enable the 
blood to flow from low pressure towards high pressure. Pressure decreases as 
the blood flows away from the heart and is lowest in the venous part of the 
circulation. Pressure difference (ΔP) is related to flow and resistance to flow. 

(4) ΔP = Q * R 

Where ΔP = pressure difference, 
Q = the volume of blood flow, and 
R = the resistance of the vessel. 

Over the entire foetal systemic circulation this pressure difference can be 
expressed by the following equation: 
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(5) MAP – CVP = CO * SVR 

Where MAP = mean arterial pressure, 
CVP = central venous pressure, 
CO = cardiac output and 
SVR = systemic vascular resistance. 

The MAP is the average pressure in the artery over time and at normal heart 
rates. It is estimated to be 

(6) MAP = diastolic pressure + 
  1/3 (systolic pressure – diastolic pressure). 

Based on these equations, foetal blood flow, arterial and venous blood 
pressures, cardiac output, and arterial and venous resistances are 
interdependent. 

The foetus has several feed-back mechanisms to control these variables. 
Because the arterial and venous pressures are normally maintained within a 
narrow range by several of these feed-back mechanisms, the most important 
factor that determines the blood flow in a vessel is the resistance (R). 
Resistance to blood flow in a certain vessel is determined by vessel length, 
blood viscosity and the radius of the vessel, 

(7) R α (η * L) / r4 

where  R = resistance, 
 η = viscosity, 
 L = vessel length, 
 r = vessel radius. 

Poiseuille’s equation describes this relationship to flow as: 

(8) Q α Δ P * r4 / (η * L) 

and although this equation is not ideal for blood flow, it emphasizes the effect 
of the vessel radius on the resistance and flow, i.e., very small changes in vessel 
radius can have profound changes in flow and perfusion pressure. 

The ascending aorta divides into smaller arteries, arterioles and finally to 
the capillaries, and the total resistance of these vessels is called systemic 
vascular resistance (SVR). The main vasculature is the peripheral arteries and 
arterioles in the foetal periphery and placenta, so it is the vascular tone of these 
vessels, the small resistance vessels, that most affect the total vascular 
resistance and blood flow. The MAP is mainly determined by the peripheral 
resistance of these resistance vessels. The capillaries connect to small veins 



 

32 

that form the venous capacitance vessels, where most of the blood volume is 
found. 

Mechanical properties of the large arteries differ from those of the smaller 
ones. The elastic and geometric properties result in non-linear dependence of 
compliance, distensibility and impedance in larger arteries, and these 
properties also vary from one vessel to another. Compliance and distensibility 
are non-linearly dependent on transmural pressure and the cross-sectional 
area of the vessel. Impedance describes the relationship of pressure waveform 
and blood flow velocity waveform and takes into account the wave propagation 
and reflections. In general, resistance is used to describe opposition to steady 
flow and impedance is used to describe opposition to pulsatile flow (Adamson, 
1999). Both resistance and impedance are required to describe arterial 
pressure-flow relations because large arteries have both steady and pulsatile 
flow (Adamson, 1999). The large arteries are termed as conduit vessels, since 
the vessel wall characteristics can maintain pressure and the pressure drop is 
minimal. Systolic and diastolic pressures result from the impedance of the 
large arteries, heart rate and stroke volume. 

Central venous pressure (CVP) is the blood pressure in the vena cava at the 
entrance to the right atrium. CVP determines the filling pressure of the right 
ventricle, and thereby the right ventricular stroke volume (Frank-Starling 
mechanism). CVP is determined as venous blood volume (ΔVveins) divided by 
venous compliance (Cveins), 

(9) CVP = ΔVveins / Cveins 

The relationship between CVP and venous volume blood flow is not linear; at 
low pressure the large veins collapse, and when the pressure increases, they 
first become cylindrical and finally stretched. The major determinant of 
venous tone is sympathetic adrenergic stimulation affecting the smooth 
muscle contraction, which alters venous compliance. Also, decreased CO (due 
to bradycardia or decreased SV) causes blood to back up into the venous 
circulation. 

The vascular system is regulated by several mechanisms. The vessels have 
an ability to constrict and vasodilate, which regulates blood pressure, blood 
flow and distributed blood volume within the body. Changes in vascular 
smooth muscle cell activity control vascular tone, which is affected by 
autonomic nerves, circulating metabolic and chemical signals, and vasoactive 
substances released by the endothelial cells on the vessel wall. The 
cardiovascular system is connected to the function of other organs as well; the 
brain and kidneys regulate the cardiovascular system and vice versa. In 
addition, hormones and the nervous system affect the cardiovascular system 
and help to maintain normal blood pressure, blood flow, perfusion of the 
organs and heart function. 

Foetal gas exchange occurs in the placenta, where the umbilical vein 
returns the blood to the foetal circulation. Ductus venosus (DV) and FO direct 
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the oxygenated blood to the left ventricle, which supplies the myocardium and 
brain. Blood returning from the superior vena cava (SVC), inferior vena cava 
(IVC) and myocardium enter the right side of the heart, from where it 
continues mainly through the ductus arteriosus (DA) to the descending aorta. 
The aortic isthmus (AoI) combines these two parallel circulatory systems. 

Rudolph & Heymann (1967, 1968) investigated the foetal circulation in 
sheep using the radionuclide-labelled microsphere technique and provided 
quantitative information on the foetal blood flow distribution. Non-invasive 
estimates of foetal blood flow distribution in different sheep and human 
studies have shown quite similar results but with some important differences 
(Rudolph, 2018). 

2.2.1 Distribution of the foetal circulation 
In the foetal lamb at 110–130 days of gestation (term 145), about 70% of the 
total venous return to the heart is from IVC, 20% is from SVC, 3% from 
coronary circulation and 7% from pulmonary circulation (Heymann, Creasy, 
& Rudolph, 1973; Rudolph & Heymann, 1970). About 55% of umbilical venous 
blood is directed to DV, while about 45% is directed to the left hepatic vein and 
mainly to left hepatic lobe (Heymann et al., 1973). 

CCO increases with advancing gestation (Rudolph & Heymann, 1970). CCO 
in near-term foetal sheep is about 450–550 ml/min/kg when measured by the 
microsphere method or by electromagnetic flow transducers (Rudolph & 
Heymann, 1967; Rudolph & Heymann, 1970). Foetal lungs receive about 7–
8% of CCO, and 55% of CCO ejected by the right ventricle passes through the 
ductus arteriosus (DA) (Rudolph & Heymann, 1970; Rudolph, 1985). The left 
ventricle provides 3% of CCO to the myocardium, 20% of CCO to the head and 
upper body, and 10–15% of CCO passes through AoI to the descending aorta 
(Rudolph, 1985). The placenta receives about 40% of CCO and about 
200 ml/min/kg (Rudolph & Heymann, 1970; Rudolph, 1985). 

Almost all blood from the pulmonary trunk is shunted via DA to the 
descending aorta (DAo) and only a small amount of left ventricular blood flow 
crosses the aortic arch, causing an only 2–3% increase in DAo saturation 
compared to the pulmonary artery (Rudolph, 1985). Pulmonary venous blood 
has a saturation of 45–48% (Rudolph, 1985). Left ventricular blood consists of 
the small amount of venous return from the pulmonary circulation and the 
blood flow from the umbilical vein shunted through DV via FO and left atrium 
with higher oxygen saturation (Rudolph, 1985). 

The three shunts, FO, DA and DV, allow the foetal circulation to be flexible 
and adaptive to change. Their haemodynamic properties are important factors 
for the normal development of the foetal heart and circulation after the first 
trimester. 
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2.2.2 Special watershed areas 
In addition to the three shunts, two watershed areas are important sections in 
foetal circulation. AoI is regarded as a watershed area in the aortic arch. It is 
located between the origin of the left subclavian artery and the aortic end of 
the DA. AoI reflects the balance between the upper (including brain) and lower 
body (including placenta) circulations and connects the left and right 
circulatory systems (Fouron, Teyssier, Maroto, Lessard, & Marquette, 1991). 
Left ventricular ejection causes forward blood flow in AoI, while right 
ventricular ejection causes retrograde flow (1994; Makikallio, Jouppila, & 
Rasanen, 2002). The final direction of flow in the AoI during systole is 
determined by comparative RV and LV stroke volumes as well as the balance 
between the downstream vascular impedances (Fouron et al., 1994; Fouron, 
2003; Makikallio et al., 2002). During diastole, the direction of flow in AoI is 
determined solely by the balance of downstream vascular resistances because 
the aortic and pulmonary valves are closed (Fouron et al., 1994, Fouron, 
2003). Normally, the flow in the AoI is antegrade during systole and diastole 
because of the lower placental vascular impedance compared to cerebral 
vascular impedance (Fouron et al., 1994). During foetal distress or in 
congenital cardiac anomalies, cardiac and circulatory changes occur, which 
may lead to retrograde AoI flow (Makikallio et al., 2002). In severely 
premature foetuses with placental compromise, the circulatory adaptation 
may progress into reduced FO shunting, a shift in RV dominance in cardiac 
output and a compensatory supply of RVCO via retrograde aortic flow to the 
brain (Kiserud, Chedid, & Rasmussen, 2004). 

Another circulatory watershed area is the section of the left portal vein 
located between the main portal stem and the DV. The direction of flow in the 
left portal vein just after the branching of DV may cease or become retrograde 
in foetal compromise (Kiserud, Kilavuz, & Hellevik, 2003). The retrograde left 
portal vein flow may support the DV flow in foetal compromise (Kilavuz, 
Vetter, Kiserud, & Vetter, 2003). 

2.2.3 Foetal blood volume, blood pressure and blood gas values 
The foetal blood volume per body weight is higher than that in adults (about 
10–12% of total body weight compared to 8%) (Brace, 1983). The placenta 
contains a significant amount of foetal blood volume, and its portion decreases 
towards term (Barcroft, 1946). The exact estimates of blood volume differ 
depending on the method used. In experimental sheep studies, flow through 
the umbilicoplacental circulation is reported to be approximately 190–
200 ml/min/kg at 100 to 140 days of gestation (term 145 days) (Berman, 
Goodlin, Heymann, & Rudolph, 1976). The corresponding values in human 
foetuses are substantially lower and vary according to gestational age 
(Acharya, Wilsgaard, Rosvold Berntsen, Maltau, & Kiserud, 2005a; Kiserud, 
Rasmussen, & Skulstad, 2000). 
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Invasive data on human foetal blood pressure is not readily available, and 
the blood pressure values are rather estimates derived from non-invasive data. 
Invasively measured MAP in the umbilical artery of human foetuses at 19–21 
weeks’ gestation was reported to be 15 mmHg (Castle & McKenzie, 1986). Non-
invasively estimated aortic MAP increased linearly from 28 mmHg at 20 
weeks’ gestation to 45 mmHg at 40 weeks’ gestation (Struijk et al., 2008). 
Systolic pressure has been reported to be around 45 mmHg and diastolic 
pressure from 21 to 28 mmHg measured either invasively or non-invasively 
(Struijk et al., 2008; Weiner et al., 1989). Umbilical venous pressure is 
recorded to increase from 4.5 mmHg at 18 weeks’ gestation to 6 mmHg at 
term; however, this is not equivalent to central venous pressure (Ville, Sideris, 
Hecher, Snijders, & Nicolaides, 1994). In another study the umbilical venous 
pressure remained unchanged during gestation at about 5 mmHg and 
remained within a tight range (Weiner et al., 1989). In sheep studies, umbilical 
artery blood pressure increases with advancing gestation (Rudolph & 
Heymann, 1970) and mean arterial pressure values of 43–51 mmHg were 
recorded in near-term foetal sheep (Thornburg & Morton, 1986). 

Umbilical vein and DV oxygen saturation in a foetal sheep are about 85%, 
whereas in distal IVC the saturation is about 35% (Rudolph, 1985). The 
saturation in the left hepatic vein is about 70–75%, in the right hepatic vein 
about 50–55% and in the SVC about 35% (Rudolph, 1985). Because of the 
preferential streaming, the distal IVC, SVC, coronary sinus and hepatic veins 
drain mainly to the right atrium and thereafter to the right ventricle, and the 
saturation in right ventricular blood is 50–52% (Rudolph, 1985). 

During second trimester fetoscopy in human foetuses, the mean umbilical 
venous partial pressure of oxygen, pO2, has been recorded to be about 
55 mmHg, the partial pressure of carbon dioxide, pCO2, about 37 mmHg and 
the pH about 7.358 (Soothill, Nicolaides, Rodeck, & Gamsu, 1986). In the same 
procedure, foetal umbilical artery mean pO2 was about 34 mmHg, pCO2 
42 mmHg and pH 7.339, and foetal lactate and base excess were similar in 
artery and vein, lactate about 1.1 mmol/l, and BE about -4.2. A similar result 
was found from foetal venous blood gas analysis during second and third 
trimester cordocentesis with a negative correlation between gestational age 
and pH and pO2 (Lazarevic et al., 1991). In third trimester foetuses delivered 
by caesarean section before the onset of labour, the pH was similar, however 
venous pO2 was about 29 mmHg, pCO2 about 42 mmHg, and arterial pO2 
about 14 mmHg and pCO2 about 54 mmHg (Acharya & Sitras, 2009). In non-
anaesthetised foetal sheep, the pH, pO2 and pCO2 seem to be similar to human 
foetuses and remain stable throughout gestation (Rudolph & Heymann, 1970). 
In several foetal sheep studies during anaesthesia at near term, similar pH 
values are recorded and the arterial pO2 values were about 21–23 mmHg and 
pCO2 values about 45–55 mmHg (Berman et al., 1976; Hashima et al., 2010; 
Jonker et al., 2016). Blood gas analyses of small-for gestational age-foetuses 
at cordocentesis between 18–38 weeks demonstrated them to be hypoxaemic, 
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hypercapnic, hyperlactinaemic and acidotic with mixed respiratory and 
metabolic components (Nicolaides, Economides, & Soothill, 1989). 

Foetal haemoglobin has a high affinity for oxygen, which favours oxygen 
delivery through the placenta from the maternal to the foetal side. This is 
enhanced at low oxygen tension, which enables stable foetal oxygen uptake 
towards term, as pO2 progressively decreases in the umbilical artery (Soothill 
et al., 1986). The haematocrit of the foetus is also higher compared to that of 
the adult, improving the efficiency of oxygen delivery. The partial pressure 
differences of pO2 and pCO2 between the mother and the foetus allows efficient 
gas transportation across the placenta. 

2.3 Special characteristics of foetal circulation 

2.3.1 Myocardial blood flow 
Myocardial perfusion is maintained by the right and left coronary arteries, 
which originate from the ascending aorta, and the anterior descending and 
circumflex branches of the left coronary artery. Superficial venous flow collects 
to the coronary sinus and drains to the right atrium, while a small portion 
drains straight into the chambers. 

Myocardial metabolism is principally aerobic in the foetus. Therefore, 
myocardial oxygenation and metabolism are dependent on adequate blood 
flow. Myocardial perfusion pressure, i.e., the pressure difference between the 
ascending aorta and the right atrium, is the primary driving force of 
myocardial blood flow and vascular tone, which is modulated by extravascular 
resistance (Baschat & Gembruch, 2002). Maximal coronary blood flow occurs 
in diastole, when extravascular resistance is at its lowest during ventricular 
relaxation (Ofili, Labovitz, & Kern, 1993). 

Acute myocardial hypoxia activates coronary autoregulation, which 
enhances coronary vasodilatation, blood flow and oxygen delivery. If hypoxia 
persists, vascular remodelling and structural alterations increase the coronary 
blood flow reserve (Baschat & Gembruch, 2002). Increased cardiac afterload 
causes the same effect because the myocardial work and, hence, oxygen 
demands increase in response to elevated afterload. In chronic foetal anaemia, 
the maximal coronary conductance increases allowing the anaemic foetus to 
maintain coronary reserve at normal pressures (Davis, Hohimer, & Morton, 
1999). 

At resting conditions, the myocardium receives about 8% of LVCO, 
corresponding to 3% of CCO, in the foetal sheep (Rudolph, 1985). The foetal 
coronary blood flow can increase substantially suggesting a large myocardial 
blood flow reserve, which presumably does not limit foetal cardiac 
performance (Lohr, Reller, Morton, Wu, & Thornburg, 1994; Reller, Morton, 
Giraud, Wu, & Thornburg, 1992; Reller, Burson, Lohr, Morton, & Thornburg, 
1995). 
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At rest, the atrial myocardial blood flow is less compared to the ventricular 
myocardial blood flow per tissue weight and is regulated independently from 
ventricular myocardial blood flow (Lohr et al., 1994). Both the atrial and 
ventricular myocardial flows can increase in response to increased pressure 
loading and adenosine infusion, and the increase in atrial myocardial flow is 
greater (Lohr et al., 1994). Adenosine increases myocardial blood flow up to 
3–4-fold (Lohr et al, 1994). Acute systolic pressure load increases myocardial 
flow by 2–3-fold (Thornburg & Reller, 1999). The increase in myocardial flow 
is greatest in response to acute hypoxaemia, over 5-fold (Thornburg & Morton, 
1999). Even in chronic foetal anaemia, when the myocardial flow at rest is 
increased 5-fold, the myocardium has a substantial reserve to increase its 
blood flow capacity (Davis & Hohimer, 1991; Davis et al., 1999). In addition, 
chronically anaemic foetuses have a 40% increase in coronary blood flow in 
response to adenosine infusion at normal perfusion pressures (Davis et al., 
1999). 

2.3.2 Pulmonary blood flow 
In near-term sheep foetuses, the pulmonary blood flow is 6–8% of CCO 
(Rudolph, 1985; Rudolph & Heymann 1970). In human foetuses, the 
pulmonary blood flow is estimated to be greater than in sheep foetuses (Mielke 
& Benda, 2001; Rasanen et al., 1996; Sutton, Groves, MacNeill, Sharland, & 
Allan, 1994). Pulmonary blood flow increases from 13% to 25% of CCO from 
20 to 30 weeks of gestation and remains unchanged until term (Rasanen et al., 
1996). 

The proportion of pulmonary flow and DA flow of RVCO is dependent on 
pulmonary vascular resistance. Foetal pulmonary arterial vasculature is under 
acquired vasoconstriction during the third trimester and is highly reactive to 
changes in foetal oxygenation. An increase in oxygenation decreases 
pulmonary vascular resistance and impedance, and hence, increases 
pulmonary volume blood flow in both human and sheep foetuses (Rasanen et 
al., 1998). A decrease in oxygenation has opposite effects on pulmonary 
circulation (Lewis, Heymann, & Rudolph, 1976). However, during the second 
trimester of pregnancy, such haemodynamic changes do not occur in response 
to changes in maternal oxygenation (Lewis et al., 1976; Rasanen et al., 1998). 

In human foetuses, the proximal branch pulmonary Doppler velocity 
waveform profile is characterised by rapid initial systolic flow acceleration, 
followed by a very early and rapid deceleration phase. This is followed by a 
short but relatively stable systolic flow segment which gradually decelerates 
(Emerson et al., 1991). At the beginning of diastole, a short reverse flow 
interval is followed by either no or a small amount of diastolic flow (Emerson 
et al., 1991; Laudy, de Ridder, & Wladimiroff, 1997; Rasanen et al., 1996). In 
sheep studies, the foetal branch pulmonary artery Doppler tracing is similarly 
obtained with direct invasive blood flow recordings, but absent end-diastolic 
flow (Lewis et al., 1976). 
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2.3.3 Systemic venous circulation 
The foetal venous blood flow profile is determined by right atrium cardiac 
compliance, contractility, and afterload since the right atria is a continuum of 
the venous system. The atrial pressure waves travel in the opposite direction 
to the venous blood flow returning to the heart. However, their transmission 
to the umbilical vein is restricted by the trumpet-like shape of the DV with its 
narrow end connected to the umbilical vein. Therefore, the umbilical vein 
blood flow profile shows little pulsatility from the first trimester onwards 
(Rizzo, Arduini, & Romanini, 1992b). The major proportion of the pulse wave 
is reflected at the junction between the DV and the umbilical vein, and as the 
umbilical vein is larger and more compliant, the pulsations in it are not usually 
visible (Kiserud et al., 2003). However, at the same junction in the left hepatic 
vein, the pulsation is often visible (Hellevik et al., 2000). The blood velocity 
waveform in the left portal branch is an inverse image of that in the DV because 
of wave intensity, as the pulse wave runs in the same direction as the blood 
flow (Kiserud et al., 2003). 

Venous forward velocity is highest during systole (S), when the intra-atrial 
pressure is low and the AV-valve is closed. Venous flow then decreases (v-
descent, elevating atrio-ventricular ring) because the ventricles start to relax, 
AV-valves are closed, and atrial pressure starts to increase. In early diastole, 
the AV-valves open when the atrial pressure is above the ventricle pressure, 
blood moves into the ventricles and atrial pressure decreases, which increases 
venous flow (D-wave, peak forward velocity during early diastole). Atrial 
systole (a-wave) increases intra-atrial pressure causing the venous blood flow 
to decrease to its lowest or even to reverse in late diastole. 

An abnormal venous flow profile is attributable to a variable mixture of 
changes in placental blood flow, cardiac compliance, contractility, and cardiac 
loading due to different reasons. If the myocardium cannot tolerate preload 
(i.e., cardiac filling is not sufficient) or respond to increased afterload (i.e., 
cardiac emptying is not sufficient), the venous system flow profile is affected. 
In addition, the umbilical vein blood flow velocities are affected by foetal 
breathing movements (Marsál, Lindblad, Lingman, & Eik-Nes, 1984). 

With advancing gestation, the venous blood velocities increase as do the 
velocities in the arterial side of the circulation (Hecher, Campbell, Snijders, & 
Nicolaides, 1994). Due to a decrease in placental vascular resistance and 
maturation of diastolic ventricular function, the end-diastolic ventricular 
pressure decreases and the blood flow velocity during atrial contraction 
increases, leading to decreased pulsatility on the venous side with increasing 
gestational age (Hecher et al., 1994). 

Non-invasively measured umbilical vein blood flow in human foetuses 
increases from 1.2 ml/min at 11 weeks of gestation to 25.3 ml/min at 20 weeks 
of gestation, and weight-indexed umbilical vein (UV) flow increases from 
24 ml/min/kg to 71 ml/min/kg (Vimpeli, Huhtala, Wilsgaard, & Acharya, 
2009). In a longitudinal study of human foetuses, after 25 weeks of gestation 
the non-invasively measured umbilical vein blood flow further increased 
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towards term, but the weight-indexed umbilical vein blood flow decreased 
(from 117 ml/min/kg at 24–25 weeks to 66 ml/min/kg at 40 weeks) (Acharya, 
Wilsgaard, Rosvold Berntsen, Maltau, & Kiserud, 2005b). In foetal sheep of 
60 days of gestation to term, the umbilical venous blood flow is estimated to 
be about 200–220 ml/min/kg (Berman, Goodlin, Heymann, & Rudolph, 1975; 
Rudolph & Heymann, 1970). Foetal sheep umbilical blood flow is higher due 
to higher growth rate, higher temperature (39°C) and lower haemoglobin. 

2.3.4 Placental circulation 

2.3.4.1 The organisation of placental circulation 
Placental circulation can be divided into the maternal side (uteroplacental 
circulation) and the foetal side (fetoplacental or umbilicoplacental 
circulation). Uteroplacental circulation mainly originates from the uterine 
arteries, with a small proportion from the ovarian arteries. The uterine arteries 
then branch to the arcuate arteries, radial arteries and finally to the spiral 
arteries reaching the placenta. 

Maternal blood flows around the terminal villi in the intervillous space, 
where exchange of oxygen and nutrients occurs across the placental barrier 
formed by the foetal and maternal cell layers. The deoxygenated blood then 
flows to the decidual plate, returning to the maternal circulation via 
endometrial and uterine veins. Uteroplacental circulation is propelled by 
maternal arterial blood pressure and the flow increases towards term. 
Uteroplacental vessels have low resistance and there is a marked decrease in 
pressure between the uterine and placental intervillous pressure. This allows 
for an efficient and effective perfusion of the placental intervillous space by 
maternal blood. 

The fetoplacental side originates from umbilical arteries, which branch to 
the chorionic arteries at the junction of the placenta and umbilical cord. These 
vessels traverse the chorionic plate and branch further before entering the 
villi. The villous capillaries collect and drain to the umbilical vein. 

The gas exchange on the foetal side occurs in the villous capillaries. 
Umbilical artery pressure averages about 40–50 mmHg and the blood flows 
through smaller vessels into villi, and the blood pressure further falls being 
about 13–20 mmHg in the umbilical vein (Berman et al., 1976). 55% of the 
total umbilicoplacental vascular resistance is in the placental 
microvasculature, and about 45% is in the umbilical arteries, branches, and 
venous outflow tract (DV and hepatic circulation) (Adamson et al., 1989). 

At 11 weeks of human gestation, 14% of CCO is directed towards the 
placenta (Vimpeli et al., 2009). This fraction increases to 21% at 20 weeks 
(Vimpeli et al., 2009). At 17–32 weeks of human gestation, about 30% of CCO 
is directed to the placenta, and this fraction decreases to about 20% after 32 
weeks (Kiserud, Kessler, Ebbing, & Rasmussen, 2006). Growth-restricted 
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foetuses direct a lower proportion of CCO towards the placenta and blood 
volume reduces with the degree of placental compromise (Kiserud et al., 
2006). The decreased blood flow towards the placenta reflects enhanced 
recirculation of blood flow within the foetal body (Kiserud et al., 2006). In 
near-term sheep foetuses the proportion of CCO supplying the 
umbilicoplacental circulation is higher and constitutes up to 45% of CCO 
(Adamson, Whiteley, & Langille, 1992; Rudolph & Heymann, 1970). The 
placenta serves as an important blood reserve, as up to 50% of the total foetal 
blood volume is within the placenta (Barcroft, 1946). Towards term, however, 
this amount is decreased to 20–30% (Barcroft, 1946; Yao, Moinian, & Lind, 
1969). 

2.3.4.2 Factors affecting the placental circulation 
Umbilical and uterine vessels respond to vasoactivators and the endothelial 
cells lining these vessels produce vasodilator agents as well. The balance 
between vasodilators and vasoconstrictors from both the foetal and maternal 
sides, along with the perfusion pressures, determine the placental blood flow. 
The umbilicoplacental vessels have no autonomic innervation (Reilly & 
Russell, 1977). Autocrine and paracrine agents, e.g. the renin-angiotensin 
system, arachidonic metabolites (thromboxane and prostacyclin), endothelin 
and its receptors, histamine, serotonin, natriuretic peptides, parathyroid 
hormone, adrenomedullin, urocortin, corticotropin-releasing hormone, 
carbon monoxide and nitric oxide, control the reactivity of fetoplacental blood 
vessels. 

The changes in the foetal arterial pressure have the greatest impact on the 
otherwise rather stable placental blood flow (Berman et al., 1976, Rudolph, 
1985). The peripheral vascular bed of the placenta is the main determinant of 
placental blood flow. Towards term, the increasing placental vascularisation 
and lower placental impedance increase the diastolic blood flow in the 
umbilical arteries. 55% of umbilical artery resistance is believed to come from 
the placental vasculature (Adamson 1999). In an abnormal placental villous 
structure, there is a reduction in small muscular arteries and arterioles. With 
a mathematical model, Thompson & Trudinger (1990) showed that when 30% 
of the placental villi are abnormal, the end-diastolic velocity decreases, and 
when the abnormality reaches 60–70%, the umbilical artery end-diastolic 
velocity becomes absent or reversed. They also showed that the rate of increase 
in pulsatility index was first slow but substantially increased as the vascular 
pathology proceeded, and resistance increased (Thompson & Trudinger, 
1990). Total vascular resistance can be increased by umbilical artery 
constriction with angiotensin II infusion (Adamson et al., 1989), by increasing 
venous outflow tract resistance with umbilical vein constriction/occlusion or 
vasoactive agents acting on the umbilical vein, hepatic circulation and/or DV 
(norepinephrine) (Paulick, Meyers, Rudolph, & Rudolph, 1991), and by 
selectively constricting the placental microvasculature (endothelin) 
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(Adamson, Whiteley, & Langille, 1996). An increase in placental vascular 
resistance leads to inadequate fetoplacental blood flow and foetal gas and 
metabolite exchange, leading to placental insufficiency. 

2.3.5 Foetal circulatory shunts 

2.3.5.1 Foramen ovale 
Foramen ovale (FO) is an opening in the posterior lower part of the atrial 
septum in the foetal heart. The structure of FO has the form of a windsock, its 
length being 2–3 times its diameter (Kiserud, 2005). Blood flows from IVC 
and DV coincide in the right atrium, however they do not mix (Kiserud, Eik-
Nes, Blaas, & Hellevik, 1992). The kinetic energy and direction of these blood 
flow streams differ from each other, with the kinetic energy from the DV flow 
being greater (Anderson, D. F. et al., 1985). This, along with the anatomical 
structure of the FO valve situated in the atrial septum, directs the more 
oxygenated blood from the umbilical vein and DV through FO to the left side 
of the heart (Anderson et al., 1985). The blood flow with lower kinetic energy 
from SVC and coronary sinus continues to the right atrium and RV. 

The kinetic energy in IVC is more important than the pressure difference 
between the atria that determines the amount of FO blood flow (Anderson et 
al., 1985). In human foetuses during the third trimester, the FO supplies the 
left atrium with 17–33% of CCO, which constitutes 50–76% of LVCO (Mielke 
& Benda, 2001; Rasanen et al., 1996). The proportion of FO flow of CCO 
decreases from 20 to 30 weeks’ gestation from 34% to 18% and after 30 weeks 
the proportion is unchanged (Rasanen et al., 1996). In a sheep study, the 
proportion of CCO that crosses FO was estimated to be around 34% 
(Anderson, D. F., Bissonnette, Faber, & Thornburg, 1981). 

Pulmonary vascular impedance, compliance of the left ventricle, and the 
ductus arteriosus are thought to be important determinants of FO flow and its 
development. However, the FO may restrict itself in case of abnormal 
development or in foetal compromise such as in severely premature 
intrauterine growth-restricted (IUGR) foetuses (Kiserud et al., 2004). As the 
FO is a critical shunt in directing highly oxygenated blood to the cerebral 
circulation, IUGR foetuses may be at risk during hypoxic events if the flow 
through FO is restricted. 

2.3.5.2 Ductus arteriosus 
Ductus arteriosus (DA) is a wide muscular vessel that connects the pulmonary 
trunk to the descending aorta. DA allows the bypass of pulmonary circulation, 
and the degree of this shunting is mainly dependent on the degree of 
pulmonary vascular resistance (Rasanen et al., 1998). Prostaglandin E2 and I1 
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are crucial in keeping the DA open, and nitric oxide (NO) also has a relaxing 
effect on the vessel wall (Clyman, Mauray, Roman, & Rudolph, 1978; Coceani 
& Olley, 1988). In the third trimester, the sensitivity of DA to prostaglandin 
antagonists is at its highest, and foetal stress and glucocorticoid exposure 
increase this. Maternal exposure to prostaglandin synthase inhibitors may 
lead to prenatal closure of the shunt (Vermillion, Scardo, Lashus, & Wiles, 
1997). 

In foetal sheep, 90% of RVCO or 54% of CCO is directed to the DA 
(Anderson, D. F. et al., 1981). In human foetuses 78% of RVCO and 46% of 
CCO is shunted through the DA (Mielke & Benda, 2001). The proportion of DA 
shunting does not change significantly during the second half of gestation 
(Rasanen et al., 1996). 

2.3.5.3 Ductus venosus 
The ductus venosus (DV) is a trumpet-like vessel that connects the intra-
abdominal umbilical vein to the IVC at its inlet to the right atrium. The inlet of 
the DV is the restrictive region affecting blood flow, with a mean diameter of 
0.5 mm at mid-gestation, increasing to 2 mm towards term (Kiserud et al., 
1992; Kiserud, Hellevik, Eik-Nes, Angelsen, & Blaas, 1994; Kiserud et al., 
2000). The trumpet-like structure along with the portocaval pressure gradient 
accelerates the blood flow entering from the DV and increases its velocity and 
kinetic energy (Kiserud et al., 1994). The diameter of the DV is under active 
tonic control. Nitric oxide (NO), prostaglandins and especially foetal hypoxia 
increase shunting of blood flow via the umbilical vein (Adeagbo, Bishai, Lees, 
Olley, & Coceani, 1985; Edelstone, Rudolph, & Heymann, 1980; Kiserud, 
Ozaki, Nishina, Rodeck, & Hanson, 2000). In response to hypoxia, the isthmic 
region of DV dilates leading to accelerated blood flow and increased shunting 
(Kiserud et al., 2000). Fluid dynamics, viscosity and pressure are also 
important determinants of DV flow. An increase in viscosity reduces umbilical 
venous liver flow and increases DV flow, and reduction in venous pressure 
affects liver perfusion more than the DV flow, which leads to a higher degree 
of shunting (Kiserud, Stratford, & Hanson, 1997). 

In human foetuses at 20 weeks of gestation, the shunting through DV is 
32%, decreasing with advancing gestation and reaching the minimum of 18% 
at 31 to 34 weeks (Kiserud et al., 2000). Blood flow through DV at 20 weeks’ 
gestation is about 33 ml/min/kg and decreases to 13 ml/min/kg at term 
(Kiserud et al., 2000). In animal studies, the shunting through DV is higher 
than in human foetuses. 

2.3.6 Neurohumoral control of cardiovascular function 
Cardiac and vascular function is regulated by autonomic nerves and 
circulating hormones. The central nervous system controls cardiovascular 
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function. There are afferent fibres from baro-, chemo-, volume- and 
osmoreceptors, which deliver peripheral information to the medulla and 
hypothalamus in the central nervous system. Efferent fibres from higher 
centres through the hypothalamus and medulla control cardiac function and 
vascular tone. 

2.4 Prenatal exposure to hypoxia and acidosis 

A foetus can face distress for different reasons at any stage of gestation, which 
may affect foetal oxygenation and cause hypoxia. Short term episodes of acute 
hypoxaemia are common and associated with uterine contractions and 
compressions of the umbilical cord during labour. 

Deterioration in foetal oxygenation forms a cascade from normoxaemia, to 
hypoxaemia, hypoxia, metabolic acidaemia and acidosis, asphyxia, and death. 
This cascade involves several cardiovascular changes that vary dependent on 
the cause, depth and length of oxygen deprivation. Hypoxaemia is defined as 
reduced oxygen concentration in the blood, but oxygen delivery to tissues is 
adequate. When oxygen delivery to tissues becomes inadequate, hypoxia 
develops. Acidosis/acidaemia is defined as low blood pH resulting from 
inadequate oxygenation. The main sources of hydrogen ions causing a 
decrease in foetal pH are CO2 and lactic acids from aerobic and anaerobic 
metabolism, respectively. Foetal acidosis is usually initially respiratory, but 
leads to mixed and metabolic acidosis if oxygenation is not preserved (Bobrow 
& Soothill, 1999; Nicolaides et al., 1989). Asphyxia is defined as significant 
impairment of gas exchange leading to progressive hypoxaemia, hypoxia, 
hypercapnia, and significant acidosis causing non-reversible tissue damage 
(Low, 1997). Diagnosing perinatal asphyxia involves umbilical artery 
pH < 7.00 and/or base deficit ≥ 12 mmol/l at birth, persistence of an Apgar 
score of less than 7 for longer than 5 min after birth, neonatal neurologic 
sequelae (severe or moderate neonatal encephalopathy in infants born at 34 
or more gestational weeks and cerebral palsy) and multiple organ dysfunction 
(Executive summary: Neonatal encephalopathy and neurologic 
outcome.2014; Hankins & Speer, 2003). Neonatal complications are 
associated with metabolic acidosis, not respiratory acidosis (Low, 
Panagiotopoulos, & Derrick, 1994). 

Chronic foetal inadequate oxygenation may last from several weeks to 
months and maternal, foetal and/or placental causes may lead to it. Maternal 
causes include maternal inflammatory states (e.g., diabetes, obesity, infection) 
and other conditions that affect maternal oxygenation (e.g., maternal cardiac, 
pulmonary, or haematological disease, high altitude). Foetal causes include 
congenital cardiac anomalies, progressive cardiac failure, premature closure 
of the foetal shunts, anaemia and extracardiac or genetic anomalies. Abnormal 
placentation (including preeclampsia) and placental vascular disease may lead 
to placental insufficiency and increase the risk of foetal hypoxia. 
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In experimental settings, foetal hypoxia and acidosis can be induced by 
maternal hypo-oxygenation or reducing umbilical artery, umbilical vein, or 
uterine artery blood flow. Increasing placental vascular resistance leads first 
to diminished umbilical blood flow (Fouron et al., 1999). Reduced umbilical 
blood flow causes the amount of highly oxygenated blood coming from the 
placenta to decrease, and finally the mixture of venous blood has lower oxygen 
content in the right side of the heart (Fouron et al., 1999). Only when the 
umbilical blood flow to the foetus is reduced acutely over 50%, the foetal whole 
oxygen consumption falls (Itskowitz, LaGamma & Rudolph, 1983) indicating 
that the foetal defence mechanisms activate and the foetus has good 
compensatory mechanisms to tolerate moderate hypoxaemia. In milder 
oxygen deprivation but for a longer period, the foetal oxygen consumption 
becomes a linear function of oxygen delivery and the whole-body oxygen 
consumption falls (Anderson, P. A. et al., 1986). 

A decrease in arterial oxygen content activates the foetal chemoreflex. The 
activation of chemoreceptors in the carotid body result initially in 
parasympathetic activation leading to foetal bradycardia with a simultaneous 
increase in sympathetic activity. This leads to peripheral vasoconstriction and 
the redistribution of blood flow to critical organs, such as the brain, 
myocardium and adrenal glands (Giussani, Spencer, Moore, Bennet, & 
Hanson, 1993). Sustained sympathetic activation counteracts the 
parasympathetic effect and foetal bradycardia starts to recover (Giussani et al., 
1993). Humoral agents are thereafter released, which help to maintain the 
peripheral vasoconstriction and increase the heart rate even higher (Giussani 
et al., 1993; Jones & Ritchie, 1983). Hypoxemic vasodilation of the foetal 
cerebral circulation is associated with the local release of vasoactive agents, 
such as adenosine and nitric oxide (Blood, Hunter, & Power, 2003; Hunter, 
Blood, White, Pearce, & Power, 2003). Even though the foetal defence 
mechanisms are activated and the volume of blood flow to the brain is 
increased, the oxygen content may be inadequate and tissue hypoxia in the 
brain may occur (Fouron et al., 1999). 

When placental gas exchange is preserved, the foetal blood gas values are 
dependent on maternal blood gas status. During hypoxaemia with preserved 
placental gas exchange, the foetal umbilical venous pO2 is lowered and pCO2, 
which is dependent on maternal pCO2 levels, can be maintained at normal 
levels (Cohn, Sacks, Heymann, & Rudolph, 1974). In the context of reduced 
placental blood flow, foetal hypoxia and hypercapnia develop due to impaired 
gas exchange (Fouron et al., 1999). In small-for-gestational age foetuses, 
where growth -restriction may be multifactorial, the foetuses were 
hypoxaemic, hypercapnic, hyperlactinaemic, and acidotic, and there was 
mixed respiratory acidosis and metabolic acidosis (Nicolaides et al., 1989). 

Decreased oxygen levels lead to changes in cardiovascular, metabolic, and 
endocrine responses that help the foetus to survive the hypoxic insult. Acute 
hypoxia increases circulating concentrations of glucose by reducing glucose 
consumption and increasing glucose production in the foetus (Jones & Ritchie, 
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1983). During anaerobic glycolysis in the peripheral tissues, lactate is 
produced. Decreased oxygen delivery to the hindlimbs increases hindlimb 
oxygen and glucose extraction and lactate output, and it also acidifies the foetal 
blood, which facilitates oxygen extraction from haemoglobin to the foetal 
tissues (Boyle, Hirst, Zerbe, Meschia, & Wilkening, 1990; Gardner et al., 
2003). Lactic acidaemia shifts the oxyhaemoglobin dissociation curve to the 
right with further reduction in oxygenation. Lactate itself is not harmful to the 
foetus as it may be used as an energy source (Hay et al., 1983). It is the 
mechanism by which it accumulates, meaning anaerobic metabolism leading 
to metabolic acidaemia, which is dangerous. Acute hypoxia can also affect the 
pituitary-adrenal and sympatho-adrenomedullary axes, which further 
modulates peripheral vasoconstriction and glucogenic responses. When 
hypoxia and/or acidaemia persists, the foetal cardiovascular system continues 
to adapt to the on-going situation. 

When foetal defence to acute or chronic hypoxia is inadequate, the risk of 
hypoxic-ischaemic encephalopathy, intrauterine growth restriction, and heart 
failure increases, and it may finally lead to foetal death. The depth and 
duration of the hypoxia, the foetal gestational age, the mechanism causing the 
hypoxia and other related adverse events (usually foetal acidaemia, 
hypoglycaemia and/or infection) all contribute to the foetal cardiovascular 
responses and the degree of injury. 

2.4.1 Effects of acute hypoxia on foetal cardiac function 
When a late term foetus is exposed to acute hypoxia, a rapid response is 
mediated via chemoreflex activation. The chemoreceptors in the carotid body 
are activated by decreased oxygen concentration in the circulating blood 
(Giussani et al., 1993). The exact cellular mechanisms for this chemoreflex 
activation are still unknown (Giussani, 2016). The chemoreflex activation 
influences the brainstem leading to an increase in both sympathetic and 
parasympathetic stimulation of the foetal cardiovascular system. The 
parasympathetic input predominates leading to foetal bradycardia (Parer, 
Krueger, & Harris, 1980). The sympathetic stimulus affects the peripheral 
vascular beds resulting in peripheral vasoconstriction. The rapid onset 
response of this initial chemoreflex activation lasts only a few minutes 
(Giussani et al., 1993). 

Once the carotid chemoreceptor reflex is initiated, the foetal cardiac and 
circulatory responses are further modified by vasoconstrictors released into 
the foetal circulation (Giussani et al., 1993). This response is slower and at 15 
minutes after the onset of acute hypoxia, increased levels in foetal plasma 
catecholamines (norepinephrine and epinephrine), vasopressin, ATII and 
neuropeptide Y have been measured (Broughton Pipkin, Lumbers, & Mott, 
1974; Fletcher, Edwards, Gardner, Fowden, & Giussani, 2000; Jones & 
Robinson, 1975; Jones & Ritchie, 1983; Rurak, 1978). The increase in 
catecholamine levels opposes the effects of parasympathetic stimulation to the 
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myocardium causing the foetal heart rate to return to baseline values by 30 
minutes from the onset of acute hypoxia (Jones & Ritchie, 1983). The increase 
of catecholamines and other endocrine agents helps to maintain the previous 
neurally triggered peripheral vasoconstriction (Giussani et al., 1993). 

The decrease of foetal heart rate is observed in response to acute hypoxia, 
in association with the cease of foetal movements and reduced foetal oxygen 
consumption. The reduced heart rate prolongs end-diastolic filling time and 
increases end-diastolic volume (Anderson, P. A. et al., 1986). This allows the 
maintenance of cardiac output and perfusion pressure even during 
bradycardia (Anderson et al. 1986). Foetal myocardial perfusion is dependent 
on diastole, and the perfusion is enhanced by increased diastolic time (Ofili et 
al., 1993). Increased ventricular stretch due to increased end-diastolic volume 
enhances sarcomere length, tension, and contractility due to the Frank-
Starling mechanism (Kirkpatrick, Pitlick, Naliboff, & Friedman, 1976). This 
allows the left and right ventricular stroke volumes to be maintained when 
increased peripheral vasoconstriction has increased the afterload (Hawkins, 
Van Hare, Schmidt, & Rudolph, 1989). 

During foetal hypo-oxygenation without acidaemia, the RVCO increases 
even in the presence of increased arterial blood pressure (Makikallio et al., 
2006); however, during severe acute hypoxia or prolonged hypoxia the RVCO 
falls (Kamitomo, Longo, & Gilbert, 1994). During acute metabolic acidaemia, 
the foetuses with increased placental vascular resistance can still maintain 
their cardiac outputs (Acharya et al., 2008). 

2.4.2 Effects of hypoxia on foetal haemodynamics 
The cardiac responses to acute hypoxia lead to changes in cardiac output. In 
addition to this, the neurally triggered and humorally modified 
vasoconstriction of the non-prioritised (carcass) and vasodilatation of the 
prioritised (cerebral, adrenal, and myocardial circulation) vascular beds 
modify blood flow, and redistribution occurs. Vasodilatation of the cerebral 
vascular bed is a result of local increases in several agents, such as adenosine, 
nitric oxide and prostanoids, and the volume blood flow in cerebral circulation 
increases (Blood et al., 2003; Hunter et al., 2003; Pearce, 1995). Together with 
the vasoconstriction in the other compartments, the blood flow distribution is 
favoured towards the brain. This phenomenon is called the ‘brain-sparing 
mechanism’. A similar redistribution is seen in the myocardium, called the 
‘heart- sparing mechanism’ (Baschat, Gembruch, Reiss, Gortner, & Diedrich, 
1997). The peripheral vascular tone also regulates blood flow and participates 
in this redistribution mechanism. Nitric oxide release from the endothelial 
cells of the peripheral vessels is limited by itself by generation of reactive 
oxygen species (Thakor et al., 2010). 

Foetal sheep hypoxaemia due to maternal hypo-oxygenation reduces the 
proportion of CCO directed to the placenta (Tchirikov, Strohner, & Scholz, 
2010). During hypo-oxygenation at near term, foetal pulmonary arterial 
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vascular impedance and CCO increase, and the ratio of antegrade and 
retrograde AoI blood flow velocity waveforms decrease (Makikallio et al., 
2006). The pulmonary vascular response to hypoxia develops towards term, 
and hypoxia causes the pulmonary vascular resistance to increase leading to 
diminished pulmonary flow (Lewis et al., 1976). Myocardial blood flow is 
enhanced by foetal hypoxaemia (Reller et al., 1992) and enhanced flow in 
growth restricted foetuses increases the risk of poor perinatal outcome and 
mortality (Baschat et al., 1997). Similarly, an increase in DV shunting is seen 
during hypoxia in foetal sheep and in human growth-restricted foetuses 
(Kiserud et al., 2000; Kiserud et al., 2000). 

2.4.3 Effects of gestational age on foetal cardiovascular responses to 
hypoxia 

The responses of a preterm foetus to acute hypoxia differ from the near-term 
or term gestation foetus. The cardiovascular defence to acute hypoxic events 
is immature in preterm foetuses. As the foetus reaches term, the carotid 
chemoreflexes and cardiac and vascular responsiveness to sympathetic agents 
mature, and the levels of circulating agents modulating the responses increase 
(Fletcher et al., 2006). 

The responses of a preterm foetus to moderate hypoxia are somewhat 
controversial (Bennet, Rossenrode, Gunning, Gluckman, & Gunn, 1999; 
Gleason, Hamm, & Jones, 1990; Iwamoto, Kaufman, Keil, & Rudolph, 1989), 
but during acute and severe asphyxia, the cardiovascular responses resemble 
those of a near-term foetus but are attenuated (Wassink et al., 2007). Preterm 
foetuses seem to withstand longer durations of asphyxia (Wassink et al., 
2007). Greater glycogen levels in the preterm foetal heart may help the 
preterm foetus to survive longer durations of asphyxia (Shelley, 1961). 

2.4.4 Effects of sustained hypoxia on the foetal cardiovascular 
system 

Foetal adaptational changes favouring brain- and heart sparing seem to persist 
during chronic foetal hypoxia (Allison et al., 2016). The persistent increase in 
peripheral vascular resistance increases cardiac afterload. Chronically 
increased umbilical vascular resistance with foetal hypoxaemia enforces 
alterations in cardiomyocytes leading to cardiac hypertrophy and, if severe 
enough, to cardiac failure (Murotsuki, Challis, Han, Fraher, & Gagnon, 1997). 
The redistribution of blood and decreased oxygen and nutrient supply to 
peripheral organs lead to asymmetrical growth restriction and may adversely 
affect the peripheral organ functions (Jacobs, Robinson, Owens, Falconer, & 
Webster, 1988; Murotsuki et al., 1997). 

The foetus may encounter acute hypoxic insult repeatedly, or after a 
chronic hypoxic period has been resolved (acute-after-chronic hypoxia). The 
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foetus may have suffered from hypoxia also longer and then encounter a more 
severe acute hypoxic event (acute-on-chronic hypoxia). The responses of the 
foetal cardiovascular system to these different types of hypoxic events are very 
complex to study (Giussani, 2016). Chronic hypoxia is often associated with 
other complications, e.g., acidaemia and/or hypoglycaemia, which may alter 
the cardiovascular responses independently. Also, the depth and duration of 
hypoxia may cause different adaptations in the foetal cardiovascular system. 

2.4.5 Foetal hypoxia and acidosis 
Foetal hypoxia rarely occurs alone and is often associated with acidaemia 
(Nicolaides, Economides, & Soothill, 1989; Rurak, Richardson, Patrick, 
Carmichael, & Homan, 1990). In placental insufficiency, the placental gas 
exchange is impaired and foetal hypoxia develops with increasing foetal pCO2 
levels (Fouron et al., 1999; Weiner & Williamson, 1989). When hypoxaemia 
and hypercapnia progress, the foetal acid metabolites start to accumulate 
leading to foetal acidaemia (Rurak et al., 1990). 

The acidaemic foetus has more profound responses compared to a non-
acidaemic foetus encountering an acute hypoxic event (Thakor & Giussani, 
2009). The chemoreflex function is increased, bradycardia and peripheral 
vasoconstriction are more profound and vasoconstrictive substances are 
released at higher concentrations (Thakor & Giussani, 2009). Acidaemia 
associated with hypoxaemia also increases the umbilical vasoconstriction, in 
contrast to the vasodilatation in hypoxaemia (Thakor & Giussani, 2009). 
Lactate itself does not alter foetal arterial blood pressure, heart rate, pO2 or 
pCO2 values (Hohimer & Bissonnette, 1991). 

2.5 Ultrasound measurements in assessing the foetal 
cardiovascular system 

2.5.1 Basics of ultrasound 
The principal method of examining the human foetus is the ultrasound since 
it is user-friendly, non-invasive, and safe. Using Doppler ultrasound allows for 
the qualitative and quantitative assessment of the foetal cardiovascular system 
repeatedly and in real-time. The normal ranges of several parameters 
describing the cardiovascular system have been established and incremental 
knowledge has provided diagnostic and prognostic information for certain 
states of foetal compromise. This is achieved by examining the blood flow 
velocity waveforms in several foetal and placental vessels and in certain 
regions in the heart including flow across the heart valves. The ultrasound 
examination also allows the examination of the heart chamber dimensions and 
myocardial wall thickness by M-mode and myocardial movements by tissue 
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Doppler imaging (TDI). Combining the results helps to understand the foetal 
cardiovascular state. 

2.5.1.1 Two-dimensional (2D) ultrasound 
The two-dimensional (2D) ultrasound images are produced by using the basic 
ultrasound principle, which states that the ultrasound beam is attenuated by 
its absorption, reflection, scattering, diffraction, and refraction in tissues. The 
2D real-time image is obtained by pulsed ultrasound. The structure and size of 
the heart and blood vessels can be studied using this modality. 

Motion (M) mode provides one-dimensional information on a time-motion 
graph. In foetal examination, it can be used to evaluate of the chamber 
dimensions, ventricular wall thicknesses, fractional shortening of the 
ventricles, cardiac cycle time intervals and atrioventricular plane 
displacement. 

2.5.1.2 Spectral Doppler ultrasound 
The arterial and venous blood flows have characteristic waveforms, which can 
be examined with spectral pulsed-wave and continuous-wave Doppler. The 
Doppler ultrasound transducer transmits a series of pulses and receives 
echoes. Echoes from stationary tissues are the same from pulse to pulse. 
Echoes from moving scatterers, i.e., red blood cells when examining blood 
flow, have changed place in the time when the signal returns to the receiver. 
These differences result in Doppler shift, which is further processed to a colour 
flow or Doppler spectrum. The Doppler shift is dependent on the frequency of 
the ultrasound transmitted from the transducer, the velocity of the blood flow, 
the angle between the direction of the blood flow and the ultrasound 
transducer, and the speed of sound in soft tissues. The relationship between 
these variables and the Doppler shift is expressed with the Doppler equation 
and the blood flow velocities can thus be calculated from the receiver 
ultrasound signal. 

The ultrasound transmitter can send the signals as pulses or continuously 
(correspondingly pulsed-wave and continuous-wave Doppler ultrasound). 
When the pulsed-wave Doppler technique is combined with the real-time 2D-
image, the colour Doppler image is created. The colour Doppler represents the 
direction of flow (towards or away from the transducer) and intensity of colour 
reflects the velocity of flow. Pulsed-wave Doppler can measure more 
accurately very high velocity flow compared to continuous-wave Doppler, but 
when it is used alone, the lack of two-dimensional orientation makes the 
differentiation of two adjacent flows difficult. Pulsed-wave Doppler is often 
combined with colour Doppler to help orientation. 
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2.5.1.3 Tissue Doppler imaging 
Tissue Doppler imaging (TDI) is a method that evaluates tissue motion and 
velocities rather than the blood flow. Both colour tissue Doppler imaging 
(cTDI) and spectral pulsed-wave TDI can be used for this purpose. The 
advantage of using TDI is that it can measure the velocities of the myocardium 
during different phases of the cardiac cycle. The arrangement of myocardial 
muscle fibres is complex, but essentially the myocardial muscle layers can be 
divided into oblique, circumferential and longitudinal fibres. These fibres act 
together to maintain normal ejection fraction. The TDI myocardial velocity 
profile is obtained longitudinally from a four-chamber view and measures 
systolic myocardial velocity, early diastolic myocardial velocity, late diastolic 
velocity and isovolumic contraction and relaxation velocities. Cardiac cycle 
time intervals can be measured, and deceleration and acceleration can be 
calculated. cTDI recordings measured manually or automatically may serve as 
a faster and easier way of evaluating the foetal cardiac function in the future 
(Herling et al., 2018). 

The disadvantages of TDI are that it measures the myocardial velocity only 
in the sampling site and therefore does not describe the entire ventricle. The 
velocities can also be influenced by myocardial function and tethering (false 
motion due to hypocontractile or akinetic myocardial segments). 

2.5.1.4 Other ultrasound modalities 
Newer imaging modalities to assess myocardial function include strain rate 
imaging, speckle tracking imaging, 3D-imaging, 3D speckle tracking imaging, 
and Dual gate Doppler-imaging. In adult echocardiography, 2D-strain rate 
imaging and speckle tracking imaging are recommended in clinical use as 
newer modalities (Lang et al., 2015). 

Myocardial deformation imaging measures myocardial strain and strain 
rate in longitudinal, radial and circumferential dimensions. Strain is described 
as the change in length or thickness in percent of a myocardial segment, and 
strain rate is the velocity of change. These can be evaluated in a certain region 
or globally. The most important factor influencing deformation is 
cardiomyocyte contraction. Other factors include, for example, different 
loading conditions, tissue elasticity and interactions between different 
segments. Strain rate imaging is obtained from cTDI images and speckle 
tracking imaging from 2D B-mode echocardiography. They are both measured 
at apical or basal four chamber views of the heart. They both have been shown 
to be feasible in foetal cardiac examinations and normal reference ranges have 
been assessed at different gestational ages (Crispi et al., 2012; Crispi & 
Gratacos, 2012; Di Salvo et al., 2005; Kapusta et al., 2012). The strain and 
strain rate are load-dependent parameters (Burns, La Gerche, D'hooge, 
MacIsaac, & Prior, 2010). 
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The dual-gate Doppler measures tissue Doppler and pulsed-Doppler 
simultaneously and may be useful in assessing foetal diastolic cardiac function 
(Takano, Nakata, Nagasaki, Ueyama, & Morita, 2018). 

2.5.2 Measurements and calculations in assessing the foetal 
cardiovascular function 

2.5.2.1 2D-ultrasound measurements 
Using 2D-ultrasound images, linear dimensions, area and volume 
measurements can be obtained; however, they are only estimates since the 
chamber geometries are not symmetrical. From these parameters, the 
ventricular function parameters can be further calculated. Several factors 
influence the accuracy of the measurements, including image quality, operator 
skills, foetal position, anatomic variability, local tissue characteristics, and 
technical factors such as the frequency of the ultrasound transducer, machine 
settings, frame rate, scanning depth, etc. Measurements are performed both 
at end-systolic and end-diastolic phases to receive maximal and minimal 
ventricular dimensions. Measurement standards and normal values have been 
outlined (Allan, Tynan, Campbell, Wilkinson, & Anderson, 1980; Sahn et al., 
1980). 

2.5.2.2 M-mode measurements 
Two-dimensionally guided M-mode can be used to examine all four cardiac 
valves and the LV, RV and septal walls. Fractional shortening (FS) is the 
percentage of change in the ventricular cavity dimension with systole (Allan, 
Joseph, Boyd, Campbell, & Tynan, 1982; Veille, Sivakoff, & Nemeth, 1990), 

(10) FS (%) = (LVEDD - LVESD) / LVEDD * 100 

where LVEDD (cm) = left ventricular end-diastolic dimension and 
 LVESD (cm) = left ventricular end-systolic dimension. 

Ejection fraction (EF) is the percentage of the left ventricular diastolic volume 
that is ejected during systole, 

(11) EF (%) = (LVEDV - LVESV) / LVEDV * 100 

where LVEDV = left ventricular end-diastolic volume, 
 LVESV = left ventricular end-systolic volume. 
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Correspondingly similar formulae for the RV may be used to calculate RV FS%, 
and RV EF%. However, the volume estimation is done using the Teichholz 
formula, which does not seem to be accurate in the foetal heart (Simpson, J. 
M. & Cook, 2002). The fractional shortening technique is most appropriately 
applied to the left ventricle since the right ventricle has different myofibril 
orientation and contraction axes (Simpson, 2004). An abnormal ventricular 
fractional shortening can reflect foetal myocardial compromise or increased 
ventricular afterload (Tulzer et al., 1991). 

2.5.2.3 The Doppler measurements 
Using spectral Doppler, the foetal haemodynamics can be evaluated. Doppler 
can be applied to evaluate several arterial and venous compartments, and the 
flow through the cardiac inflow and outflow tracts. Cardiac valves can be 
examined, as well as myocardial velocities at the valvular annuli. The blood 
flow velocities through these structures have characteristic patterns and 
normal ranges are available for comparison. From the blood flow velocity 
waveform patterns, the phases of the cardiac cycle can be identified and the 
maximum and minimum velocities, acceleration, and deceleration as well as 
the time intervals can be obtained (Rizzo et al., 1992). 

Cardiac Doppler measures absolute intracardiac velocities and time 
intervals during different phases of the cardiac cycle (Rizzo et al., 1992). This 
gives an estimate of diastolic, systolic, and global myocardial function. 

The arterial and venous Dopplers do not precisely reflect foetal cardiac 
function, but the examination of peripheral circulation of the foetus may be 
helpful in interpreting the central haemodynamics, since they are both 
influenced by each other. 

Commonly used parameters obtained from spectral or colour Doppler 
include the peak velocity expressed as the maximum velocity at a given cardiac 
cycle moment, the time to peak velocity (acceleration time) and the time 
velocity integral (TVI), which is calculated by planimetering the area 
underneath the Doppler spectrum (Rizzo et al., 1992). 

Volumetric flow calculations are based on the hydraulic principle. Actual 
volume blood flow (Q) is obtained by measuring vessel diameter, heart rate, 
and the Doppler frequency displayed as a function of time on a horizontal scale 
(Rizzo et al., 1992; Rizzo, Capponi, Rinaldo, Arduini, & Romanini, 1995), 

(12) Q (ml/min) = Vmean * CSA 

where Vmean = the mean velocity and 
 CSA = cross-sectional area of the vessel (πr2). 

The mean velocity depends on the special velocity profile of a vessel, and it is 
assumed to be close to 1 (i.e., flat profile) in the cardiac inflow and outflow 
tracts, and 0.5 (i.e., parabolic profile) in the umbilical vein. When the spatial 
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velocity profile is flat, the mean velocity is equal to TVI * HR, where TVI is the 
time-velocity integral over a cardiac cycle and HR is heart rate. 

The above formula for calculating volume blood flow can be used in 
calculating the ventricular inflow volumes at the atrio-ventricular valve level 
and the ventricular outflow volumes. From the aortic valve and pulmonary 
valve level, the ventricular outputs can be calculated from the ventricular 
outflow blood flow velocity waveforms, as SV is: 

(13) SV = CSA * TVI(outflow) 

and cardiac output is 

(14) CO = SV * HR. 

The actual flow measurement is dependent on angle of insonation, accurate 
measurement of the vessel diameter, tortuosity of the vessel and analytical 
power of the ultrasound equipment (Rizzo et al., 1992). These calculations are 
simplified estimations, which do not take into account that the flow may be 
non-uniform, the vessels are elastic and non-circular, and the annular 
diameters may differ at different cardiac phases. 

Semi-quantitative analysis of Doppler spectra evaluates the relationship 
between systolic and diastolic blood flow velocity waveforms. The most 
commonly used index is the pulsatility index, 

(15) PI = (peak systolic velocity – end-diastolic velocity) / 
  time-averaged maximum velocity over the cardiac cycle) 

PI is an indirect estimate of blood flow impedance since it does not take foetal 
heart rate or blood pressure into consideration. It also presumes that blood 
velocity waveforms and volume flow waveforms in a vessel have similar 
pulsatility, which has been confirmed in near-term foetal sheep studies 
(Adamson, Morrow, Langille, Bull, & Ritchie, 1990; Nimrod, Clapp, Larrow, 
D'Alton, & Persaud, 1989). Resistance index (RI) in the vessel is described as 
(peak systolic velocity- peak diastolic velocity) / peak systolic velocity. 

Distribution of cardiac output to different organs can be assessed with 
volume flow measurements but should be interpreted with caution. The blood 
flow pulsatility in the umbilical artery is dependent on the arterial pressure 
pulsatility, the resistance of the umbilicoplacental circulation and the 
fundamental impedance of the umbilical artery (Adamson, 1999). The arterial 
blood pressure pulsatility reflects factors upstream of the umbilicoplacental 
vascular bed (i.e., heart rate, SV, aortic compliance, total peripheral 
resistance). The resistance is the total opposition to flow and is comprised of 
placental microcirculation (55%), resistance in the venous outflow tract (15%) 
and the resistance of the umbilical arteries (30%) (Adamson, 1999). The 
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fundamental impedance (pulse pressure/pulse flow) is the opposition to 
pulsatile flow at the heart rate frequency measured at the entrance to the 
umbilical artery (Adamson, 1999). Therefore, the umbilical artery pulsatility 
index is useful in reliably detecting change in resistance in the placental 
microcirculation and/or umbilical venous outflow tract only when arterial 
pressure pulsatility is stable (Adamson, 1999). Umbilical artery PI does not 
detect changes in the umbilical artery resistance even when the blood flow is 
markedly reduced (Adamson, 1999). Umbilical artery flow velocity waveform 
and hence PI does not change during hypoxaemia (Morrow, Adamson, Bull, & 
Ritchie, 1990). Also, the umbilical artery waveform does not change 
significantly even during profound foetal acidaemia, unless the foetus 
becomes hypotensive (Morrow, Lee Adamson, Bull, & Knox Ritchie, 1990). 
Foetal arterial blood pressure, cardiac outputs, ventricular ejection forces or 
isovolumic relaxation time do not correlate with Doppler-derived umbilical 
artery parameters (Acharya et al., 2008). 

On the venous side the flow profile reflects the pressure changes in the atria 
throughout the cardiac cycle and is similar in all other precordial veins except 
for the UV, which normally has a constant non-pulsatile forward velocity 
pattern (Hecher et al., 1994). The DV-UV junction, especially the DV inlet, 
causes pulse wave reflection and reduces transmission of the pulse wave, 
which seems to reduce the UV pulsation (Hellevik et al., 2000; Hellevik et al., 
2009). UV flow pulsation is detected in severe foetal compromise, but the 
exact mechanisms are less understood (Lingman, Laurin, & Marsal, 1986). 
Possible reasons for the abnormal wave propagation through DV to UV include 
increased right-side afterload, increased atrial contractility due to hypoxic 
stress, stiffness of the vessel wall, DV isthmus dilation in response to hypoxia, 
and increased intravascular pressure (Ferrazzi, Lees, & Acharya, 2019; 
Hellevik, Kiserud, Irgens, Stergiopulos, & Hanson, 1998; Reed, Chaffin, 
Anderson, & Newman, 1997). In a foetal sheep study with hypoxia-
hypercapnia, the UV flow decreased and DV flow increased (Kiserud et al., 
2000). A similar finding has been seen in growth-restricted foetuses (Kiserud 
et al., 2006). Simultaneously with the increase in absolute DV flow, the DV PI 
increases and a-wave becomes absent or reversed (Makikallio et al., 2010). 
However, the DV PI does not reflect the cardiac function accurately since it 
does not take into account the changes in v- or D-wave velocities. Cardiac 
function may be better interpreted by analysing the S-v-D-segment of the DV 
waveform (Turan, Turan, Sanapo, Rosenbloom, & Baschat, 2014). 

The fetoplacental volume blood flow can be most accurately calculated by 
measuring the blood flow returning from the placenta. As the flow in UV is 
normally non-pulsatile after early pregnancy, the volume blood flow in UV 
(QUV) can be calculated as (Acharya, Wilsgaard, Rosvold Berntsen, Maltau, & 
Kiserud, 2005), 
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(16) QUV = Vmean * CSA 

where Vmean = 0.5 * time-averaged maximum velocity. 

This equation assumes that the flow is parabolic in the intra-abdominal 
portion of the UV. The measurement of UA volume blood flow is very sensitive 
to measurement errors since the calibre of the vessel changes during the 
cardiac cycle and the flow can be discordant between the two vessels 
(Predanic, Kolli, Yousefzadeh, & Pennisi, 1998). 

FO flow cannot be measured directly as its blood flow pattern is very 
complex and the exact cross-sectional area is difficult to measure, since the FO 
may be narrowed at different sites. In addition, the direction of FO flow is 
almost vertical from IVC and is divided by the atrial septum at the FO orifice, 
which complicates the measurement. However, the FO volume blood flow 
(QFO) can be calculated indirectly with the equation: 

(17) QFO = LVCO – QP 

where LVCO = left ventricular cardiac output and QP is pulmonary 
volume blood flow. 

Cerebral blood flow resistance and cerebral blood flow velocities can be 
studied on the middle cerebral artery. Cerebral vasodilatation during foetal 
hypoxaemia increases the end-diastolic velocities and decreases the Doppler 
pulsatility index in growth-restricted foetuses (Wladimiroff, Tonge, & Stewart, 
1986). Increased pulsatility may also indicate foetal cardiac failure and the 
values may seem to normalise prior to foetal demise, which complicates its use 
(Konje, Bell, & Taylor, 2001). In addition, the pulsatility index of MCA is 
affected by foetal heart rate (Mari, Moise, Deter, Carpenter, & Wasserstrum, 
1991). In foetal anaemia, there is decreased blood viscosity leading to 
increased blood flow velocity, which can be easily measured from the middle 
cerebral artery (MCA peak systolic velocity, PSV) (Mari et al., 1995; Vyas, 
Nicolaides, & Campbell, 1990). In addition, in foetal anaemia, there is 
diminished oxygen carrying capacity and the cardiac output is increased in 
order to maintain adequate tissue oxygenation. Cardiac output increases as 
both stroke volume and heart rate increase (Davis & Hohimer, 1991). Foetal 
anaemia increases peak systolic velocity in MCA and polycythaemia decreases 
it (Mari, Rahman, Olofsson, Ozcan, & Copel, 1997; Mari et al., 2000; Vyas et 
al., 1990). In non-anaemic growth-restricted foetuses, the pCO2 and pO2 levels 
were related to the increase in the MCA PSV (Hanif, Drennan, & Mari, 2007). 

Similarly, the coronary arteries become better visualised and increased 
blood flow velocities are recorded with Doppler in growth restricted-foetuses 
with ‘heart-sparing’ (Baschat, Muench, & Gembruch, 2003). Coronary flow 
correlates best with myocardial oxygen consumption (Fisher, Heymann, & 
Rudolph, 1982a; Fisher, Heymann, & Rudolph, 1982b). 
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DA has the highest peak systolic velocity of foetal vessels, which helps to 
differentiate it from the nearby AoI blood flow velocity waveform (Huhta et 
al., 1987). AoI might be more sensitive to changes in placental and systemic 
vascular resistance than the umbilical artery (Bonnin, Fouron, Teyssier, 
Sonesson, & Skoll, 1993). AoI flow is quantified by the ratio between antegrade 
and retrograde components in the blood flow velocity waveform by measuring 
their TVIs. AoI flow can be semi-quantitatively evaluated with the isthmic flow 
index (Ruskamp et al., 2003), 

(18) IFI = systolic TVI + diastolic TVI / systolic TVI 

IFI characterises the direction of aortic isthmus flow into one of five types 
(type I–V) (Ruskamp et al., 2003). IFI below 0.7 is associated with non-
optimal neurodevelopment in IUGR foetuses (Fouron et al., 2005). Isthmic 
systolic index (ISI = systolic nadir / peak systolic velocity) reflects the right 
and left ventricular balance, which may be useful in detecting foetal 
compromise with altered ventricular function (Chabaneix et al., 2014). AoI PI 
and RI may be used in evaluating the AoI flow. The AoI PI is shown to increase 
in growth-restricted foetuses with retrograde net AoI flow (Del Rio et al., 
2008). 

2.5.2.4 Ultrasound parameters in evaluating systolic function 
Parameters describing systolic function can be divided into ejection phase 
indices, isovolumic indices and pressure-volume relation derived parameters. 
Pressure-volume derived indices are invasive and cannot be acquired with 
ultrasound measurements. 

Ejection fraction (EF), ejection time (ET), stroke volume (SV), cardiac 
outputs (CO) and fractional shortenings (FS) are ejection phase indices 
describing systolic function. The CO of each ventricle can be calculated by 
measuring the semilunar valve diameters during systole and respective mean 
velocity of blood flow across the valves (Rasanen, Wood, Weiner, Ludomirski, 
& Huhta, 1996). The ET of each ventricle can be measured as the time interval 
between the respective semilunar valve opening and closure using M-mode or 
pulsed-wave Doppler recordings. They do not change with advancing gestation 
(Sikkel et al., 2005). These indices are, however, influenced by loading 
conditions of the heart. When the myocardial contractility is reduced, FS, SV, 
CO and EF decrease, and when contractility is increased or afterload reduced, 
these parameters increase. 

Isovolumic phase indices obtained during the non-ejection phase of the 
cardiac cycle (pre- and post-ejection phases) are less dependent on loading 
conditions. A maximum rise in ventricular pressure, dP/dt, occurs during the 
isovolumic contraction phase when the semilunar valves are still closed. It is 
an afterload-independent, but preload-dependent parameter (Mahler, Ross, 



 

57 

O'Rourke, & Covell, 1975). dP/dt can be measured from atrioventricular valve 
regurgitation and its peak velocity gives an estimation of systolic blood 
pressure. IVCT is the time interval when the ventricles increase their pressure 
from the atrial to systemic level. It can be measured using pulsed-wave 
Doppler waveforms of the ventricular inflow and outflow tracts. 

From the myocardial pulsed-wave tissue Doppler waveform, similar 
parameters describing systolic function can be obtained as from a 
conventional Doppler waveform. Isovolumic contraction time (IVCT), 
isovolumic contraction velocity (IVCV), acceleration during isovolumic 
contraction (IVC acceleration) and peak systolic velocity (S´) describe systolic 
function (Figure 3). IVC acceleration (peak velocity of isovolumic contraction 
/ time to peak velocity) measured with TDI correlates with contractility and 
seems to be load- independent (Harada, Ogawa, & Tanaka, 2005; Vogel et al., 
2002; Vogel et al., 2003). With tissue Doppler measurements, impaired 
contractility and relaxation in moderate acidaemia may be detected earlier, 
when global cardiac function is still preserved (Acharya et al., 2008). 

 

Figure 3 Tissue Doppler recording of a foetal sheep right ventricle. A similar pattern is seen in 
the left ventricle. 

2.5.2.5 Ultrasound parameters in evaluating diastolic function 
Diastolic function of the LV can be determined from the measurements of 
diastolic filling indices derived from the transmitral inflow and pulmonary 
venous Doppler blood flow velocity waveforms. Right ventricular diastolic 
function parameters can be obtained from diastolic filling indices derived from 
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the tricuspid inflow and vena cavae blood flow velocity waveforms. Relaxation 
of the ventricle is an active and energy-dependent process and it largely 
modulates filling of the ventricle during early diastole. 

Isovolumic relaxation is dependent on loading conditions, heart rate and 
contractile state. Isovolumic relaxation time (IVRT) is the time interval 
between closure of the semilunar valves and opening of the atrioventricular 
valves. IVRT represents the time needed to actively decrease the ventricular 
pressure to the atrial level. The proportion of IRT (IRT %) of the total cardiac 
cycle describes diastolic function of the heart. Prolonged IVRT or IVRT% 
indicates diastolic dysfunction. 

At the level of AV-valves, the inflow pulsed wave Doppler waveform is 
biphasic after early gestation and represents early filling (E-wave) and late 
filling during atrial contraction (A-wave) (Makikallio et al., 2005). The 
ventricular filling can be assessed by measuring peak flow velocities (E, A) or 
time velocity integrals (TVIs) across the AV-valves. Normally, the maximum 
velocity of the A-wave is higher than the E-wave in human foetuses (Tulzer et 
al., 1994), and the maximum velocities of E- and A-waves, and total and A-
wave TVIs increase with advancing gestation (Hecher, Campbell, Snijders, & 
Nicolaides, 1994; Tulzer et al., 1994). In a study by Hecher et al. (1994), the 
E/A-ratio increased with advancing gestation and decreased with increasing 
foetal heart rate. The maximum velocities are higher in the right AV-valve, 
which reflects the right ventricular dominance during foetal life (Fernandez 
Pineda et al., 2000). Heart rate and ventricular compliance are the main 
factors affecting the inflow waveforms. The increase in preload does not seem 
to significantly affect ventricular filling (Hashima et al., 2015). A uniphasic or 
decreased E/A-ratio represents ventricular diastolic dysfunction. A high foetal 
heart rate may temporarily fuse the E and A waves. Increased E/A-ratio 
represents ventricular volume loading or external compression. Right 
ventricular diastolic function can also be indirectly evaluated by analysing the 
precordial veins as they reflect pressure changes in the right atrium (Baschat 
et al., 2003). If the UV or DV pulsed-wave blood flow profile shows any 
baseline/reversed A-wave, diastolic cardiac dysfunction may be present 
(Baschat et al., 2003). 

Using pulsed-wave tissue Doppler the early diastolic myocardial velocity 
(E´), late diastolic velocity during atrial contraction (A´), and isovolumic 
relaxation time (IVRT) and velocity (IVRV) and its deceleration (IVR 
deceleration = peak velocity of isovolumic relaxation / time to peak velocity) 
describe diastolic function (Figure 3). E’ and A’ waves are relatively 
independent of preload in contrast to conventional pulsed Doppler parameters 
E and A (Vignon et al., 2007). 

2.5.2.6 Ultrasound parameters in evaluating global cardiac function 
Myocardial performance index (MPI) describes the global foetal cardiac 
function for each ventricle (Tei, 1995). 
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(19) MPI = (IVCT + IVRT) / ET 

where IVCT = isovolumic contraction time (ms), 
 IVRT = isovolumic relaxation time (ms) and 
 ET = ejection time (ms). 

It has been suggested that MPI is increased and could detect IUGR foetuses 
with placental compromise. However, during a placental embolisation study 
in pregnant sheep, the foetal LV and RV MPIs were comparable to controls in 
normoxaemia (Bhide et al., 2016). Non-embolised foetuses showed an 
increase in LV MPI during acute hypoxia, whereas the embolized foetuses were 
unaffected (Bhide et al., 2016). MPI may not be a sensitive index of foetal 
myocardial compromise (Acharya et al., 2008; Makikallio et al., 2002). 

Parameters and techniques that are used in assessing foetal cardiac 
function are summarised in Table 1. 

Table 1 Parameters and techniques assessed with ultrasound examination of foetal cardiac 
function. 

Parameter 2D-
ultrasound 

M-mode Spectral 
pulsed-
wave 

Doppler 

Tissue 
Doppler 
imaging 

Systolic function 
Ejection phase indices 

Stroke volume /cardiac output X X X  
Ejection fraction X X   
Shortening fraction  X   
Peak myocardial systolic velocity S    X 

Isovolumic phase indices 
dP/dt1   X  
IVCT2, IVCV3   X X 
IVC acceleration    X 

Diastolic function 
E/A- ratio4   X X 
IVRT, IVRT %,    X X 
IVR deceleration    X 
Peak myocardial E’5, A’6    X 
Ductus venosus PI7   X  

Global function 
Myocardial performance index  X X X 

Abbreviations: 1 change of pressure over time; 2 isovolumic contraction time; 3 isovolumic contraction 
velocity; 4 early ventricular filling-atrial contraction-ratio; 5 myocardial peak velocity during early 
ventricular filling; 6 myocardial peak velocity during atrial contraction; 7 pulsatility index. 
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3 Hypothesis and aims of the study 

The foetus can adapt to distress by altering energy consumption and 
redirecting blood to critical organs. The heart plays a central role in foetal 
circulatory adaptation. Right ventricular function supports the lower body and 
placental circulation through the ductus arteriosus, and left ventricular 
function is responsible for the upper body and cerebral circulation. Pulmonary 
circulation contributes to this redistribution by active vasoconstriction. The 
foramen ovale and aortic isthmus connect these two parallel circulations. 
Inadequate cerebral circulation may lead to non-reversible neuronal damage. 

The aim of this study was to investigate the foetal ventricular interaction 
and the redistribution of blood flow, so that the foetus can survive in distress. 
We hypothesised that LV is less tolerant to hypoxaemia and metabolic 
acidaemia. In addition, we hypothesised that ascending aorta occlusion would 
decrease LV output and concomitantly increase RV output, and that main 
pulmonary artery occlusion would decrease RV output and concomitantly 
increase LV output, to maintain adequate systemic cardiac output and 
placental and cerebral perfusions. 

Foetal shunts play a major role in directing the highly oxygenated blood 
from placenta to the cerebral circulation, especially during various 
haemodynamic insults. In addition, our aim was to find out, whether the foetal 
shunts adequately re-direct blood flow to the cerebral circulation so that 
perfusion and oxygen delivery to the brain is maintained. We hypothesised 
that foetal vascular shunts, i.e., the foramen ovale and aortic isthmus, can 
provide adequate and unlimited blood flow to protect the cerebral blood flow. 

With different sheep models it was possible to examine the behaviour of 
the foetal vascular shunts, evaluate the factors affecting cardiac function and 
peripheral haemodynamics, and explore the earliest signs of cardiac 
decompensation in feotal compromise. 

The specific aims were to study: 

1) The response of foetal left and right ventricles to acute hypoxaemia and 
worsening acidaemia during increased placental vascular resistance 
caused by direct infusion of Angiotensin II (I). 

2) The response of foetal left and right ventricular circulations to circulatory 
changes during occlusion of the ascending aorta and main pulmonary 
artery, respectively. In addition, to determine if the foetal vascular shunts, 
i.e., the aortic isthmus and foramen ovale, provide sufficient blood flow to 
preserve adequate communication of these circulations (II, III). 

3) The foetal peripheral chemoreflex responses to acute hypoxaemia without 
placental compromise. In addition, to determine if the drop in brain 
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perfusion pressure can be predicted with non-invasive Doppler ultrasound 
(study IV). 
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4 Materials and methods 

4.1 Foetal sheep model 

The animal studies and data collection were carried out during the years 2012 
to 2019. All experiments were performed following the guidelines of the 
European Convention for the Protection of Vertebrate Animals used for 
Experimental and Other Scientific Purposes (1986, ETS 123, Appendix A), and 
in compliance with the European Union Directive 86/609/EEC (1997) and 
2010/63/EU on protection of animals used for scientific purposes. The 
research protocol was approved by the Animal Care and Use Committee of the 
University of Oulu, Finland (I), and by the National Animal Experiment Board 
of Finland (reference no. ESAVI/3510/04.10.03/2011) (II, III) and 
ESAVI/2387/ 04.10.07/2017 (IV). 

Altogether 39 time-mated ewes of Finnish breed or Åland landrace were 
included. Animal transportation, accommodation and care was provided 
according to the guidelines for accommodation and care of animals (ETS 123, 
Appendix A) and ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & 
Altman, 2010), and described in detail in the original papers. The well-being 
of the animals was monitored several times daily by the investigators, 
veterinarians and animal technicians. The focus was set to minimise the pain 
and suffering of the animals. 

4.1.1 Surgical procedures 
Sheep were fasted overnight and had unlimited access to water. They were 
weighed and premedicated with intramuscular ketamine (2 mg/kg) and 
midazolam (0.2 mg/kg) 30 minutes before the surgery. The external jugular 
vein was cannulated and Ringer's lactate solution was infused at a rate of 
200 ml/h. General anaesthesia was induced with intravenous propofol  
(4–7 mg/kg) and maintained with isoflurane (1.5–2.5%) in a 40% oxygen–air 
mixture delivered via an endotracheal tube. Mechanical ventilation was 
provided, and tidal volume was adjusted to 10 mL/kg and respiratory rate to 
18/minute. The maternal auricular artery was cannulated to invasively 
monitor the heart rate and arterial blood pressure. For maternal pain relief, 
i.v. boluses of fentanyl (0.05–0.15 mg) were administered based on changes in 
maternal heart rate and arterial blood pressure during surgical stimuli as 
deemed necessary. 

The ewe was placed supine with right lateral tilt. A surgical skin preparation 
was performed. A midline abdominal incision was made to access the uterus. 
In study I, the foetal hind limb was exposed via a small uterine incision and 
polyurethane catheters were inserted into the foetal inferior vena cava and 
descending aorta via the femoral vein and artery, respectively. In studies II 
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and III, the foetal head and upper body were delivered via a small uterine 
incision. Polyvinyl catheters were inserted into the carotid artery and the 
catheter tips were either in the carotid artery (II) or the ascending aorta (III). 
The internal jugular vein was catheterised to obtain central venous blood 
pressure (II, III). Additionally, in two foetuses a femoral catheter was inserted 
to record descending aorta blood pressure in an AaO experiment (II). Then a 
left lateral thoracotomy (Figure 4) was performed, the pericardium sac was 
opened, and the great arteries exposed (study II and III). A 6 mm inflatable 
vascular occluder was placed around the ascending aorta between the aortic 
valve and the origin of the brachiocephalic artery (Figure 5, Study II) or around 
the main pulmonary artery between the pulmonary valve and the bifurcation 
of the left and right pulmonary arteries (Figure 5, Study III), and the 
thoracotomy was closed. In study IV, either the foetal upper body was exposed 
and the carotid artery and jugular vein were cannulated with the catheter tips 
in the carotid artery and superior vena cava, or the lower body was exposed to 
allow for the femoral artery catheterisation with the catheter tip in the 
descending aorta. In studies II, III and IV, a three-lead 28-gauge silver-coated 
copper ECG wire was placed subcutaneously on the foetal chest. Thereafter, 
the foetal chest was closed. 

 

Figure 4 Opening of the foetal thoracic cavity. 
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Figure 5 Anatomic locations of the main pulmonary artery (study III) and ascending aorta 
(study II) occluders. 

A separate polyvinyl catheter was placed in the amniotic cavity. The lost 
amniotic fluid was replaced with warm sterile saline solution. The foetus 
received penicillin G (1 million units) either intravenously or via intra-
amniotic catheter. The uterine and abdominal incisions were closed, and 
cables were tunnelled and exteriorised through a small incision in the ewe’s 
flank and flushed with heparinised saline. Local analgesia for surgical wounds 
was provided with 20 ml of bupivacaine (5 mg/ml). 

4.1.2 Postoperative care 
For postoperative analgesia, a transdermal fentanyl patches at a dose rate of 
2 μg/kg/h were applied to the ewe's antebrachium already at the onset of the 
operation. In study I, additional routinely administered intramuscular 
injections of fentanyl (1.5–2 μg/kg) were given twice daily, and in the other 
studies the additional fentanyl boluses were administered when required. In 
study I, the foetus was given daily intravenous injections of penicillin G. The 
ewes had unlimited access to food and water, and signs of pain or discomfort 
were frequently estimated and treated with additional pain medications. 

4.1.3 Experimental procedures 
After a 4-day recovery period, general anaesthesia was induced with a single 
bolus of propofol and maintained with isoflurane only. The inhalation 
anaesthetic concentration was titrated to keep the ewe's heart rate and blood 
pressure normal and to allow for ultrasound imaging without discomfort, 
while minimizing the physiological alterations associated with its use. Before 
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induction, the ewe was prehydrated with 1 l of lactated Ringer solution, 
followed by a fixed infusion at a rate of 200 ml/h. The maternal femoral artery 
was catheterised with a 16-gauge polyurethane catheter in order to measure 
maternal arterial blood pressure and to obtain arterial blood samples. The ewe 
was placed supine with a right lateral tilt and allowed to stabilize for 30 min 
before the baseline measurements were taken. The maternal arterial catheter, 
and foetal arterial, venous, and intra-amniotic catheters were connected to 
pressure transducers. Foetal arterial and venous blood pressures were 
referenced to intra-amniotic pressure. Foetal ECG leads were connected to the 
ultrasound equipment to obtain the foetal heart rate. The maternal heart rate 
was determined from the arterial pressure waveform. 

The measurements at each timepoint included ultrasonographic 
measurements, foetal and maternal invasive blood pressure measurements 
and heart rate monitoring, and foetal and maternal arterial blood gas analysis 
(corrected to 39° ֯C). 

In study I, after the baseline measurements were obtained, 4 ml of 
angiotensin II (ATII) solution (1.67 mg/ml) was diluted with 96 ml of 0.9% 
saline and infused into the foetal IVC at a rate of 100–200 ml/h (adjusted to 
keep the foetal MAP at 15–20 mmHg above the baseline). Data collection was 
repeated 1 and 2 h after the beginning of ATII infusion. After the 2 h ATII data 
collection, maternal hypoxaemia was induced by replacing inhaled oxygen 
with medical air in the re-breathing circuit to further decrease foetal pO2. 
Before the data collection for the ATII + hypoxaemia phase was started, 
maternal oxyhaemoglobin saturation was kept at the level of 75–80% for 20 
min and was maintained at this level during the data collection (Figure 6). 
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Figure 6 Flow chart of angiotensin II study protocol (I). 

In studies II and III, the experimental protocol included baseline 
measurements as described above (Figure 7). Thereafter, the occluder around 
the ascending aorta (study II) or around the main pulmonary artery (study III) 
was inflated with sterile water until resistance was met. Complete occlusion 
was confirmed by colour Doppler ultrasonography, with no blood flow across 
the occluder. The data was collected similarly to the baseline at 15 min and 
60 min after the AaO (study II) or the PaO (study III). The last set of data 
collection was taken 15 min after the occluder was released. 
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Figure 7 Flow chart of the ascending aorta occlusion (AaO, Study II) and the main pulmonary 
artery occlusion (PaO, Study III) study protocols. 

In study IV, after the baseline measurements were performed, maternal hypo-
oxygenation to reach a maternal peripheral saturation level of 70–80% was 
induced with re-breathing circulation. The desired saturation level was 
confirmed with an arterial blood gas sample. Data collection was performed 
10 minutes after an adequate hypo-oxygenation level was achieved (acute 
hypoxaemia), and again after 60 minutes (prolonged hypoxaemia). In 10 
foetuses, the catheter was placed in the carotid artery and jugular vein, with 
the catheter tips in the carotid artery and superior vena cava. In 7 foetuses, the 
femoral artery was catheterised, and the tip of the catheter was in the 
descending aorta. Foetal invasive blood pressures and arterial blood gas 
samples were obtained. Figure 8 illustrates the study protocol in study IV. 
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Figure 8 Flow chart of hypoxaemia study protocol (study IV). 

After the experiment, the foetus and the ewe were euthanised with an 
intravenous overdose (100 mg/kg) of pentobarbital sodium. The foetal weight 
was determined. 

4.1.4 Ultrasonographic data acquisition and analysis 
Ultrasonographic data acquisition was performed by a single 
investigator using a Vivid 7 Dimension ultrasound system (GE Vingmed 
Ultrasound, Horten, Norway) with a 10 MHz phased-array transducer. The 
cine loops or ultrasound images were stored and analysed afterwards in a blind 
manner. 

The M-mode cursor was placed perpendicularly towards the 
interventricular septum at the level of atrioventricular valves for a four-
chamber view of the heart. From M-mode recordings, right and left ventricular 
inner diameters (RVD, LVD) were measured during diastole and systole. Right 
and left ventricular fractional shortenings (RVFS, LVFS) were calculated 
(DeVore et al. 1984). 

Pulmonary and aortic valve diameters were measured from frozen real-
time images during systole, and their cross-sectional areas were calculated 
assuming the vessels were circular (Rizzo & Arduini, 1991). Blood flow velocity 
waveforms across the pulmonary and aortic valves were obtained with pulsed 
Doppler, and the TVIs were obtained by planimetering the area underneath 
the Doppler spectrum. The angle of insonation was kept at < 15 degrees. Foetal 
heart rate was obtained from the Doppler spectrum. Volume blood flows 
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across the pulmonary (RVCO) and aortic (LVCO) valves were calculated and 
weight- indexed using foetal weight determined post-mortem. 

Previous foetal sheep studies have shown that the proportion of pulmonary 
volume blood flow (Qp) of the CCO is ~8% at near-term gestation (Rudolph & 
Heymann, 1970). This estimate was used to calculate foetal Qp at the baseline 
and occlusion release phases (study II). Foramen ovale volume blood flow, 
QFO, was determined by subtracting Qp from LVCO at the baseline and 
occlusion release phases (study II, III). During PaO (study II), QFO equals 
LVCO. The placental volume blood flow was calculated from intra-abdominal 
UV using the formula (Acharya et al., 2005), 

(20) Qplac = π * (D/2)2 * Vmean 

where D = the diameter of the intra-abdominal part of the UV and 
 Vmean = the mean velocity in the UV that equals 0.5 * time-average 

maximum velocity. 

Qplac was then weight-indexed. 
The longitudinal velocities of the RV and LV free wall during the cardiac 

cycle were assessed using pulsed-wave tissue Doppler, with the sample volume 
(1–1.5 mm) placed at the level of the atrioventricular valve annuli and aligned 
as parallel as possible to the myocardial wall (< 15° angle of insonation). 
Myocardial velocities were recorded during three to six cardiac cycles at a 
sweep speed of 50–100 mm/s. The frame rate was maximized. Peak 
myocardial velocities were measured during isovolumic relaxation (IVRV), 
early ventricular filling (E′), atrial contraction (A′), isovolumic contraction 
(IVCV), and ventricular systole (S′). The IVCV acceleration and IVRV 
deceleration were calculated. The proportions (%) of isovolumic contraction 
(IVCT) and relaxation times (IVRT) of the total cardiac cycle were calculated. 
Global ventricular function was assessed by the index of myocardial 
performance (MPI) as (Tei et al., 1997), 

(21) MPI = (IVCT + IVRT) / ejection time 

Blood flow velocity waveforms of the ductus arteriosus (DA), descending aorta 
(DAo), umbilical artery (UA), right pulmonary artery (RPA), pulmonary vein 
(Pulmvein), ductus venosus (DV) and inferior vena cava (IVC) were obtained 
for calculation of their pulsatility index (PI) values. In the presence of tricuspid 
or mitral valve regurgitation, ventricular contractility was assessed by 
calculating change of pressure over time (dP/dt) (Tulzer et al., 1991). AoI blood 
velocity waveforms were recorded. From the TVI of antegrade and retrograde 
flow, the AoI Net Flow ratio was calculated (Study IV), 
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(22) AoI Net Flow ratio = TVIantegrade / TVIretrograde 

AoI PI was also calculated (Study I). 

4.1.5 Statistical analysis 
In animal studies, the sample size determination is a balance between using 
the least number of animals and having an adequate sample size in order to 
achieve statistically significant changes (Charan & Kantharia, 2013). As the 3R 
(replacement, refinement and reduction) -rule must be applied in animal 
studies, we used the “resource equation” (E) method to calculate an adequate 
sample size for each study, and each sheep at a different time point served as 
their own reference in our studies. The value of E between 10 and 20 is 
considered as an adequate sample size (Charan & Kantharia, 2013). As the 
instrumentation of the foetuses is demanding, some animals may not recover 
from surgery, and the animals may respond differently to an intervention and 
may not survive through all phases of the experiment, the sample size was 
adjusted to include slightly more animals than the number calculated to 
achieve representative data suitable for reliable statistical analyses. This was 
also done to reduce type II error, where too small a sample size may limit 
detection of true changes (i.e., differences between different phases of the 
experiment). 

In all studies, all data are presented as means and standard deviations 
unless otherwise stated. 

In studies I and II, the analysis of variance for repeated measurements 
(ANOVA) was used to study changes in the measured parameters during the 
experiment. If the within-subject p-value of ANOVA showed statistical 
significance, the least significant difference adjustment for multiple 
comparisons was applied to assess differences at each phase versus baseline 
and the preceding phase. Linear regression analysis was used to test the 
relationships between the measured parameters. A two-tailed p-value of 
< 0.05 was selected as the level of statistical significance. In study II, the mean 
differences with 95% confidence intervals (Cis) were calculated if statistical 
significance was reached in the least significant difference adjustment for 
multiple comparisons. In studies I and II, the statistical analysis was 
performed with SPSS for Windows. 

In study III, the statistical analysis was performed using SAS for Windows, 
and repeatedly measured variables were analysed using a linear mixed model. 
Pairwise comparisons between different time points were performed by a 
linear mixed model only if the overall change over time according to the linear 
mixed model was significant (p < 0.05). A two-tailed p-value was used and 
< 0.05 was considered statistically significant. 

In study IV, repeated-measures mixed-model ANOVA (RMMMA) for 
continuous outcomes was used and the between-group differences at specific 
time points and within-group differences between different time points were 
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reported. Spearman’s correlation coefficient (rho) was calculated to test the 
correlation between the variables. The strength of the association was 
considered strong (rho 0.75–1), moderate (rho 0.5–0.75), weak (0.25–0.5) or 
negligible (rho < 0.25). A two-tailed p-value of < 0.05 was considered 
statistically significant. Statistical analysis was performed with SAS for 
Windows. 
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5 Results 

5.1 Effects of angiotensin II infusion and hypoxaemia 
on foetal cardiovascular function 

During foetal angiotensin II infusion, the foetal pH, pO2 and BE values 
decreased, and pCO2 increased, and lactate levels were higher compared to 
baseline (Table 2). Foetal systolic, diastolic, and mean blood pressures 
increased during ATII infusion (Table 2). During concomitant maternal hypo-
oxygenation, the foetal metabolic acidaemia developed and fetal arterial blood 
pressures decreased towards baseline levels (Table 2). Foetal heart rate and 
systemic venous pressure remained stable during the entire experiment (Table 
2). 

Table 2 Foetal arterial blood gas values, lactate levels, heart rate, and invasive blood pressures 
during baseline, angiotensin II infusion (at 1 hour and 2 hours) and angiotensin 
II + hypoxaemia-phase. 

 Baseline ATII 1 h ATII 2 h ATII + 
hypoxaemia 

p-value 
for time 

Foetal arterial blood gas values and lactate levels 
pH 7.31 (0.04) 7.19  (0.11)7 7.17  (0.11)7,8 7.13  (0.14)7,8 < 0.001 
pO21 (mmHg) 18.2 (4.7) 13.9  (3.7) 7 11.8  (3.4)7,8 8.3  (1.9)7,8 < 0.001 
pCO22 (mmHg) 53.1 (5.7) 64.1  (17.0)7 65.3  (16.9)7 64.9  (21.5) 0.02 
BE3 (mmol/l) 0.0 (2.4) −4.5  (3.8)7 −5.7  (4.2)7 −8.6  (5.3)7,8 < 0.001 
Lac4 (mmol/l) 2.71 (1.37) 5.56  (2.40)7 6.29  (2.78)7,8 7.85  (3.25)7,8 < 0.001 
Foetal heart rate and invasive blood pressure values 
fHR5 (bpm) 165  (31) 189  (20) 182 (18) 183  (47) 0.4 
Systolic BP (mmHg) 67  (9) 88  (10)7 88  (9) 7 76  (14) 7 < 0.001 
Diastolic BP (mmHg) 43  (5) 56  (5)7 53  (7) 7 47  (9) 7 < 0.001 
Mean BP (mmHg) 53  (7) 69  (7)7 66  (7)7,8 57  (10) 8 < 0.001 
CVP6 (mmHg) 15  (2) 17  (2) 18  (3) 17  (2) 0.5 

Values are means (SD). Abbreviations: 1 partial pressure of oxygen; 2 partial pressure of carbon 
dioxide; 3 base excess; 4 lactate; 5 foetal heart rate; 6 central venous pressure; 7 Different from 
baseline, p < 0.05; 8 Different from preceding phase, p < 0.05. 

5.1.1 Foetal cardiac function during ATII infusion 
Left and right ventricular free wall tissue Doppler-derived parameters are 
presented in Tables 3 and 4. The first signs of cardiac dysfunction during ATII 
infusion were seen in the left ventricle, as LV IVRV was lower during ATII 2 h 
and ATII + hypoxaemia phases compared to baseline. In addition, LV IVRV 
deceleration was lower at ATII + hypoxaemia phase compared to baseline. The 
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LV IVCV increased from baseline during ATII infusion, but during 
ATII + hypoxaemia, the LV IVCV and its acceleration decreased compared to 
the preceding phase. 

Table 3 Foetal left ventricular free wall tissue Doppler-derived parameters during the angiotensin 
II experiment. 

 Baseline ATII 1 h ATII 2 h ATII + 
hypoxaemia 

p-value 
for time 

IVRV1 (cm/s) 4.1  (0.8) 3.3  (1.0) 2.8  (1.6)11 2.2  (1.4)11 0.003 
IVRVdec2 (cm/s2) 411  (167) 327  (161) 286  (98) 199  (69)11 0.04 
IVCV3 (cm/s) 6.1  (1.2) 8.7  (2.2)11 6.8  (1.6)12 4.7  (2.2)12 < 0.001 
IVCVacc4 (cm/s2) 580  (176) 829  (390) 687  (191) 481  (228)12 0.03 
E’5 (cm/s) 8.0  (1.6) 8.7  (2.6) 8.8  (0.9) 7.6  (1.9) 0.6 
A’6 (cm/s) 12.9  (2.0) 16.8  (2.7)11 16.0  (3.2)11 14.7  (4.6) 0.02 
S’7 (cm/s) 8.7  (1.6) 9.1  (2.12) 8.4  (1.4) 7.4  (1.8)11 0.007 
IVRT8 (%) 14.6  (2.9) 17.4  (5.1) 16.2  (4.3) 13.6  (5.0) 0.06 
IVCT9 (%) 8.5  (1.8) 9.1  (2.2) 9.0  (2.5) 9.3  (3.4) 0.8 
MPI10 0.57  (0.11) 0.60  (0.19) 0.55  (0.16) 0.53  (0.14) 0.5 

Values are means (SD). Abbreviations: 1 isovolumic relaxation velocity; 2 IVRV deceleration; 
3 isovolumic contraction velocity; 4 IVCV acceleration; 5 early ventricular filling; 6 atrial contraction, 
7 ventricular systole; 8 proportion of isovolumic relaxation time of total cardiac cycle; 9 proportion of 
isovolumic contraction time of total cardiac cycle; 10 myocardial performance index; 11 Different from 
baseline, p < 0.05; 12 Different from preceding phase, p < 0.05. 

Table 4  Foetal right ventricular free wall tissue Doppler-derived parameters during the 
angiotensin II experiment.  

 Baseline ATII 1 h ATII 2 h ATII + 
hypoxaemia 

p-value 
for time 

IVRV1 (cm/s) 3.7  (1.1) 3.6  (1.1) 3.4  (1.1) 2.1  (1.2)11,12 0.006 
IVRVdec2 (cm/s2) 382  (91) 354  (110) 370  (218) 268  (66) 0.3 
IVCV3 (cm/s) 6.3  (2.1) 7.8  (1.9) 6.6  (2.4) 5.4  (2.6)12 0.03 
IVCVacc4 (cm/s2) 614  (175) 917  (378) 754  (296) 447  (181)12 0.007 
E’5 (cm/s) 7.9  (2.3) 7.7  (4.8) 7.3  (2.9) 5.5  (1.3) 0.5 
A’6 (cm/s) 11.2  (3.8) 16.4  (3.6)11 14.3  (3.9)11,12 14.1  (5.9) 0.01 
S’7 (cm/s) 8.6  (2.7) 8.5  (2.5) 8.0  (1.8) 6.6  (1.9) 0.1 
IVRT8 (%) 15.3  (4.1) 16.3  (2.2) 16.5  (3.5) 14.0  (2.4) 0.2 
IVCT9 (%) 8.4  (2.2) 9.1  (0.8) 9.9  (1.8) 9.4  (2.5) 0.2 
MPI10 0.57  (0.10) 0.53  (0.08) 0.55  (0.09) 0.51  (0.07) 0.5 

Values are means (SD). Abbreviations: IVRV, isovolumic relaxation velocity; IVRVdec, IVRV 
deceleration; IVCV, isovolumic contraction velocity; IVCVacc, IVCV acceleration; E’, early ventricular 
filling; A’, atrial contraction, S’, ventricular systole; IVRT, proportion of isovolumic relaxation time of 
total cardiac cycle; IVCT, proportion of isovolumic contraction time of total cardiac cycle; MPI, 
myocardial performance index; 11 Different from baseline, p < 0.05; 12 Different from preceding phase, 
p < 0.05. 
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During the ATII + hypoxaemia phase, RV IVRV was lower than at baseline and 
the preceding phase, and RV IVCV and its acceleration decreased compared to 
baseline. LV IVCT%, IVRT% or MPI did not change during the experiment, 
neither did RV IVCT%, IVRT%, MPI or IVRV deceleration. 

The LV IVRV deceleration significantly correlated with foetal pO2 
(correlation coefficient = 0.36, p < 0.05). Foetal RVCO, LVCO, CCO and 
ventricular fractional shortenings remained stable during the whole 
experiment (data shown in the original papers). 

5.1.2 Peripheral haemodynamics during ATII infusion 
The peripheral arterial and venous haemodynamics, especially the impedance 
reflected by the pulsatility index, were not affected during the worsening foetal 
acidaemia and hypoxaemia. UA, DA, AoI and DV pulsatility indices remained 
stable (data shown in the original papers). 

5.2 Ascending aorta occlusion and foetal 
cardiovascular function 

Ascending aorta occlusion decreased foetal carotid artery systolic, mean, and 
diastolic blood pressures. After the occlusion was released, the systolic blood 
pressure increased but did not return to baseline while mean arterial and 
diastolic blood pressures returned to baseline level. The blood pressure in the 
descending aorta was unaffected during the AaO (n = 2). CVP did not change 
during the experiment. The foetal pH value was lower after the occlusion was 
released, but otherwise the fetal acid-base balance was unaffected during the 
occlusion. Maternal arterial blood pressure and blood gas values did not 
change during the experiment (data not shown). The foetal blood pressure 
changes and arterial blood gas values are presented in Graphic 1 and Table 5. 
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Table 5 Foetal arterial blood gas values, heart rate, invasive blood pressures, and combined, left 
ventricular and right ventricular cardiac outputs, stroke volumes, placental volume blood 
flow and ventricular fractional shortenings in the AaO experiment. 

 Baseline Occluder 15 
min 

Occluder 60 
min  

Occluder release p-value 
for time 

Foetal arterial blood gas values  
pH 7.27 (0.03) 7.23 (0.07) 7.19 (0.12) 7.18 (0.10)13 0.008 
pO21 (kPa) 2.6 (0.60) 3.0 (0.84) 2.6 (0.65) 2.5 (0.54) 0.06 
pCO22 (kPa) 7.0 (1.10) 6.5 (1.02) 7.4 (3.13) 6.8 (1.76) 0.5 
Foetal invasive blood pressures 

Carotid artery blood pressures 
Systolic (mmHg) 42 (7) 14 (8)16  14 (9)16 32 (14)13,14,15 < 0.001 
Mean (mmHg) 32 (7) 12 (7)16 14 (8)16 30 (6),14,15 < 0.001 
Diastolic (mmHg) 27 (4) 10 (6)16 12 (8)16 22 (10),14,15 < 0.001 
Descending aorta blood pressures 
Systolic (mmHg) 64 (6) 58 (11) 62 (3) 62 (10) 

 

Mean (mmHg) 46 (1) 45 (1) 45 (1) 43 (7) 
 

Diastolic (mmHg) 36 (1) 34 (3) 36 (4) 34 (4) 
 

Central venous pressure and heart rate 
CVP3 (mmHg) 5 (1) 6 (3) 6 (3) 4 (3) 0.4 
fHR4 (bpm)  174 (26) 172 (4) 174 (28) 161 (26) 0.4 
Foetal combined, left ventricular and right ventricular cardiac outputs, stroke volumes, 
placental volume blood flow, and ventricular fractional shortenings 
RVCO5 (ml min−1) 684 (369) 907 (414)13 883 (379)13 761 (376)14,15 0.002 
LVCO6 (ml min−1) 440 (136) 40 (16)13 61 (25)13 316 (84)13,14,15 < 0.001 
CCO7 (ml min−1) 1125 (494) 946 (417)13 943 (389)13  1077 (445) 0.02 
RVSV8 (ml) 4.0 (1.7) 5.1 (2.1)13 5.2 (1.9)13 4.5 (1.6)14,15 0.002 
LVSV9 (ml) 2.6 (0.6) 0.2 (0.1)13 0.4 (0.2)13 1.9 (0.2)13,14,15 < 0.001 
Qplac10 (ml min−1) 257 (146) 202 (126) 170 (138)13 165 (178)13 0.04 
RVFS11 (%) 27.1 (5.9) 51.2 (11.3)13 50.1 (9.9)13 39.2 (11.9)13,14,15 < 0.001 
LVFS12 (%) 36.1 (8.7) 2.2 (2.7)13 1.3 (4.4)13 8.4 (7.4)13,14,15 < 0.001 

Values are means (SD). Abbreviations: 1 partial pressure of oxygen; 2 partial pressure of carbon 
dioxide; 3 central venous pressure; 4 foetal heart rate; 5 right ventricular cardiac output; 6 left 
ventricular cardiac output; 7 combined cardiac output; 8 right ventricular stroke volume; 9 left 
ventricular stroke volume; 10 placental volume blood flow; 11 right ventricular fractional shortening; 
12 left ventricular fractional shortening; 13 Different from baseline, p < 0.05; 14 Different from preceding 
phase, p < 0.05; 15 Different from occluder 15 min-phase, p < 0.05; 16 Different from baseline, 
p < 0.001. 
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Graphic 1 Foetal carotid artery (filled circles) and descending aorta (open squares) mean 
arterial blood pressures during the ascending aorta occlusion (AaO). Adopted from 
Huhta et al., 2018 with permission. 

5.2.1 Foetal cardiac function during ascending aorta occlusion 
AaO caused a remarkable increase in LV afterload and increase in RV preload. 
AaO decreased LVSV and LVCO, and increased RVSV and RVCO compared to 
baseline. The increase in RVCO could not fully compensate for the reduction 
in LVCO, and CCO decreased. LVCO supported only the coronaries. After the 
occlusion was released, LVCO remained lower than at baseline while the other 
parameters returned to baseline levels. The foetal heart rate did not change 
during the experiment. Values and changes are presented in Table 5. 

Left and right ventricular free wall tissue Doppler-derived parameters are 
presented in Tables 6 and 7. Both systolic and diastolic dysfunction in the LV 
was seen during the AaO, as IVCV and its acceleration as well as IVRV and its 
deceleration decreased compared to baseline. In addition, E´ and A´ were 
lower than baseline, but S´ and IVCT% were not affected. IVRT% and MPI 
increased during the occlusion compared to baseline. After the occlusion was 
released, both LV IVCV and its acceleration, and IVRV and its deceleration 
remained lower than at baseline. After the occlusion was released, IVRT% 
decreased but was higher than at baseline. MPI was lower and A’ was higher 
at the release compared to the preceding phase. 

In response to increased preload, RV IVCV and its acceleration increased 
at the beginning of the occlusion, but later during the experiment returned to 
baseline. Diastolic dysfunction developed as IVRV and its deceleration 
decreased during the occlusion compared to baseline. Other RV tissue Doppler 
parameters remained unchanged during the experiment. 
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Table 6 Foetal left ventricular free wall tissue Doppler parameters during the ascending aorta 
occlusion experiment. 

 Baseline AaO 15 min AaO 60 min Occluder release p-value 
for time 

E´1 (cm/s) 7.19 (1.87) 6.03 (2.78) 6.01 (3.63) 6.43 (2.05) 0.7 
A´2 (cm/s) 13.72 (6.0) 8.92 (2.43)11 9.83 (2.48)11 13.69 (5.73)13,14 0.02 
S´3 (cm/s) 7.79 (2.76) 6.04 (3.61) 6.31 (3.84) 6.26 (3.03) 0.1 
IVCV4 (cm/s) 6.87 (2.47) 2.84 (1.88)12 3.02 (2.72)12 3.54 (2.42)12 <0.001 
IVCVacc5 (m/s2) 6.11 (1.65) 2.69 (1.73)12 2.43 (2.05)12 3.20 (2.28)12 <0.001 
IVRV6 (cm/s) 3.41 (0.56) 0.33 (0.98)12 0.30 (0.85)12 0.60 (1.12)12 <0.001 
IVRVdec7 (m/s2) 4.03 (1.03) 0.13 (0.39)12 0.23 (0.65)12 0.53 (1.04)12 <0.001 
IVCT8 (%) 7.7 (2.3) 10.9 (5.8) 9.0 (4.2) 8.6 (2.8) 0.2 
IVRT9 (%) 12.0 (1.6) 28.5 (9.5)12 25.3 (6.7)12 17.7 (3.2)11,13,14 <0.001 
MPI10 0.47 (0.16) 0.98 (0.41)12 0.80 (0.27)11 0.59 (0.11)13,14 <0.001 

Values are mean (SD). Abbreviations: 1 early ventricular filling; 2 atrial contraction, 3 ventricular 
systole; 4 isovolumic contraction velocity; 5 isovolumic contraction acceleration; 6 isovolumic relaxation 
velocity; 7 isovolumic relaxation deceleration; 8 isovolumic contraction time; 9 isovolumic relaxation 
time; 10 myocardial performance index; 11 Different from baseline, p < 0.05; 12 Different from baseline, 
p < 0.001; 13 Occluder release different from AaO 15 min, p < 0.05; 14 Occluder release different from 
AaO 60 min, p < 0.05. 

Table 7 Right ventricular free wall tissue Doppler parameters during the ascending aorta 
occlusion experiment. 

 Baseline AaO 15 min AaO 60 min Occluder 
release 

p-value 
for time 

E´1 (cm/s) 7.19 (1.87) 6.03 (2.78) 6.01 (3.63) 6.43 (2.05) 0.4 
A´2 (cm/s) 12.72 (6.37) 15.05 (6.59) 14.57 (5.09) 13.05 (4.95) 0.3 
S´3 (cm/s) 8.80 (2.12) 8.70 (2.17) 8.28 (2.48) 8.16 (2.03) 0.6 
IVCV4 (cm/s) 7.57 (1.68) 9.86 (1.97)11 8.77 (2.74) 8.19 (2.80)14 0.03 
IVCVacc5 (m/s2) 6.83 (0.75) 8.63 (1.42)11 7.54 (1.22)13 6.34 (2.12)14,15 0.001 
IVRV6 (cm/s) 4.13 (1.03) 3.56 (0.71)11 3.28 (0.84)12 3.62 (0.94)11 0.005 
IVRVdec7 (m/s2) 4.02 (0.65) 4.28 (0.57) 3.39 (0.95)11,13 3.53 (0.70)14 0.007 
IVCT8 (%) 7.5 (2.4) 9.1 (1.7) 8.6 (1.5) 9.6 (2.4) 0.1 
IVRT9 (%) 12.4 (4.0) 12.4 (3.1) 14.5 (4.3) 14.3 (4.7) 0.3 
MPI10 0.41 (0.11) 0.49 (0.11) 0.53 (0.15) 0.55 (0.14) 0.2 

Values are mean (SD). Abbreviations: 1 early ventricular filling; 2 atrial contraction, 3 ventricular 
systole; 4 isovolumic contraction velocity; 5 isovolumic contraction acceleration; 6 isovolumic relaxation 
velocity; 7 isovolumic relaxation deceleration; 8 isovolumic relaxation time; 9 isovolumic contraction 
time; 10 myocardial performance index; 11 Different from baseline, p < 0.05; 12 Different from baseline, 
p < 0.001; 13 AaO 60 min different from AaO 15 min, p < 0.05; 14 Occluder release different from AaO 
15 min, p < 0.05; 15 Occluder release different from AaO 60 min, p < 0.05. 

LV diameters were significantly greater and fractional shortening decreased 
during the AaO compared to baseline. The RV diameters decreased, and 
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fractional shortening increased during the AaO compared to baseline. After 
the occlusion was released, LV diameters were greater and FS lower. RV 
systolic diameter remained lower and FS significantly greater compared to 
baseline. Values are presented in Table 5. 

5.2.2 Peripheral haemodynamics during ascending aorta occlusion 
DA PI increased during AaO compared to baseline. In the foetal pulmonary 
circulation, both RPA PI and pulmonary vein (Pulmvein) PIV values were 
greater during the occlusion than at baseline. In the placental circulation, UA 
PI was lower after 15 min of occlusion, but returned to baseline later during 
the experiment. Qplac was lower at 60 min of occlusion than at baseline (Table 
5). In the foetal venous circulation, both IVC and DV PIV values remained 
unchanged during the experiment. Doppler parameters with statistically 
significant changes are presented in Table 8. After the occlusion was released, 
RPA PI and PV PIV values returned towards the baseline levels (Table 8), while 
Qplac remained lower than baseline (Table 5). 

Table 8 Foetal haemodynamic changes during AaO assessed with spectral pulsed-wave 
Doppler. 

 Baseline AaO 15 min AaO 60 min Occluder release p-value 
for time 

DA1 PI5 1.96 (0.33) 2.43 (0.44)6 2.50 (0.29)7 2.24 (0.34)6 0.002 
RPA2 PI5 10.97 (5.25) 31.95 (32.48) 73.20 (85.26)6,8 21.30 (9.86)10 0.02 
Pulmvein3 PI5 2.94 (1.29) 36.32 (30.19)6 58.11 (50.94)6 17.13 (11.10)10 0.001 
UA4 PI5 1.39 (0.38) 1.22 (0.36)6 1.25 (0.52) 1.45 (0.40)9,10 0.02 

Values are mean (SD). Abbreviations: 1 ductus arteriosus; 2 right pulmonary artery; 3 pulmonary vein; 
4 umbilical artery; 5 pulsatility index; 6 Different from baseline, p < 0.05; 7 Different from baseline, 
p < 0.001; 8 AaO 60 min different from AaO 15 min, p < 0.05; 9 Occluder release different from AaO 
15 min, p < 0.05; 10 Occluder release different from AaO 60 min, p < 0.05. 

5.3 Main pulmonary artery occlusion and foetal 
cardiovascular function 

Foetal blood pressure, measured from the ascending aorta, remained stable 
during the PaO and after the occluder was released. The foetal pH value was 
lower during prolonged occlusion and after the occluder was released 
compared to baseline. The pCO2 was higher during prolonged occlusion, but 
returned to baseline after the occlusion was released. The other foetal arterial 
blood gases, maternal arterial blood gases, and maternal blood pressures 
remained stable during the whole experiment. Foetal central venous pressure 
was higher during the onset of occlusion than at baseline or after the occlusion 
was released. Values are presented in Table 9. 
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Table 9 Foetal arterial blood gas values and lactate levels, heart rate, invasive blood pressures, 
and combined, left ventricular and right ventricular cardiac outputs, stroke volumes, 
pulmonary, foramen ovale and umbilical vein volume blood flows, and ventricular 
fractional shortenings in the PaO experiment. 

 Baseline Occluder 15 
min 

Occluder 60 min Occluder release p-value 
for time 

Foetal blood gas values and lactate levels 
pH 7.33 (0.04) 7.30 (0.02) 7.26 (0.04)18 7.24 (0.09)18 0.043 
pO21 (kPa) 2.6 (0.6) 2.3 (0.4) 2.1 (0.6) 2.3 (0.5) 0.18 
pCO22 (kPa) 6.3 (0.6) 6.9 (0.9) 7.5 (0.8)18,19 7.1 (1.3) 0.033 
BE3 (mmol/l) -0.9 (2.9) -0.6 (3.2) -1.4 (4.2) -3.3 (6.8) 0.27 
Lac4 (mmol/l) 3.36 (1.33) 3.07 (1.16) 3.40 (1.69) 3.91 (2.28) 0.20 
Foetal heart rate and invasive blood pressures 
fHR5 
(bpm) 

158 (7) 188 (23)18 177 (20) 160 (18) 0.022 

Systolic BP6 
(mmHg) 

47 (6) 46 (5) 45 (4) 47 (4) 0.72 

Diastolic BP 
(mmHg) 

32 (3) 32 (4) 32 (3) 32 (4) > 0.9 

Mean BP 
(mmHg) 

38 (3) 37 (4) 37 (3) 38 (5) > 0.9 

CVP7 (mmHg) 4 (3) 6 (3)18 5 (3) 4 (3)20 0.012 
Foetal combined, left ventricular and right ventricular cardiac outputs, stroke volumes, 
pulmonary vein and foramen ovale volume blood flows and ventricular fractional shortenings 
RVCO8 
(ml min−1) 

895 (259) -  -  303 (229)18 0.003 

LVCO9 
(ml min−1) 

629 (198) 776 (283)18 720 (273) 541 (172)18,19 < 0.001 

CCO10 
(ml min−1) 

1524 (341) 776 (283)18 720 (273)18 844 (290)18 < 0.001 

RVSV11 (ml) 5.85 (1.75) -  -  1.88 (1.37)18 0.002 
LVSV12 (ml) 4.14 (1.40) 4.14 (1.47) 3.95 (1.48) 3.53 (1.04) 0.067 
Qpulm13 
(ml min−1) 

122 (27) -  -  68 (23)18 0.002 

QFO14 

(ml min−1) 
507 (181) 776 (283)18 720 (273)18 473 (159)19 0.001 

Qiauv15 
(ml min−1) 

156 (66) 88 (27) 105 (41) 125 (69) 0.17 
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 Baseline Occluder 15 
min 

Occluder 60 min Occluder release p-value 
for time 

RVFS16 (%) 29.98 (10.41) -4.01 13.35)18 -6.30 (7.37)18 4.92 (6.53)18,19 < 0.001 
LVFS17 (%) 35.79 (6.15) 49.04 (12.10) 49.01 (9.57)18 37.58 (8.27) 0.024 

Values are means (SS). Abbreviations: 1 partial pressure of oxygen; 2 partial pressure of carbon 
dioxide; 3 base excess; 4 lactate; 5 foetal heart rate; 6 blood pressure; 7 central venous pressure; 8 right 
ventricular cardiac output; 9 left ventricular cardiac output; 10 combined cardiac output; 11 right 
ventricular stroke volume; 12 left ventricular stroke volume; 13 pulmonary volume blood flow; 
14 foramen ovale volume blood flow; 15 intra-abdominal umbilical vein volume blood flow; 16 right 
ventricular fractional shortening; 17 left ventricular fractional shortening; 18 Different from baseline, 
p < 0.05; 19 Different from preceding phase, p < 0.05; 20 Different from occluder 15 min-phase, 
p < 0.05. 

5.3.1 Foetal cardiac function during main pulmonary artery occlusion 
PaO caused a significant increase in RV afterload and LV preload was entirely 
dependent on volume blood flow across the FO, as no retrograde blood flow 
through DA was detected. 

During PaO, the foetal heart rate and LVCO increased, but LVSV was 
comparable to baseline. RVSV, RVCO, flow through the pulmonary 
circulation, and DA flow were zero during the occlusion. The flow through FO 
was increased, but this did not fully compensate for a drop in RVCO, as CCO 
decreased about 50% from baseline values. During prolonged occlusion, the 
foetal heart rate and LVCO did not differ from baseline. After the occlusion 
was released, LVCO, RVSV, RVCO, CCO, Qp and QFO were lower than at 
baseline. Values are summarised in Graphic 2. 

 

Graphic 2 Foetal combined (CCO), left ventricular (LVCO) and right ventricular (RVCO) cardiac 
outputs, pulmonary (Qp) and foramen ovale (Qfo) volume blood flows, and foetal heart 
rate (FHR) during the main pulmonary artery occlusion. 
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Foetal cardiac function parameters during baseline and PaO obtained by tissue 
Doppler are presented in Tables 10 and 11. During PaO, the RV IVCV and its 
acceleration, as well as IVRV and its deceleration, decreased compared to 
baseline. Also, E’ and S’ were lower than at baseline. IVRT% and MPI 
increased compared to baseline. None of these parameters returned to the 
baseline level after the occlusion was released. A’ and IVCT% did not change 
during the experiment. 

On the left ventricle during PaO, IVCV and A’ increased during the 
occlusion compared to baseline. During prolonged occlusion and after the 
occlusion was released, IVCV acceleration decreased and IVCT% increased 
compare to baseline. After the occlusion was released A’ was higher compared 
to baseline. Other parameters were unaffected during the experiment. 

Table 10 Right ventricular free wall tissue Dopple- derived parameters during the main pulmonary 
artery occlusion experiment. 

 Baseline PaO 15 min PaO 60 min Occluder release p-value 
for time 

E´1 (cm/s) 5.71 (1.10) 2.86 (2.07)11 1.88 (1.51)11 2.47 (1.72)11 0.002 
A´2 (cm/s) 9.69 (1.74) 11.15 (3.91) 9.72 (1.72) 9.08 (1.41) 0.37 
S´3 (cm/s) 8.38 (2.11) 5.78 (1.46)11 5.07 (0.75)11 5.08 (0.98)11 0.001 
IVCV4 (cm/s) 5.31 (1.35) 3.46 (0.94)11 3.27 (0.96)11 2.93 (0.54)11 0.001 
IVRV5 (cm/s) 3.25 (0.80) 0.00 (0.00)11 0.24 (0.64)11 1.86 (0.27)11,12 < 0.001 
IVCVacc6 (m/s2) 5.39 (1.10) 3.68 (1.15)11 3.60 (1.16)11 3.42 (1.14)11 0.002 
IVRVdec7 (m/s2) 3.51 (0.66) 0.00 (0.00)11 0.16 (0.43)11 2.14 (0.55)11,12 < 0.001 
IVCT8 (%) 6.84 (1.38) 10.45 (5.37) 11.19 (2.81) 9.96 (3.41) 0.078 
IVRT9 (%) 11.88 (2.47) 16.89 (2.80)11 17.30 (3.47)11 18.21 (2.29)11 < 0.001 
MPI10 0.45 (0.07) 0.61 (0.25) 0.63 (0.15)11 0.73 (0.25)11 0.004 

Values are mean (SD). Abbreviations: 1 early ventricular filling; 2 atrial contraction, 3 ventricular 
systole; 4 isovolumic contraction velocity; 5 isovolumic relaxation velocity; 6 IVCV acceleration; 7 IVRV 
deceleration; 8 proportion of isovolumic contraction time of total cardiac cycle; 9 proportion of 
isovolumic relaxation time of total cardiac cycle; 10 myocardial performance index; 11 Different from 
baseline, p < 0.05; 12 Different from preceding phase, p < 0.05. 



 

83 

Table 11 Left ventricular free wall tissue Doppler-derived parameters during the main pulmonary 
artery occlusion experiment. 

 Baseline PaO 15 min PaO 60 min Occluder 
release 

p-value 

E´1 (cm/s) 8.05 (2.26) 5.33 (2.64) 5.28 (2.88) 6.32 (2.64) 0.18 
A´2 (cm/s) 11.73 (1.91) 15.57 (3.13)11 16.41 (3.85)11 14.59 (3.05)11 0.030 
S´3 (cm/s) 7.07 (1.13) 7.64 (1.96) 7.01 (1.78) 6.62 (1.24) 0.12 
IVCV4 (cm/s) 5.72 (1.39) 8.32 (2.49)11 8.02 (3.05) 6.66 (1.70) 0.017 
IVRV5 (cm/s) 2.70 (0.37) 1.86 (1.32) 1.63 (1.13) 2.38 (0.34) 0.13 
IVCVacc6 (m/s2) 4.65 (1.04) 4.00 (0.98) 3.45 (0.84)11 3.65 (1.18)11 0.043 
IVRVdec7 (m/s2) 3.37 (0.82) 2.30 (1.67) 1.90 (1.36) 2.80 (0.58) 0.076 
IVCT8 (%) 7.16 (0.86) 10.72 (1.31)11 10.68 (2.26)11 10.29 (2.88)11 0.006 
IVRT9 (%) 11.70 (2.00) 13.42 (2.19) 13.43 (2.55) 13.82 (1.39) 0.21 
MPI10 0.43 (0.004) 0.57 (0.13) 0.53 (0.13) 0.50 (0.22) 0.35 

Values are mean (SD). Abbreviations: 1 early ventricular filling; 2 atrial contraction, 3 ventricular 
systole; 4 isovolumic contraction velocity; 5 isovolumic relaxation velocity; 6 IVCV acceleration; 7 IVRV 
deceleration; 8 proportion of isovolumic contraction time of total cardiac cycle; 9 proportion of 
isovolumic relaxation time of total cardiac cycle; 10 myocardial performance index; 11 * Different from 
baseline, p < 0.05. 

RV fractional shortening significantly decreased during PaO and did not 
recover to baseline after the occlusion was released. LV fractional shortening 
significantly increased during the occlusion and returned to baseline after the 
occluder was released. Values are presented in Table 9. 

5.3.2 Peripheral haemodynamics during main pulmonary artery 
occlusion 

In the foetal venous circulation, DV and IVC PIV values increased during PaO 
compared to baseline, and DV PIV values remained higher than at baseline 
also after the occlusion was released. In the pulmonary circulation, there was 
no flow detected during the occlusion. After the PaO was released, RPA and 
pulmonary vein PI values were greater than at baseline, whereas DA PI was 
unaffected. In the placental circulation, UA PI values significantly decreased 
during the occlusion and returned towards the baseline after the occlusion was 
released. Doppler-derived pulsatility index values are presented in Table 12. 
Placental volume blood flow (Qiauv) did not change during the experiment 
(Table 9). Pulmonary volume blood flow (Qp) was zero during PaO and 
remained lower after the occlusion was released compared to baseline (Table 
9). 
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Table 12 Foetal peripheral haemodynamics during baseline and main pulmonary artery occlusion 
assessed with Doppler ultrasound. 

 Baseline PaO 15 min PaO 60 min Occluder 
release 

p-value 
for time 

DV1 PIV8 0.86 (0.27) 2.14 (0.91)10 2.40 (0.96)10 1.80 (0.70)10 0.003 
IVC2 PIV 1.95 (1.24) 10.80 (9.57) 8.32 (4.88)10 4.93 (4.31) 0.023 
RPA3 PI9 4.78 (1.85) 0  0  24.94 (18.11)10 0.027 
Pulmvein4 PIV 1.23 (0.26) 0  0  9.75 (4.60)10 0.007 
DA5 PI 2.71 (0.86) 0  0  4.56 (3.14) 0.29 
Dao6 PI 1.88 (0.27) 3.59 (3.36) 2.95 (1.13) 1.94 (0.81) 0.22 
UA7 PI 1.41 (0.25) 1.17 (0.17)10 1.26 (0.34)10 1.28 (0.33) 0.017 

Values are mean (SD). Abbreviations: 1 ductus venosus; 2 inferior vena cava; 3 right pulmonary artery; 
4 pulmonary vein; 5 ductus arteriosus, 6 descending aorta; 7 umbilical artery; 8 pulsatility index for 
veins; 9 pulsatility index; 10 Different from baseline, p < 0.05. 

5.4 Foetal peripheral chemoreflex activation and cardiac 
function in hypoxaemia without placental 
compromise 

Foetal arterial blood gas values and invasive blood pressures are presented in 
Tables 13 and 14. At baseline, foetal arterial pH, blood gas values and blood 
pressures were within normal physiologic ranges and comparable between the 
two measurement sites. During hypoxaemia, foetal pO2 significantly decreased 
from baseline values with no change between the two measurement sites. 
Foetal pH and base excess were significantly lower and lactate levels 
significantly higher in the descending aorta than in the carotid artery during 
prolonged hypoxaemia. 

Foetal blood pressure changes during baseline, acute and prolonged 
hypoxemia are presented in Table 14. During acute hypoxaemia, the carotid 
artery systolic, mean, and diastolic blood pressures significantly decreased 
from baseline and the values did not change further during prolonged 
hypoxaemia. However, descending aorta systolic and mean blood pressures 
significantly increased during prolonged hypoxaemia compared to baseline. 
There was a significant pressure difference between the carotid artery and 
descending aorta blood pressures during both acute and prolonged 
hypoxaemia. 

Foetal heart rate increased during prolonged hypoxaemia from baseline 
values (baseline 172 (28) bpm vs. prolonged hypoxaemia 183 (49) bpm, 
p = 0.035). Foetal central venous pressure remained stable during the 
experiment (data shown in the original article).  
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5.4.1 Foetal cardiac function 
At baseline, the weight-indexed cardiac outputs were comparable to previous 
sheep studies (LVCO mean 226 (SD 85) ml/min/kg; RVCO 300 (62) 
ml/min/kg; CCO 526 (131) ml/min/kg), and the proportion of LVCO out of 
CCO was around 40–45%, which has been previously documented in late 
gestation foetal sheep studies (Rudolph & Heymann, 1970). The weight-
indexed cardiac outputs did not change during foetal hypoxaemia (data shown 
in the original article). 

5.4.2 Foetal peripheral haemodynamics 
Foetal RPA PI significantly increased during acute hypoxaemia and did not 
change further during prolonged hypoxaemia (baseline 8.12 vs. acute 
hypoxaemia 89.80, p = 0.013, and baseline vs. prolonged hypoxaemia 101.74, 
p = 0.004). In addition, Pulmvein PIV (baseline 3.44 vs. prolonged 
hypoxaemia 34.95, p = 0.011) and IVC PIV (1.74 vs. 3.26, p = 0.011) were 
higher at prolonged hypoxaemia compared to baseline. Hypoxaemia increased 
the retrograde blood flow component in the foetal AoI and the AoI Net Flow 
ratio decreased (baseline 7.4 vs. acute hypoxaemia 1.4, p = 0.007, and baseline 
vs. prolonged hypoxaemia 1.5, p = 0.008). UA, DA, DAo and DV PI values did 
not change during foetal hypoxaemia (data shown in the original article). 
Weight-indexed Qplac or Rplac did not change (data shown in the original 
article). 

At baseline, there was a negative correlation between AoI Net Flow ratio and 
RPA PI (ρ = -0.505, p = 0.039), and between weight- adjusted LVCO and RPA 
PI (ρ = -0.893, p = 0.007). Weight-adjusted LVCO and RPA PI also strongly 
correlated during prolonged hypoxaemia (ρ = -0.857, p = 0.0014). During 
prolonged hypoxaemia, AoI Net Flow ratio correlated with weight-adjusted 
placental volume blood flow (ρ = 0.511, p = 0.036). At prolonged hypoxaemia, 
there was a strong positive correlation between weight-adjusted placental 
volume blood flow and descending aorta SBP, DBP and MAP (ρ = 0.929, 
p = 0.003; ρ = 0.786, p = 0.036; and ρ = 0.901, p = 0.006, respectively). In 
addition, weight- adjusted LVCO positively correlated with descending aorta 
SBP and MAP during prolonged hypoxaemia (ρ = 0.786, p = 0.036, and 
ρ = 0.775, p = 0.041, respectively). There was a strong negative correlation 
between RPA PI and descending aorta SBP during prolonged hypoxaemia 
(ρ = -0.786, p = 0.036). However, carotid artery blood pressure did not 
correlate with weight-indexed LVCO nor with AoI Net Flow ratio. 

Tables 15 and 16 summarise the changes in cardiac outputs and main 
haemodynamic parameters obtained with pulsed Doppler and tissue Doppler 
in studies I–IV. 
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Table 15 Cardiac outputs and haemodynamic measurements assessed with spectral Doppler 
ultrasound imaging in studies I–IV. 

 I1 II2 III3 IV4 
Heart rate ↔ ↔ ↑ ↑ 
LVCO5 ↔  ↓ ↑ ↔ 
RVCO6 ↔ ↑ zero ↔ 
CCO7 ↔ ↓ ↓ ↔ 
Qplac8  ↓  ↔ 
QFO9   (↑)  
UA PI10 ↔ (↓) ↓ ↔ 
DV PIV11 ↔ ↔ ↑ ↔ 
IVC PIV12  ↔ ↑ ↑ 
RPA PI    ↑ 

Abbreviations: 1 Angiotensin II study; 2 Ascending aorta occlusion study; 3 Main pulmonary artery 
occlusion study; 4 Foetal hypoxaemia without placental compromise study; 5 weight-indexed left 
ventricular cardiac output; 6 weight-indexed right ventricular cardiac output; 7 weight-indexed 
combined cardiac output; 8 weight-indexed placental volume blood flow; 9 foramen ovale volume 
blood flow; 10 umbilical artery pulsatility index; 11 ductus venosus pulsatility index for veins; 12 inferior 
vena cava pulsatility index for veins; ↔ no change; ↑ increased; ↓ decreased. 

Table 16 Changes in systolic and diastolic functions of right and left ventricles assessed with 
tissue Doppler imaging in studies I–III. 

 Right ventricle  Left ventricle 

Systolic 
function 

Diastolic 
function 

Systolic 
function 

Diastolic 
function  

Angiotensin II 
and hypoxaemia 

decreased; 
IVCV1, 
IVCVacc2 ↓ 

decreased; 
IVRV3 ↓ 

 decreased; 
IVCV, 
IVCVacc, 
S’ ↓ 

decreased; 
IVRV, 
IVRVdec4, 
IVRT% ↓ 

Ascending aorta 
occlusion 

increased; 
IVCV, 
IVCVacc ↑ 

decreased; 
IVRC, 
IVRVdec ↓ 

 decreased; 
IVCV, 
IVCVacc ↓ 

decreased; 
IVRV, 
IVRVdec, 
IVRT% ↓ 

Main pulmonary 
artery occlusion 

decreased; 
S’, 
IVCV, 
IVCVacc ↓ 

decreased; 
IVRV, 
IVRVdec ↓, 
IVRT5 ↑ 

 decreased; 
IVCV, 
IVCVacc ↓ 

no change 

Abbreviations: 1 isovolumic contraction velocity; 2 acceleration during isovolumic contraction; 
3 isovolumic relaxation velocity; 4 deceleration during isovolumic relaxation; 5 isovolumic relaxation 
time; ↑ increased; ↓ decreased. 
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6 Discussion 

6.1 Main findings 

6.1.1 Angiotensin II study 
ATII increases placental vascular resistance and decreases placental volume 
blood flow by causing vasoconstriction (Adamson, Morrow, Bull, & Langille, 
1989). In the current study during ATII infusion, the foetal descending aorta 
blood pressure increased leading to an increase in foetal RV afterload. 
Decreased placental blood flow led to insufficient gas exchange, hypoxaemia, 
and progressively worsening foetal metabolic acidaemia. Previous sheep 
studies have shown, that ATII constricts umbilical arteries and hence 
increases the total placental vascular resistance. This leads to reduced blood 
flow in the umbilical artery without significantly altering blood flow pulsatility 
or the velocity waveform recorded using continuous-wave Doppler ultrasound 
(Adamson, Morrow, Bull, & Langille, 1989; Adamson, Morrow, Langille, Bull, 
& Ritchie, 1990). Our results confirm these findings. It is important to keep in 
mind that in clinical practice, the umbilical artery velocimetry is used to 
evaluate placental vascular reserve, not the degree of hypoxaemia or metabolic 
acidaemia, and it does not directly reflect placental vascular resistance. 

There are several compensatory mechanisms in the foetal cardiac and 
haemodynamic system, which help the foetus adapt to the compromised 
situation, and cardiac function can improve. In the current study, the LV could 
respond to increased afterload by improving myocardial contraction detected 
on TDI-parameters, however the values decreased to baseline levels later 
during the experiment. When hypoxaemia and acidaemia progressed, diastolic 
dysfunction was seen earlier in the LV than the RV. Systolic function and 
contractility were maintained longer during hypoxaemia. It seems that the 
foetal LV diastolic function is more sensitive to hypoxaemia and acidosis than 
the RV. The foetal sympathetic innervation is not fully developed even in late 
gestation and the catecholamine concentrations are lower than after birth 
(Barrett, Heymann, & Rudolph, 1972; Lebowitz, Novick, & Rudolph, 1972). 
Also, the LV response to β-adrenergic stimulus during hypoxaemia is less than 
that of the RV (Kamitomo, Longo, & Gilbert, 1994). In addition, the fibre 
orientation is different between the chambers. These differences could explain 
why the LV exhibited systolic and diastolic dysfunction earlier than the RV. 

During worsening foetal hypoxaemia and acidaemia due to increased 
placental vascular resistance caused by ATII infusion, the ventricular outputs, 
central venous pressure, and peripheral arterial and venous blood velocity 
waveforms were unaffected. It appears that the foetal heart can maintain its 
cardiac output even in the presence of severe metabolic acidaemia. ATII has a 
positive inotropic effect on the myocardium, which could influence cardiac 
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function. However, in this study this effect was not significant; either the 
cardiac function parameters were unaffected or the inotropic effect was 
masking cardiac failure. 

6.1.2 Occlusion studies 
Acute complete ascending aorta occlusion caused a significant increase in LV 
afterload and the LVCO supplied only the coronary circulation. In near-term 
gestation sheep foetuses, the RV dominates the CCO over LV (about 60–65%) 
(Rudolph 1985). During AaO, the cardiac output dominance shifted further to 
the right side, although the RVCO could not fully compensate the drop in 
LVCO. RVCO increased about 30% while CCO decreased about 16%. Although 
CCO and placental volume blood flow decreased, it was adequate to preserve 
foetal oxygenation demonstrating the placental functional reserve. 

The AaO led to a sudden increase in RV preload that could help to maintain 
adequate CCO. The foetal RV could respond to increased volume load by 
improving its systolic function, as reflected in TDI parameters describing 
myocardial contractility. However, the increased volume load caused RV 
diastolic dysfunction, seen in the TDI parameters describing relaxation. Foetal 
RV diastolic function seems to be more sensitive to a sudden increase in 
volume load than systolic function. LV parameters that describe myocardial 
contractility and relaxation decreased as the LV afterload substantially 
increased during AaO. Furthermore, LV systolic and diastolic function did not 
recover after the AaO was released which may indicate myocardial injury. In a 
study by Acharya et al. (2008), progressively worsening foetal hypoxaemia and 
acidaemia led to disturbances in diastolic function before the changes in global 
cardiac systolic performance were seen (Acharya et al., 2008). 

The foetal systemic venous circulation was unaffected by AaO, which 
supports the concept that the RV could respond rapidly to increased preload. 
During AaO, RPA and pulmonary venous PI values increased most likely due 
to increased left atrial pressure following a rise in LV pressure and afterload. 

There was a remarkable drop in the carotid artery blood pressure during 
AaO in all foetuses. This was restored after the occlusion was released. In the 
descending aorta, the blood pressure was stable during AaO. The volume blood 
flow in DA increased as RVCO increased, which was detected as an increase in 
DA PI values (Tulzer et al., 1991). Possibly, according to Bernoulli’s principle, 
the entire systemic cardiac output from RV through DA travelled towards the 
descending aorta, increasing volume flow and kinetic energy at the level of DA; 
therefore, the pressure in the carotid artery decreased. Bernoulli’s principle 
states that the sum of kinetic energy and potential energy is a constant. When 
kinetic energy in DA increased, the potential energy decreased. The decrease 
in potential energy was detected as a decrease in carotid artery blood pressure. 
If the blood pressure in the carotid artery and the descending aorta were equal, 
there would have been sufficient flow in AoI. This demonstrates that the AoI, 
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a connector between right and left ventricular circulations, failed to redirect 
blood flow and pressure from the DA to the aortic arch and towards the brain. 

Main pulmonary artery occlusion shifted the ventricular balance to the left. 
Cardiac output was entirely dependent on left ventricular performance. 
During PaO, LVCO increased by about 20%, but CCO decreased about 50%. 
LVSV did not increase during PaO, which indicates that the increase in LVCO 
was attributable to increased heart rate. The increased heart rate during the 
occlusion was most probably associated with the Bainbridge reflex of the 
increased atrial stretch, or with the chronotropic effect of the circulating 
catecholamines released in excess in response to haemodynamic stress, or 
both. Tachycardia can also increase inotropy through the Bowditch effect. 
Tachycardia shortens LV filling time and decreases SV (Reller et al., 1987; 
Thornburg & Morton, 1983; Thornburg & Morton, 1986). Therefore, FO 
volume blood flow likely slightly increased because LVSV was maintained 
during PaO and tachycardia. The lack of an increase in LVSV during PaO was 
probably due to the inability of the LV to increase SV or the limited capacity of 
the FO to further increase its volume blood flow. In the acute DA occlusion 
experiment, no increase in FO volume blood flow was detected even when the 
LVSV and LVCO increased (Hashima et al., 2015). Along with the results of the 
current study with PaO, this indicates that the FO has a limited capacity to 
increase its volume blood flow at near term gestation. 

The PaO substantially increased right ventricular afterload, and left 
ventricular preload was entirely dependent on volume blood flow across the 
FO, as no retrograde blood flow was detected across DA. A sudden increase in 
RV afterload during PaO led immediately to severe RV systolic and diastolic 
dysfunction as demonstrated by TDI parameters. Foetal LV systolic 
dysfunction was seen while diastolic function was preserved. Possibly, the 
concomitant RV dysfunction and altered interventricular septal movement as 
seen by negative RV fractional shortening, lead to decreased LV contractility. 
The RV systolic and diastolic dysfunction, and LV systolic dysfunction, 
persisted after the PaO was released, reflecting possible myocardial injury. 

It has been shown, that under normal physiologic conditions, the kinetic 
energy of blood in the IVC is the main determinant of flow through FO 
(Anderson, Bissonnette, Faber, & Thornburg, 1981; Anderson et al., 1985). In 
this PaO study, severe RV dysfunction or the occlusion was reflected as 
increased pulsatility in systemic venous blood flow patterns, which most 
probably reflects elevated RV end-diastolic pressure (Hecher, Campbell, 
Doyle, Harrington, & Nicolaides, 1995). This further confirms that the FO 
could not substantially increase its volume blood flow. 

50% reduction in CCO during the PaO deteriorated placental circulation to 
some extent as respiratory acidaemia developed. This demonstrates that the 
foetus has compensatory mechanisms to direct blood flow and perfusion to 
vital organs. 
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6.1.3 Study of hypoxaemia without placental compromise 
During acute hypoxaemia without placental compromise, the foetal 
oxygenation is highly dependent on the maternal blood gas status as shown by 
the present study. During prolonged hypoxaemia, metabolic acidaemia 
developed but pCO2 values remained stable, indicating adequate placental 
blood flow and gas exchange. The preferential streaming of highly oxygenated 
blood from UV via DV and FO towards the brain was seen, as the carotid artery 
blood pH and BE were higher, and lactate values lower, compared to that in 
the descending aorta during foetal hypoxaemia. Also, the difference in the 
lactate levels between the measurement sites nicely demonstrates how the 
intact placenta effectively clears lactate during fetal distress (Mann, 1970). 

Foetal hypoxaemia without placental compromise activated the foetal 
peripheral chemoreflex as shown by an increase in descending aorta blood 
pressure, increase in pulmonary vascular resistance, and increase in the 
retrograde component during diastole in the AoI blood flow profile. Foetal 
carotid artery blood pressure decreased during hypoxaemia and the cardiac 
outputs remained unchanged. These responses were seen even during 
prolonged hypoxaemia and metabolic acidaemia. Increased sympathetic 
stimulation was seen as the heart rate increased during prolonged 
hypoxaemia. However, the current study did not explore the initial fast 
chemoreflex-mediated heart rate changes. It has been shown that activation of 
the peripheral chemoreflex decreases femoral blood flow during acute 
hypoxaemia (Giussani et al., 1993), which was supported by the current 
findings of increased descending aorta blood pressures. An increase in 
peripheral vascular resistance increases the retrograde component of AoI 
blood flow during diastole (Fouron et al., 1999). The AoI Net Flow-ratio and 
descending aorta blood pressures correlated positively with weight-indexed 
placental volume blood flow, even though the weight-indexed placental 
volume blood flow did not show a statistically significant change during 
hypoxaemia. Previously, it has been shown that perfusion pressure is 
important in maintaining placental volume blood flow, and the AoI 
haemodynamics are related to placental volume blood flow (Berman, Goodlin, 
Heymann, & Rudolph, 1976; Fouron et al., 1999). 

Cerebral blood flow likely increased as the LVCO remained unchanged and 
the AoI blood flow during diastole became more reversed. However, cerebral 
perfusion pressure decreased during hypoxaemia. There was no correlation 
between weight- indexed LVCO or AoI Net Flow-ratio, and foetal carotid artery 
blood pressure, which suggests that these parameters cannot be used as 
surrogates of perfusion pressure in the foetal brain during hypoxaemia. 
Pulmonary vasoconstriction during hypoxaemia was seen as RPA PI 
increased. Additionally, Pulmvein PIV increased, most likely reflecting 
reduced blood flow in the pulmonary circulation. The decrease in pulmonary 
blood flow led to a decrease in the AoI Net Flow-ratio and weight-indexed 
LVCO, highlighting the importance of the pulmonary circulation and its role 
in regulating LVCO and AoI haemodynamics. 
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DV PIV, DA, DAo and UA PIs did not change during hypoxaemia, 
indicating that these parameters cannot be used to evaluate foetal 
oxygenation. 

6.2 Interpretation of results 

Placental insufficiency is associated with increased placental vascular 
resistance, which can lead to foetal hypoxaemia and acidaemia and affect 
foetal cardiac function. In human studies of growth-restricted foetuses with 
placental dysfunction, the increased pulsatility of DV and atrial pulsatility in 
UV has been associated with foetal acidosis (Baschat et al., 2004). There is no 
precise method to detect foetuses with impeding risk of death or poor 
neurological outcome, and the optimal timing of delivery is yet to be 
determined. Increased pulsatility in the DV and IVC blood velocity waveforms 
is related to biochemical evidence of cardiac dysfunction and myocardial cell 
damage (Makikallio et al., 2002). In addition, the TRUFFLE Consortium 
demonstrated that DV Doppler is the best Doppler index along with abnormal 
cardiotocographic findings in determining the time of delivery in IUGR 
foetuses < 32 gestational weeks (Ganzevoort et al., 2017). There is no precise 
tool for low-risk pregnancies, appropriately grown foetuses or term foetuses 
that would predict adverse neonatal outcome. The role of cerebroplacental-
ratio has been studied in these cases, but the results are conflicting (Bligh, Al 
Solai, Greer, & Kumar, 2018; Sirico, Diemert, Glosemeyer, & Hecher, 2018; 
Vollgraff Heidweiller-Schreurs et al., 2018). In sheep studies with increased 
placental vascular resistance by placental embolisation, the worsening foetal 
acidaemia and impeding foetal death did not significantly increase the 
pulsatility of DV (Makikallio et al., 2010). It is important to keep in mind that 
the venous blood flow profile is affected by multiple factors including changes 
in placental blood flow, cardiac compliance, cardiac loading, contractility, and 
systemic venous pressure, and the pulse wave reflection is also functional in 
the venous circulation. Cardiac function may be better interpreted from the 
DV waveform by analysing specific segments, rather than using PI as Turan et 
al. (2014) have suggested. The current study of increasing placental vascular 
resistance with ATII infusion (I) showed no change in DV or IVC blood flow 
velocity waveforms even when foetal hypoxaemia and acidaemia worsened 
progressively. During acute and prolonged hypoxaemia without placental 
compromise (IV), the cardiac outputs and DV PIV remained unchanged. In 
both studies, CVP was unaffected. It seems that as long as the foetus maintains 
adequate cardiac output without a rise in the ventricular end-diastolic 
pressure, DV pulsatility is not affected by foetal hypoxaemia or acidaemia. 

Even though the cardiac outputs and DV PIV were unchanged during foetal 
hypoxaemia and acidaemia (study I), we were able to detect signs of cardiac 
dysfunction with TDI-derived parameters. In the beginning of ATII infusion, 
the RV could respond with improved contractility to increased afterload. 
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However, this was lost as the hypoxaemia and acidaemia progressed. The first 
signs of cardiac dysfunction were seen in the LV parameters reflecting diastolic 
dysfunction (decreased IVRV and IVRV deceleration) during ATII infusion 
and progressive foetal hypoxaemia and acidaemia. These parameters are not 
affected by changes in loading compared to myocardial ejection phase 
velocities, due to unchanged ventricular volume (Vogel et al., 2002; Vogel et 
al., 2003), so the increased RV afterload during ATII infusion does not solely 
explain the findings. The cardiac dysfunction developed earlier in the LV than 
in the RV. The results suggest that the foetal LV is more sensitive to 
progressively worsening hypoxaemia and acidaemia than the RV. The TDI 
seems to detect foetal cardiac dysfunction at earlier stages during hypoxaemia 
compared to conventional Doppler parameters. In adults, the TDI has been 
shown to detect systolic and diastolic dysfunction earlier compared to 
conventional Doppler, and LV diastolic dysfunction has been shown to 
precede systolic dysfunction (Oki et al., 1997). IUGR and SGA foetuses have 
been shown to have altered systolic and diastolic function when using TDI 
compared to conventional methods (Comas & Crispi, 2012). However, 
understanding the changes in cardiovascular physiology behind the growth 
restriction is essential when evaluating the TDI parameters, which may be 
affected by loading conditions. 

The acute occlusions of ascending aorta (II) or main pulmonary artery (III) 
at near term gestation are not physiologic events. However, human foetuses 
with right and left ventricular outflow tract obstruction have rearranged 
circulation, which may affect foetal growth patterns and have long-term effects 
on childhood and adulthood. Human foetuses with congenital heart defect 
(CHD) have been shown to have smaller brain volume, structural brain 
abnormalities and delays in neurodevelopment after birth (Limperopoulos et 
al., 1999; Sun et al., 2015). Up to 50% of children with CHD have deficits in at 
least one area of neurodevelopment, and in CHDs affecting brain circulation 
with reduced oxygen delivery, such as left ventricular outflow tract 
obstruction, the findings are even more pronounced (Massaro et al. 2011). In 
addition, it has been shown that in neonates with congenital cardiac 
abnormalities, cerebral blood flow is reduced with higher rates of 
periventricular leucomalasia (Sun et al., 2015). Placenta-related 
complications, such as pre-eclampsia and intrauterine growth restriction, may 
also be associated with foetal CHD, which may further deteriorate foetal 
maturation, growth, oxygenation and survival (Ruiz et al., 2016). 

Foetuses with LV obstructive lesions have been shown to have a reduced 
middle cerebral artery PI value, and this was a progressive phenomenon 
towards the last trimester of gestation (Szwast, Tian, McCann, Soffer, & 
Rychik, 2012). In foetuses with a univentricular heart anomaly, a similar 
pattern in cerebral blood flow was associated with higher neurodevelopmental 
scores (Williams et al., 2013). However, in contrast to growth-restricted 
foetuses, the decrease in cerebrovascular resistance was associated with poor 
neurological outcome (Bahado-Singh et al., 1999). We must keep in mind that 
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the Doppler-derived blood flow velocity waveform patterns are affected by 
multiple factors, including differences in the vascular resistance between 
vascular beds upstream and downstream of the artery under examination, 
arterial wall properties and the foetal heart rate and cardiac output (Adamson, 
1999). Therefore, the Doppler-derived pulsatility index values should be 
interpreted with the whole clinical picture in mind. It has been proposed that 
the AoI may play an important role in the regulation of the brain-sparing 
phenomenon (Yamamoto et al., 2013). The current findings support the 
aforementioned by showing that the flow in the AoI became more reversed 
during diastole as the peripheral chemoreflex activated during hypoxaemia. 
However, as shown by the AaO study, it seems that the AoI cannot provide 
unrestrictive communication between the ventricles. 

The pressure drop in the carotid artery in the current study (II, IV) seems 
to reflect the inability of the AoI to adequately guide blood flow and pressure 
towards cerebral circulation in late term gestation during foetal compromise. 
However, the physical basis for reduced cerebral perfusion pressure is 
different between the two studies. In AaO, the LVCO did not direct any blood 
flow to the cerebral circulation and the main portion of the DA blood flow was 
directed to the descending aorta, leading to the carotid artery pressure drop 
and presumably to diminished cerebral blood flow. When the peripheral 
chemoreflex activated in response to a decrease in pO2 (IV), the physiological 
responses to hypoxaemia led to decreased cerebral perfusion pressure 
suggesting cerebral vasodilation. The pressure drop in the carotid artery was 
not as profound, when the peripheral chemoreflex was activated and LVCO 
was functional compared to total LV outflow tract obstruction. Therefore, it 
can be assumed that the peripheral chemoreflex activation is important in 
supporting the AoI to guide blood flow and pressure towards the cerebral 
circulation (IV). The cerebral blood flow seemed to increase during 
hypoxaemia, but the perfusion pressure decreased. If the perfusion pressure 
drops below the autoregulation threshold, it is not sufficient to drive blood 
forward. 

Foetuses with right outflow tract obstruction are highly dependent on the 
alternative circulatory pathways to support the systemic circulation. These 
include flow through FO and retrograde blood flow through DA to the 
pulmonary circulation, further contributing to LVCO (Peyvandi et al., 2014). 
During the last trimester, the foetal pulmonary circulation becomes 
responsive to changes in foetal oxygenation, and during hypoxaemia the 
pulmonary blood flow is reduced (Rasanen et al., 1996; Rasanen et al., 1998). 
Foetuses with right outflow tract obstruction become more dependent on FO 
flow during a hypoxic event. Current findings show that the FO may limit these 
compensatory actions. The pulmonary blood flow has a great impact in 
regulating LVCO and, hence, cerebral blood flow, as it reacts to hypoxaemia 
by vasoconstriction and may limit enhanced LVCO. 

The current study shows that the FO and AoI are critical sections in late 
term gestation, which may limit adequate cerebral circulation and oxygenation 
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in foetal compromise. This puts the foetuses with CHD and growth restriction 
at higher risk in late term during a hypoxic event as these foetuses are crucially 
dependent on enhanced flow through vascular shunts to protect the brain 
blood flow. Also, the vasoconstriction of pulmonary circulation becomes 
highly reactive to changes in oxygenation in late term (Rasanen et al., 1998), 
which may further diminish the LV filling, LVCO and cerebral blood supply. 
The current findings highlight how vulnerable the cerebral circulation is in late 
term foetuses, even when the heart and placenta seem to still function 
normally. It has been proposed that the optimal time of delivery of foetuses 
with critical CHD is after 39 weeks of gestation since the brain maturation is 
delayed (Peyvandi et al., 2017). However, the associated risks of placental 
dysfunction and the limited capacity of the term foetus to enhance cerebral 
circulation which the current study proposes, are essential to consider when 
following such foetuses antenatally and monitoring the progression of labour. 
Fortunately, the peripheral chemoreflex has been shown to mature towards 
term (Fletcher, Gardner, Edwards, Fowden, & Giussani, 2006) and function 
repeatedly and without exhaustion in experimental settings mimicking labour 
contractions (Wassink et al., 2007). It is the major cardiovascular response 
that protects the foetuses from the brief hypoxic events and which is also 
shown to be functional even in prolonged hypoxaemia and metabolic 
acidaemia (IV). However, new parameters need to be investigated to allow for 
accurate non-invasive analysis of adequate cerebral blood flow in foetuses, as 
it seems that the currently available methods do not reliably detect changes in 
cerebral perfusion pressure during foetal compromise. 

6.3 Strengths and weaknesses 

6.3.1 Validity of sheep studies 
Sheep studies have been used since the 1950s to investigate the foetal heart 
and circulatory system, and they have created the basis for understanding the 
complexity of human foetal development and function of the cardiovascular 
system (Dawes, Mott, & Widdicombe, 1954; Peltonen & Hirvonen, 1965). 
Animal models are essential in understanding mechanisms in foetal 
physiology in normal and complicated pregnancies, but species differences 
must be acknowledged. Consideration of the strengths and weaknesses of an 
animal model of human disease is fundamental. The instrumented foetal 
sheep model allows for more standardised exposure to different stressors and 
enables the pathophysiological changes and responses to be followed in detail 
over time. 

The duration of pregnancy in sheep is 145 days, i.e., approximately half that 
of humans. Foetal sheep and humans are similar in weight and have similar 
blood pressures and oxygen tensions (Rudolph, Heymann, Teramo, Barrett, & 
Räihä, 1971). The growth rate and temperature are higher and haemoglobin 
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concentration lower in foetal lamb (Kiserud, 2005). The sheep placenta 
comprises of several small cotyledons. The single discoid human placenta is 
structurally divided into several cotyledons. The villous tree of the sheep 
cotyledon is similar to that of the human placenta and the foetal vessels within 
the villi are similar in both species (Leiser, Krebs, Ebert, & Dantzer, 1997). The 
foetal sheep circulation resembles that of a human, but the sheep has two 
umbilical veins and longer intrathoracic IVC (Kiserud, 2005), and the aortic 
arch only gives rise to one brachiocephalic artery. The AoI is otherwise similar 
to the human foetuses, but it is longer (Bonnin, Fouron, Teyssier, Sonesson, & 
Skoll, 1993). Foetal sheep brain weight per total body weight is less (about 2% 
of total body weight) compared to human foetuses (about 13% of total body 
weight) (Rudolph, 2018). The proportion of foetal cerebral blood flow of CCO 
increases slightly in sheep foetuses in the latter half of gestation (from 2% at 
0.5 gestation to 3% at term) (Rudolph, 2018). There is no invasively acquired 
exact data on cerebral blood flow in human foetuses, but the cerebral blood 
flow seems to increase substantially as the proportion of CCO to the brain 
increases markedly during advancing gestation (from 8% at 0.5 gestation to 
35% at term) (Rudolph, 2018). 

In addition to the similarities of the foetal lamb cardiovascular system to 
that of human foetuses, the sheep is a useful animal model as the sheep uterus 
allows for surgical manipulation without a risk for preterm delivery, and the 
physiological invasive foetal measurements can be performed days to weeks 
after surgery through exteriorized catheters (Meschia, Cotter, Breatnach & 
Barron, 1965). 

The surgery may constitute a significant stress to the foetus; however, the 
postoperative period after surgery allows the foetus to recover. Metabolic 
disturbances may last a few days after surgical manipulation of a foetal sheep 
(Clapp, Abrams, & Patel, 1977). The study of De Myulder et al. (De Muylder, 
Fouron, Bard, & Urfer, 1983) showed that three days are required for the 
recovery of foetal myocardial function after the surgical preparation before the 
pre-experimental conditions are reached. After a recovery of 4–5 days, foetal 
blood gas values as well as invasive and ultrasound-derived haemodynamic 
parameters measured at baseline for each study were comparable to the 
previous observations on chronically instrumented sheep foetuses at near-
term gestation, suggesting stable foetal sheep preparations and sufficient 
recovery. General anaesthesia lowers the blood pressure, but the circulatory 
state is assumed to be close to physiological range before and after induction 
of general anaesthesia (Acharya et al., 2004). Isoflurane can modify foetal 
cardiovascular regulation. Anaesthesia was required to perform reliable 
ultrasound examination. However, at reasonable anaesthetic depth, and in the 
absence of myocardial or peripheral cardiovascular disease, the newborn lamb 
can coordinate neural, endocrine and local tissue responses to increase 
cardiovascular performance in response to hypoxaemia (Brett, Teitel, 
Heymann, & Rudolph, 1989). 
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The number of experimental animals used in our studies was comparable 
to that of previously reported for similar experiments on large laboratory 
animals. However, p-values should be treated with caution given the large 
number of statistical tests performed. 

6.3.2 Validation of ultrasonographic measurements 
Doppler ultrasonographic measurements are commonly used in the 
assessment of human foetal well-being (Hecher et al. 1994, Mielke & Benda 
2000). The Doppler methodology is applied also for investigation of foetal 
sheep cardiovascular physiology (Kiserud, 2005). Validation studies in foetal 
sheep have shown that invasive and Doppler echocardiographic volume blood 
flow calculations are well correlated (Schmidt, Di Tommaso, Silverman, & 
Rudolph, 1991) and the phasic flow events associated with the cardiac cycle are 
comparable in human and sheep foetuses (Kiserud, Eik-Nes, Blaas, & Hellevik, 
1992; Schmidt, Silverman, & Rudolph, 1996). The intra-observer variabilities 
of Doppler ultrasonographic parameters of foetal sheep cardiovascular 
haemodynamics and tissue Doppler-derived indices are comparable to those 
found in human foetuses (Bernard et al., 2012; Rasanen et al., 1998). The 
interobserver errors have been shown to be greater than intraobserver errors 
(Simpson & Cook, 2002), however the intra- and interobserver variabilities 
have been shown to be minimal (Makikallio, Jouppila, & Rasanen, 2002; 
Meijboom et al., 1985). In the present study, a single investigator performed 
all ultrasonographic measurements, eliminating the interobserver variability. 
The insonation angle was kept less than 15 degrees to minimise 
methodological errors. To minimise errors in calculating absolute volume 
blood flows, three separate measurements were performed to assess mean 
valve diameter with the leading edge-to-leading edge-method, and the 
measurements were performed at an identical time of the cardiac cycle (Ranke 
et al., 1992). In the study of Rasanen et al. (1996), indirect estimation of QP 
was also found to correlate significantly with direct QP calculation. 
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7 Conclusions 

The foetal myocardium has a remarkable ability to respond to altered loading 
caused by mechanical obstruction of normal blood flow, and hypoxaemia-
induced or pharmacologically altered blood flow redistribution. Signs of 
cardiac dysfunction may be seen earlier on tissue Doppler parameters 
compared to conventional Doppler. Cardiac function and placental circulation 
are better preserved even in more severe foetal compromise, while the cerebral 
circulation seems to be more vulnerable, as the preferential stream of highly 
oxygenated blood through the foetal vascular shunts seems to be limited. 
Peripheral Doppler parameters are poor indicators of foetal hypoxaemia. It 
seems that the diminished pulmonary circulation detected as increased 
pulsatility in the pulmonary artery is a valuable indicator of foetal hypoxaemia. 
The foetal cerebral blood flow is mainly derived from the LV, and the increase 
in LV output seems to be more dependent on an increase in pulmonary venous 
return as the flow through FO is limited and AoI has limited capacity to 
support the cerebral circulation by retrograde blood flow. 

1) During progressively worsening foetal hypoxaemia and acidaemia due to 
increased placental vascular resistance with ATII infusion, the foetal heart 
could maintain its cardiac outputs. The RV and LV could maintain their 
systolic function and contractility longer than their diastolic function. 
Cardiac dysfunction developed earlier in the LV than in the RV, suggesting 
that the foetal LV is more sensitive to progressively worsening hypoxaemia 
and acidaemia than the RV. The earliest signs of cardiac dysfunction were 
seen with tissue Doppler imaging compared to conventional Doppler. 

2) During ascending aorta occlusion, the cardiac output shifted to RV, but the 
RVCO could not fully compensate for the drop in LVCO, and CCO 
decreased 16%. During main pulmonary artery occlusion, the systemic 
circulation is completely dependent on LVCO. LV was able to increase its 
output only by increasing heart rate not SV; however, CCO fell 50%. During 
ascending aorta occlusion, the AoI could not support the cerebral 
circulation, which was reflected in a decrease in the carotid artery blood 
pressure. During main pulmonary artery occlusion, the FO could not 
deliver unrestricted volume blood flow to the left side. The study shows that 
at late term gestation, the AoI and FO cannot provide adequate 
communication between the left and right circulations during foetal 
compromise. 

3) During foetal hypoxaemia without placental compromise, the chemoreflex 
activation led to an increase in descending aorta blood pressure and a 
decrease in carotid artery blood pressure. The chemoreflex activation was 
functional even during prolonged hypoxaemia and metabolic acidaemia. 



 

102 

Cardiac outputs remained unchanged, while AoI diastolic blood flow 
became more retrograde. Pulmonary vasoconstriction was detected during 
hypoxaemia. LVCO and AoI Net Flow-ratio did not correlate with the 
carotid artery blood pressure drop, indicating that these parameters do not 
detect changes in cerebral perfusion pressure. 

The cerebral circulation seems to be most dependent on unrestricted blood 
flow through FO and AoI, which seem to be limited in late term gestation sheep 
foetuses. The myocardial function and placental circulation seem to be more 
tolerant to hypoxaemia and acidaemia. Foetal chemoreflex activation is 
essential in assisting adequate cerebral blood flow and it is functional even 
during prolonged hypoxaemia and metabolic acidaemia. These changes are 
essential to foetal survival in compromise. 
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