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Introduction alld definition of objectives 

1.1 Introductory remarks 

The introduction of transvaginal Doppler ultrasonography and colour coded Doppler 

techniques has opened the possibility of studying the embryonic and early fetal circulation as early 

as 5-6 weeks of gestation. Sonographic detection of the gestational sac at approximately 4.5 weeks 

of gestation is associated with characteristic changes in Doppler fIndings of the implantation 

vascular network (Jaffe and Warsof, 1991; Iauniaux et ai., 1991; Merce et ai., 1995). The fIrst 

colour and pulsed Doppler signals from the yolk sac were obtained as from 5-6 weeks of gestation 

with a gradual decline as from 9 weeks of gestation due to a reduction in functional activity of the 

yolk sac (Kurjak et ai., 1994). Spiral and arterial blood flow increase dramatically during the first 

trimester of pregnancy. An exponential and signifIcant increase in peak systolic velocity in the 

uterine artery has been demonstrated between 13 and 14 weeks of gestation (Jauniaux et ai., 1991 

and 1992; Iurkovic et ai., 1991). At the same time continuous intervillous blood flow has been 

identified as from 12 weeks onward (Iaffe and Warsof, 1991; Iauniaux et ai., 1991 and 1992). The 

latter seems to be related with the loosening and dislocation of trophoblast plugs, which block free 

circulation of maternal blood into the intervillous space by occluding the spiral arteries (Rustin et 

ai., 1987 and 1988). 

Flow velocity waveforms recordings, particulary in the fetal descending aorta and umbilical 

artery at 10-14 weeks of gestation, have demonstrated a marked drop in arterial downstream 

impedance, suggesting increased uteroplacental perfusion to meet oxygen and nutrient demands in 
the developing fetus (Wladimiroff et ai., 1992). Extensive microangiogenesis at placental level is 

considered to be directly responsible for the observed reduction in pulsatile index values in the 

umbilical artery and fetal descending aorta (Brosens et ai., 1967; de Wolf et ai., 1973; Iauniaux 

et ai., 1992). Later in pregnancy, i.e. during the late second and third trimester, impaired placental 

perfusion may be associated with a marked increase in arterial downstream impedance as expressed 

by elevated pulsatility index in the above arteries (Trudinger et ai., 1985; Groenenberg et ai., 

1989). 

From data in early nonnal pregnancies and late pregnancies associated with intrauterine 
growth-retardation, two models of changing arterial downstream impedance emerge: (i) a drop in 

arterial down stream impedance in normal early pregnancy and (ii) a rise in arterial downstream 

impedance as a result of impaired uteroplacental perfusion in late pregnancy. Based on these two 

human fetal models, the question arises as to the possible effects of these arterial downstream 

impedance changes on venous inflow (umbilical vein, ductus venosus, inferior vena cava) and at 

cardiac level on atrioventricular blood flow. At this stage, it should be stressed that fetal 

hemodynamic data both in early and late pregnancy are based solely on flow velocity waveform 
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recordings. No data are available on volume flow or pressure. This limits interpretation of 

hemodynamic changes as obtained from flow velocity waveform recordings at cardiac and venous 

inflow level associated with arterial down stream impedance changes. 

Umbilical venous pulsations have been associated with severe intra-uterine growth 

retardation (Indik et aI., 1991; Arduini et aI., 1993; HecheI' et aI., 1995). However, these 

pulsations occasionally occur in otherwise oonnal circumstances. There is, therefore, a need to 

establish the reproducibility of the pulsatile waveform and to further elucidate their significance 

under both physiological and pathophysiological circumstances. 

1.2 Definition of objectives 

Following a literature review on the early and late fetal circulation in Chapter 2 the 

following objectives were addressed according to the two models described earlier: 

Nonnal early pregnancy (8-20 wks): 

1. What is the nature of venous flow velocity waveforms (umbilical vein, ductus venosus and 

inferior vena cava) and how are these venous flow velocity waveforms related to (i) 

gestational age and (ii) arterial wavefOlms? Data are presented in Chapter 3. 

2. Is it possible to estimate pressure gradients across the fetal ductus venosus? If so, how do 

these pressure gradient estimations relate to gestational age. Non-invasive ultrasound 

techniques do not allow direct information on pressure changes. Instead, it is possible to 

obtain crude estimates of pressure gradients at venous flow level applying a simplified 

Bernoulli equation (Kiserud et a!., 1994). Results of this part of the study are also presented 

in Chapter 3. 

3. What is the nature of fetal atrioventricular waveforms and how do these flow velocity 

waveforms parameters relate to (i) arterial impedance indices (descending aorta and 

umbilical artery Pulsatility Index) and (ii) venous flow velocities and impedance indices 

(umbilical vein, ductus venosus, inferior vena cava)? 

4. How do systolic (isovolumic contraction time, ejection time) and diastolic (filling time, 

isovolumic relaxation time) components of the cardiac cycle relate to gestational age? 

12 



Illfroduct;oll and definition of objectives 

Results from studies dealing with objectives 3 and 4 are discussed in Chapter 4. 

Complicated late pregllallcy: 

I. What is the reproducibility and inter-observer variability of intra- and extra-abdominal um

bilical venous flow velocity waveforms and left portal venous flow velocity waveforms? Do 

pulsations occur relative to these recording levels in normal late pregnancies? 

2. Do flow velocity waveforms at arterial, atrioventricular and venous level depict changes in 

the small-for-gestational age fetus? If so, what is the nature of these changes. Do these flow 

velocity waveform parameters predict fetal distress and neonatal outcome. 

Results from this part of the study are presented in Chapter 5. Finally, Chapter 6 provides 

conclusive statements derived from the early and late pregnancy Doppler studies presented in this 

thesis. 
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17le normal early alld abnormal late fetal circulation 

2.1 Normal early pregnancy 

Since the introduction of Doppler ultrasonography in obstetrics, the fetal circulation has been 

studied in both normal and abnormal pregnancies. Particulary with the advent of transvaginal 

Doppler ultrasonography, it became feasible to examine the maternal and fetal circulation as early 

as the first trimester of pregnancy. During the late and early second trimester, marked develop

mental changes occur both at fetal and placental level which should have an impact on fetal 

cardiovascular perfOlmance. Fetal heart rate changes from 170-180 bpm to 140-150 bpm with 

appearance of beat-to-beat variation most likely resulting from parasympathetic nerve development 

(Wladimiroff and Seelen, 1972). At the same time there is a remarkable differentiation in fetal 

movement patterns (de Vries et aI., 1982). Furthermore, around 14 weeks a continuous intervillous 

flow pattern has been observed (Jaffe and Warsof, 1991; Jauniaux et aI., 1991; Jauniaux et aI., 

1992). This is associated with an abrupt increase of the mean uterine blood flow velocity, which 

possibly corresponds to the complete dislocation of the trophoblast plugs, allowing uninhibited 

blood supply to the intervillous space. 

Colour coded Doppler will be helpful in locating blood flow in early pregnancy. Whereas 

under 13 weeks of gestation the superiority of the transvaginal approach is unchallenged, beyond 

14 weeks fetal flow velocity wavefOlms will nearly always be obtained by means of transabdominal 

Doppler ultrasound. 

Since the widespread application of ultrasonography in medicine, there is no verified 

documented epidemiologic evidence of adverse effects in patients caused by exposure to ultrasound 

(Ziskin and Petitti, 1988). However, if the intensity is sufficiently high, laboratory studies have 

shown that ultrasound is definitely capable of producing serious biological damage, resulting from 

thermal and nonthermal mechanisms (Barnett et aI., 1994). No adverse effects due to hyperthennia 

have been reported from temperature elevations less than 1.5° C above normal body temperature, 

even for prolonged exposures. Serious embryonic and fetal damage can result from temperatures 

above 41°C when maintained for more than 15 minutes. The initiation of an adverse effect is 

directly proportional to the magnitude of the temperature elevation and to the logarithm of the 

exposure duration. The WFUMB (1992) has adopted a statement, reflecting international consensus 

on thermal effects in pulsed Doppler clinical applications, which is as follows: 

~It has been demonstrated in experiments with unperfused tissue that some Doppler diagnostic equipment has the 

potential to produce biological significant temperature rises, specifically at bone/soft tissue interfaces. The effects of 

elevated temperatures may be minimized by keeping the time for which the beam passes through any point in tissue 

as short as possible. Where output power can be controlled, the lowest available power level consistent with obtaining 

the desired diagnostic infonnation should be used. Although the data on humans are sparse, it is clear from animal 
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studies tbat exposures resulting in temperatures less than 38.5°C can be used without reservation on themlal grounds. 

This includes obstetric applications. ~ 

Moreover, it has been demonstrated that physical and psychomotor development of children 

exposed to transvaginal ultrasonography did not differ from that of non-exposed infants (Gershoni

Baruch et aI., 1991). Cavitation-related events are believed to be responsible for most biological 

effects on ill vitro cell suspensions. However, there is no evidence of any effect on tissues ill vivo 

(Barnett et aI., 1994). 

Whereas with the transvaginal approach the fetus is closer to the transducer when compared 

to the transabdominal approach, less energy is needed to visualize the growing fetus. The Spatial 

Peak Temporal Average Intensity (SPTA) is most often used to describe the intensity from 

ultrasound equipment. In early pregnancy Doppler studies, spatial peak temporal average (SPTA) 

levels below 100 mW/cm' should be aimed for and are clearly situated in the lower regions for 

acoustic output of Japanese and American diagnostic ultrasound equipment (Ide 1989). Moreover, 

it has been demonstrated by Hussain et al. (1992) that the energy exposure on the surface of the 

fetus (1.2-1.9 mW/cm') is far below the Food and Drug Administration (FDA) guidelines of 94 

mW/cm'. 

Late first and early second trimester pregnancies are characterized by marked changes at 

placental, fetal cardiac and extra-cardiac level. An overview on the early human fetal circulation 

is presented. 

2.1.1 Utero-placelltal flow velocity wave/onlls 

Early pregnancy is characterized by marked changes at placental level. Transvaginal colour 

coded Doppler has enabled detection of blood flow in the spiral and radial arteries along with 

gestational sac visualisation as early as 4.5 weeks of gestation (Merce et aI., 1996). In the latter 

study, clear signals were obtained from vessels running from the periphery of the gestational sac 

to the adjacent myometrium. Whereas recording of colour signals was always accompanied by the 

detection of a gestational sac, it has been suggested that pulsed and colour coded Doppler 

ultrasonography may serve as a tool to recognize the site of placental implantation before the 

chorion 'can be visualised in real-time. 

The yolk sac is a highly important organ in early pregnancy. It plays not only a critical role 

in early haemopoiesis, but it is also the site where primordial germ cells first appear in the 

developing embryo. Between 5 and 6 weeks of gestation, the first colour coded and pulsed Doppler 

signals have been demonstrated in the yolk sac, whereas the vitelline duct was only visible as from 

7 weeks of gestation (Kurjak et aI., 1994a). A low velocity profile with absent end-diastolic 
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velocities was found. With advancing gestational age, the success rate in visualising both structures 
with colour coded and pulsed Doppler increased significantly with highest visualisation rates at 7-8 

weeks of gestation. The decline in success rate as from 8 weeks of gestation may be explained by 

the fact that at the same time the process of elongation of the vitelline duct is taking place together 

with removal of the yolk sac from the body wall. 

As pregnancy progresses, spiral and radial blood flow undergo a marked increase. Under 

the influence of trophoblast invasion (Pijnenborg et aI., 1980 and 1981), spiral arteries are being 

transformed into low-resistance uteroplacental vessels, which are capable of accollllllodating the 

increased blood flow to the developing fetus. Besides the gestational age dependent decrease in 

downstream impedance, the impedance to blood flow also decreases from the main uterine to the 

spiral arteries (Deutinger et aI., 1988; Jurkovic et aI., 1990; Merce et aI., 1991; Kurjak et aI., 

1992, 1993 and 1994b). The reduction in vascular impedance is most likely the result of dilation 

of the spiral arteries. The latter may be induced by trophoblast invasion, hormones and a decrease 

in maternal blood flow viscosity (Kurjak et aI., 1994c). 

Several studies have reported on intervillous venous blood flow as from 12 weeks of 

gestation (Jaffe and Warsof, 1991; Jauniaux et aI., 1991 and 1992). Intervillous flow has been 

accounted for to result from loosening and dislocation of trophoblast plugs. Rustin and co-authors 

(Rustin and Schaaps, 1987; Rustin et aI., 1988) demonstrated that these plugs block the free 

circulation of blood flow into the intervillous space by occluding the spiral arteries. Recently, a 

study of Merce and co-authors (1996) has demonstrated intervillous flow as from 6 weeks onwards, 

which would be in agreement with embryologic studies. In the latter studies, intervillous flow was 

established between 14 to 40 days of embryonic life (Wilkin, 1958; Kaufmann, 1981). Moreover, 

Moll (1995) noted that the absence of colour signals in studies in which intervillous flow was 

established as from 12 weeks of gestation, can not be attributed to absence of intervillous flow. In 

a commentary, the author pointed out that there are five reasons that suggest lack of evidence for 

the absence of intervillous flow. Firstly, plugging of the artery tips may be due to an artefact as 

the result of histologic preparation. Arteries, which are prepared by quick-freezing to preserve 

normal architecture, are much more distended than would appear in routinely prepared sections 

(Van Citters et aI., 1962). Secondly, whereas absence of red cells in the intervillous space is 

normal throughout pregnancy, the absence of red cells in histologic specimens does not prove 

absence of blood flow in early pregnancy. Thirdly, the perfusion of the uterus with a barium 

sulphate suspension, did not reveal appearance of contrast medium in the intervillous space, 

whereas decidual vessels were filled with the contrast medium (Rustin and Schaaps; 1987). Also 

here, there should be caution to draw a parallel between histologic specimen and normal conditions. 

In the fourth place, using a hysteroscope no discolouring has been observed in the intervillous space 
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(Hustin and Schaaps, 1987). However, the intervillous clefts are so small, that red cells pass in a 

single file. Therefore, it is impossible to recognize red cells by their colour. Finally, low flow 

velocities of approximately I mmls have been recorded in the intervillous space (Freese et aI., 

1966), which are excluded by the commonly used noise filter of 100 Hz. 

Oxygen measurements in endometrial and trophoblastic tissues have revealed a significant 

rise in p02 in early pregnancy, which would probably result from a marked increase in maternal 

blood flow in the intelvillous space (Rodesch et aI., 1992). These findings suggest embryonic 

development in a rather oxygen-poor enviromnent when compared with later stages of fetal life. 

2.1.2 Exira-cardiac arterial flow velocity waveJomls 
During the last decade, increasing attention has been paid to waveforms in the umbilical 

artery (Den Ouden et aI., 1990; Guzman et aI., 1990; Kurjak et aI., 1990; Arduini and Rizzo, 

1991; Wladimiroff et aI., 1991a and 1992a), descending aorta (Kurjak et ai, 1990; Wladimiroff et 

ai, 1991a and 1992a) and intracerebral arteries (Wladimiroff et aI., 1992a). Before JO weeks of 

gestation, fetal flow velocity waveforms at extra-cardiac level are characterized by absent end-dia
stolic flow velocities, suggesting a high vascular resistance at fetal and umbilical placental level 

compared with late pregnancy. Whereas at fetal placental and fetal trunk level end-diastolic 

velocities are still absent between JO and 12 weeks of gestation, gradual appearance of end-diastolic 

velocity has been observed in over 50 % of middle cerebral artery flow velocity waveforms, 

suggesting a relatively low cerebral vascular resistance and as a result preferential blood flow to 

the brain under otherwise physiological circumstances (Wladimiroff et aI., 1992a). As from 12 

weeks of gestation end-diastolic velocities also gradually appear in the umbilical artery and 

descending aorta indicating a reduction in fetal placental vascular resistance. This may be 

detelmined by trophoblast invasion into the spiral arteries (Pijnenburg et aI., 1980), but particulary 

by microangiogenesis at placental level (launiaux et aI., 1991). 

2.1.3 [Illracardiac flow velocity waveJomls 
Atrioventricular waveforms can be obtained from the four-chamber view characterized by 

an early diastolic (E-wave) component, coinciding with passive atrial filling, and a late diastolic 

(A-wave) component, which represents atrial contraction. 
In the late first and early second trimester of pregnancy, E-wave velocities are rather low 

as compared to velocities later in pregnancy, resulting in an EIA ratio of approximately 0.5 as 

opposed to EIA ratio's ranging between 0.8 and 0.9 later in pregnancy (Wladimiroff et aI., 1991b; 
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Van der Mooren et aI., 1991). This gestational age-dependent rise in EIA ratio suggests a shift of 

blood flow from late diastole towards early diastole, which may be due to increased ventricular 

compliance andlor raised ventricular relaxation rate (Wladimiroff et aI., 199Ib). 

Transtricuspid flow velocities are significantly higher than flow velocities at transmitrallevel 

(Wladimiroff et aI., 1992b). Since volume flow is equal to time-averaged velocity multiplied by 

vessel area the higher transtricuspid velocities may reflect increased right ventricular stroke volume 

and output. This is in agreement with observations of right ventricular predominance in normal late 

pregnancy (Reed et aI., 1990). 

At outflow tract level, aortic and pulmonary artery flow velocities show a gestational age 

related rise ill peak velocities during early gestation with highest velocities in the ascending aorta. 

At 11-12 weeks of gestation, peak velocities are reported with mean values of 32.1 ± 5.4 (lSD) 

cmls in the ascending aorta and 29.6 ± 5.1 cmls (lSD) in the pulmonary artery (Wladimiroff et 

aI., 199Ib). On the basis of similar findings in late pregnancy, it has been suggested that the higher 

P~.i!~ ... ~ys~Q.li~. v_~lo~itJ~.~Jn the: ascending aorta may be the result of a differellce in .semilumlr v~lve 

area between ascending aorta and pulmonary artery (Allan et aI., 1987). 

2.1.4 Extra-cardiac ve/lOIlS flow velocity waveJonns 
Pulsatile umbilical venous flow has been reported as early as 8 weeks of gestation (Rizzo 

et al. 1992a). Flat venous blood flow patterns are observed in the 2nd and 3rd trimester of 

pregnancy. 

The ductus venosus functions exclusively in the fetal circulation as a shunt between the 

umbilical vein and inferior vena cava, allowing direct flow of well-oxygenated blood through the 

ductus venosus towards the foramen ovale and left heart to acconunodate the needs of the 

developing fetal brain and trunk. The ductus venosus can often not be visualised in early gestation 

(Huisman et aI., 1993). However, by placing the sample volume immediately distal to the umbilical 

sinus, waveforms can be accepted as originating from the ductus venosus on the basis of their 

similarity to ductus venosus flow velocity wavefonns observed in late pregnancy (Kiserud et ai., 

1991; Huisman et aI., 1992). Similar to the inferior vena cava, ductus venosus flow velocity 

waveforms are characterized by a systolic and early diastolic fonvard component without a late 

diastolic reverse flow component. Before 11-12 weeks of gestation differentiation between a clear 

systolic and early diastolic component is not always feasible. Ductus venosus time-averaged velocity 

is approximately three times the velocity in the umbilical vein and inferior vena cava, which may 

result in a tendency not to mix, and, thus, may support the idea of preferential streaming of oxygen 

rich blood through the ductus venosus towards the foramen ovale (Huisman et aI., 1993). 
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The wavefonn profile of the inferior vena cava resembles the profile as can be seen in late 

gestation with a systolic and early diastolic forward component and a late diastolic retrograde 

component (Reed et aI., 1990; Huisman et aI., 1991). The percentage reverse flow at 11-12 weeks 

is as high as 25-30%, which is approximately six-fold of that observed in late third trimester 

pregnancies (Reed et aI., 1990; Huisman et aI., 1991). This may be due to a low cardiac 

compliance or decreased ventricular relaxation rate. Rizzo et al. (1992a) reported an association 

of increased reverse flow with umbilical venous pulsations, suggesting a relationship between these 

wavefonn characteristics and cardiac filling patterns. 

2.1.5. COIICll/siollS 
Combined transvaginal and transabdominal ultrasound allows detailed study of fetal 

placental. cardiac and extra-cardiac arterial and venous flow velocity waveforms. Late first and 

early second trimester pregnancies are characterized by marked changes at all those levels, with 

emphasis on a change from a high placental vascular resistance in the late first trimester to a low 

fetal placental vascular resistance in the early second trimester of pregnancy. Microangiogenesis 
at placental level and trophoblast invasion into the spiral arteries, followed by a complete 

dislocation of the trophoblast plugs, may be responsible for these hemodynamic changes. 

It should be kept in mind that as long as no volume flow and pressure measurements are 

available, we can only speculate on the observed changes in flow velocities. More studies will be 

needed to understand the exact underlying mechanisms. Moreover, the clinical relevance of Doppler 

ultrasonography at this early stage of gestation still needs to be determined. 

2.2 Abnormal late pregnancy 

An important aspect of prenatal care in late pregnancy is the timely detection of the small

for-gestational age fetus. Serial fetal biometry, in particular measurements of the upper abdominal 

circumference will be helpful in establishing fetal growth. A nonnal utero-placental circulation is 

necessary to ensure optimal oxygen supply and nutrients to the developing fetus. 

2.2.1 Exira-cardiac arterial flow velocity wavefonllS 
In small-for-gestational age fetuses as a result of uteroplacental insufficiency, end-diastolic 

velocities in the descending aorta, renal arteries and umbilical artery may be reduced or even 
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absent, reflecting a change from a low arterial downstream impedance to a high arterial downstream 

impedance at fetal trunk and placental level. Pulsatility index values in these vessels will be raised 

as a result of this (Trudinger et aI., 1985; Tonge et al. 1986). 

When pO, falls below and pCO, rises above a certain threshold, aortic and carotid 

chemoreceptors could be switched on, regulating a vasodilatory response at cerebral arterial level 

in order to ensure adequate oxygenation to the brain. Thus, in small-far-gestational age fetuses a 

hemodynamic compensatory mechanism will lead to an increase in blood supply to the brain and 

a reduction in the perfusion of the gastrointestinal tract, kidneys and lower extremities. Indeed, 

raised end-diastolic flow velocities have been established in intracerebral arteries of small-for

gestational age fetuses (Wladimiroff et aI., 1987; Van den Wijngaard et aI., 1989; Noordam et aI., 

1994). However, an increase in pulsatility index in the cerebral arteries has been described a few 

hours before fetal death (Mari and Wasserstrum, 1991; Chandran et aI., 1991; Rizzo et aI., 1994a; 

Chitrit et aI., 1995). At this stage, a further deterioration in Doppler indices at arterial, cardiac and 

venous level was established, with even !ricu~pid insufficien~y._ 
Time-averaged velocities in the descending aorta plateau at approximately 32 weeks and fall 

slightly after 40 weeks of gestation unlike time-averaged velocities in the common carotid artery 

which show an increase, suggesting a progressively increasing fraction of the cardiac output to be 

directed to the fetal brain (Bilardo et aI., 1988). 

2.2.2 II/tracardiac flow velocity wave/omls 

Right ventricular predominance has been established in normally developing fetuses (Reed 

et aI., 1986; Rizzo et aI., 1988; Hecher et aI., 1994). Also, a progressive rise in EtA ratio has 

been reported. In the SGA fetus, however, the transmitral flow velocities may exceed the 

transtricuspid flow velocities (Reed et aI., 1987; Rizzo et aI., 1988; Rizzo and Arduini, 1991). This 

may result from the fact that the left heart is exposed to reduced resistance of the coronary arteries 

and of neck and head arteries (Wladimiroff et aI., 1986; Arduini et aI., 1987; Gembruch and 

Baschat, 1996), whereas the right heart, ejecting through the ductus arteriosus into the descending 

aorta, is presented with an increased vascular resistance (Jouppila and Kirkinen, 1984a; Rizzo et 

aI., 1987). 

Hemodynamic adjustment in the small-for-gestational age fetus is associated with reduced 

peak systolic flow velocities in all three cardiac outflow tract vessels (Rizzo et aI., 1988 and 1990; 

Groenenberg et aI., 1989; AI-Ghazali et aI., 1988 and 1989; Rizzo and Arduini, 1991). This 

reduction may be determined by reduced volume flow, increased valve size, reduced cardiac 

contraction force or increased arterial downstream impedance (Groenenberg et aI., 1993). It has 
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been demonstrated that in the early stages of decline in growth, cardiac output is similar to that in 

nonnal fetuses, suggesting a relatively higher output with respect to fetal weight (Reed et a!. 1987; 

Rizzo and Arduini, 1991). As pregnancy progresses, however, the cardiac output eventually 

declines in the small-for-gestational age fetus, whereas in normal fetuses the cardiac output 

increases (Reed et a!., 1987; Rizzo and Arduini, 1991). It has been suggested that the fall in 

cardiac output and in peak velocities in the cardiac outflow tract vessels, may result from 

progressive fetal compromise with subsequent changes in fetal oxygenation and acid-base status 

(Rizzo and Arduini, 1991) . 

It has been demonstrated that right ventricular dysfunction may be present in severe intra

uterine distress, without evident disturbances of left ventricular function (Riisiinen et a!., 1989). 

Right ventricular dysfunction, however, has little clinical implications, suggesting that the human 

fetal heart may have a considerable functional reserve in the presence of chronic intra-uterine 
distress (Riisanen et a!., 1989). Increased isovolumic relaxation time may playa role in cardiac 

diastolic dysfunction, and may reflect a possible rise in transmitral pressure gradient as a result of 

enhanced left ventricular venous return (Tsyvian et a!., 1995). 

Recently, fetal coronary blood flow has been established in severe uteroplacental insuffi

ciency (Gembruch and Baschat, 1996). Coronary blood flow was observed after nonnalization of 

cerebral flow and characteristic flow changes at venous level, thus indicating failure of 

compensatory mechanisms and a progressive decline in cardiac function. This may suggest maximal 

coronary dilatation in response to myocardial hypoxia and could be termed a 'heart-sparing effect'. 

The 'heart-sparing' effect is considered to be pretenninal. 

The compensatory mechanism(s) of cerebral arterial vasodilation may be lost when there is 

severe hypoxemia, metabolic disturbances or development of brain oedema, resulting in a rise in 

middle cerebral pulsatility index (Bilardo, 1994). An increase in middle cerebral artery pulsatility 

index in severe hypoxemia may also be the consequence of alterations in flow due to reduced 

cardiac contractility and to a fall in absolute cardiac output (DeVore, 1988). 

2.2.3 Extra-cardiac vellous flow velocity wavefomts 
During the process of hemodynamic adaptation as seen in small-for-gestational age fetuses, 

changes may also be observed in venous return to the heart. A further rise in arterial downstream 

impedance and ultimately cardiac compromise have been indicted as underlying causes of abnonnal 

venous flow velocity wavefonn pattern. 

Umbilical venous pulsations have been observed in the small-for-gestational age fetus (Indik 

et a!., 1991; Arduini et a!., 1993). In small-for-gestational age fetuses the presence of umbilical 
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venous pulsations have been associated with a neonatal mortality of 63%, compared to only 19 % 

in fetuses without umbilical venous pulsations (Arduini et aI., 1993). Moreover, umbilical venous 

pulsations were associated with a shorter time-interval between the first occurrence of absent 

end-diastolic velocity in the umbilical artery and the development of abnonnal fetal heart rate 

tracings and subsequent delivery (Arduini et aI., 1993). 

Whereas fetal hypoxia is associated with reduced umbilical venous flood flow (Jouppila and 

Kirkinen, 1984b), normal ductus venosus peak systolic flow velocities have been described (Kiserud 

et aI., 1994). This may suggest redistribution of blood flow to maintain optimal oxygen supply to 

the developing fetus. On the other hand, end-diastolic velocities may be reduced or even reversed. 

This is most likely explained by the increase in downstream impedance at fetal trunk and placental 

level resulting in an increased ventricular afterload and subsequent ventricular end-diastolic 

pressure. In a study by Hecher et al. (1995), it has been demonstrated that pulsatility index values 

in both the arterial system and the ductus venosus may serve as a tool to estimate fetal hypoxia. 

With increasiIl!>se"erityoffetal.hypoxellliaandacidelllia,the .. pulsatilityindexforveins in .. the 

ductus venosus increases as the result of diminished or even reversed velocities during atrial 

contraction. 

The percentage reverse flow and the ratio between peak systolic and peak diastolic velocity 

in the inferior vena cava show an increase in the small-for-gestational age fetus (Reed et aI., 1990; 

Rizzo et aI., 1992b). Along with the umbilical venous pulsations and reduced end-diastolic 

velocities in the ductus venosus, the observed changes in the inferior vena cava may also be 

explained by a reduced venous return resulting from a raised afterload. Progressive changes at 

inferior vena cava and ductus venosus level appear to be related to the onset of late heart rate 

decelerations (Rizzo et aI., 1992b; 1994b). Moreover, after an initial period of brain-sparing 

followed by a nonnalization of cerebral flow, a progressive worsening of venous flow patterns has 

been observed (Gembruch and Baschat, 1996). Venous flow velocity waveform recording may 

therefore be useful in the monitoring of the small-for-gestational age fetus in the presence of nonnal 

cerebral flow. 

2.2.4 COllell/siolls 

In small-for-gestational age fetuses as a result of uteroplacental insufficiency hemodynamic 

adjustment takes place, which is triggered by carot'd and aortic chemoreceptors depending on the 

degree of fetal hypoxemia. Centralization of the fetal circulation with subsequent brainsparing seem 

to represent the most essential development in this hemodynamic adjustment. 

27 



Chapter 2 

2.3 References 

AI-Ghazali W, Chapman MG, Allan LD. Doppler assessment of the cardiac and uteroplacental circulation in nomla1 

and complicated pregnancies. Br J Obslet GYllaeco/ 1988;96:575-580 

AI-GhazaU W, Chila SK, Chapman MG, Allan LD. Evidenceofredislribulionofcardiac output in asymmetrical growth 

retardation. Br J Obstet GYllaecoI1989;96:697-704 

Allan LD, Chita SK, AI-Ghazali W, Crawford DC, Tynan M. Doppler echocardiographic evaluation of the nonnal 

human fetal heart. Br Heart J 1987;57:528-533 

Arduini D, Rizzo G, Romanini C, Mancuso S. Fetal blood flow velocity waveforms as predictors of growth retardation. 

Dbstet GYl/ecoI1987;70:7-1O 

Arduini D, Rizzo G. Umbilical artery velocity waveforms in early pregnancy; a transvaginal color Doppler study. J 

Clill Ultrasoulld 1991,'19:335-339 

Arduini D, Rizzo G, Romanini C. The development of abnomlal heart rate patterns after absent enddiastolic velocity 

in umbilical artery: analysis of risk factors. Am J Obstet G)'lIecoIJ993;J68:43-50 

Barnett SB, ter Haar GR, Ziskin MC, Nyborg WL, Meada K, Bang J. Current status of research on biophysical effects 

of ultrasound. Ultrasound Med Bioi 1994;20:205-218 

Bilardo CM, Campbell S, Nicolaides KH. Mean blood velocities and flow impedance in the fetal descending thoracic 

aorta and common carotid artery in nonnal pregnancy. Earl)' Hum Dev 1988;18:213-221 

Bilardo CM. Doppler studies of the fetal circulation in hypoxaemic hypoxia and in anaemic hypoxia. Thesis, University 

of Groningen, 1994 

van Citters RL, Wagner BM, Rushmer RF. Architecture of small arteries during vasoconstriction. Cire Res 

1962; 10:668-675 

Chandran R, Serra W, SeUers SM, Redman CWG. Fetal middle cerebral artery flow velocity wavefonns - a temlinal 

pattern. Case report. Br J Obstet G),lIaecoI1991,'98:937-938 

Chitrit Y. Zorn B, Filidori, M. Bucourt M. Chasseray IE. Caubel P. Ominous nonnalization of middle cerebral artery 

flow velocity wavefonns preceding fetal death: case report. Fetal Diag" Ther 1995,'10:106-110 

Den Ouden M, Cohen-Overbeck TE, Wladimiroff J\V. Uterine and fetal umbilical artery flow velocity waveforms in 

late normal first trimester pregnancies. Br J Obstet G)'lIoecol 1990;97:716-719 

28 



The 110rmal early alld ab110rmallate fetal circulatio11 

Deulinger J, Rudelstorfer R, Bernaschek G. Vaginosonographic ve!ocimetry of both main uterine arteries by visual 

vessel recognition and pulsed Doppler method during pregnancy. Am J Obstet GynecoI1988;159:1072-1076 

DeVore GR. Examination of the fetal heart in the fetus with intrauterine growth retardation. Sembz Perinat 
1988; 12:66-72 

Freese UE, Ranniger K, Kaplan H. The fetal-maternal circulation of the placenta. Am J Obstet Gynecol 

1966;94:361-366 

Gembruch U and Baschat AA. Demonstration of fetal coronary blood flow by color-coded and pulsed wave Doppler 

sonography: a possible indicator of severe compromise and impending demise in intrauterine growth retardation. 

Ultrasound Obstet GYJlecoI1996,'7:10-16 

Gershoni-Baruch R, Scher A, Itskovitz J, Thaler I, Brandes JM. The physical and psychomotor development of children 

conceived by IVF and exposed to high-frequency vaginal ultrasonography (6.5 MHz) in the first trimester of pregnancy . 

Ultrasound Obstet GyJlecol 1991;1:21-28 

Groenenberg IAL, Wladimiroff JW, Hop WCJ. Fetal cardiac and peripheral arterial flow velocity waveforms in 

intrauterine growth retardation. Circulation 1989,'80:1711-1717 

Guzman ER, Schulman H, Kamlel B, Higgins P. Umbilical artery Doppler velocimetry in pregnancies of less than 21 

weeks' duration. J Ultrasoulld Med 1990;9:655-659 

Hecher K, Snijders R, Campbell S, Nicolaides K. Reference ranges for fetal venous and atrioventricular blood flow 

parameters. Ultrasound Obstel G)'IlecoI1994;4:381-390 

Hecher K, Snijders R, Canlpbell S, Nicolaides K. Fetal venous, intracardiac, and arterial blood flow measurements 

in intrauterine growth fCtardation: Relationship with fetal blood gases. Am J Obstel G)'IlecoI1995;173:1O-15 

Huisman TWA, Stewart PA, Wladimiroff JW. Flow velocity waveforms in the fetal inferior vena cava during the 

second half of normal pregnancy. Ultrasound Med BioI 1991,-17:679-682 

Huisman TWA, Stewart PA, Wladimiroff JW. Ductus venosus blood flow velocity wavefomls in the human fetus; a 

Doppler study. Ultrasoulld Med BioI 1992,'18:33-37 

Huisman TWA, Stewart PA, WJadimiroff JW. Flow velocity waveforms in the ductus venosus, umbilical vein and 

inferior vena cava in normal fetuses at 12-15 weeks' gestation. Ultrasound Med BioI 1993;19:441-445 

Hussain R, Kimmc-Smith C, Tessler FN, Perrella RR, Sandstrom K. Fetal exposure from endovaginal ultrasound 

examinations in the first trimester. Ultrasound Med Bioi 1992;18:675-679 

29 



Chapter 2 

Hustin J. Schaaps IP. Echocardiographic and anatomic studies of the matemotrophoblastic border during the first 

trimester of pregnancy. Am J Obstel GyJlecol 1987;157:162-168 

Hustin J, Schaaps JP, Lambottc R. Anatomical studies of the utero-placental vascularization in the first trimester of 

pregnancy. Trophoblast Res 1988,'3:49-60 

Ide M. Acoustic data of Japanese ultrasonic diagnostic equipment. Ultrasollnd Med Bioi 1989;15:49-53 

lndik JH. Chen V. Reed KL. Association of umbilical venous with inferior vena cava blood flow velocities. Obstet 

Gylleco/ 1991;77;551-557 

Jaffe R. Warsof SL. Transvaginal color Doppler imaging in the assessment of uteroplacenta! blood flow in the normal 

first-trimester pregnancy. Am J Obstet G}'1IecoI1991;164:781-785 

Jauniaux E, Jurkovic D, Campbell S. In vivo investigation of the anatomy and the physiology of early human placental 

circulation. Ultrasound Obstet G),necoI1991;1:435-445 

Jauniaux E, Jurkovic D, Campbell S, Huslin J. Doppler ultrasound-features of the developing placental-circulation: 

correlation with anatomic findings. Am J Obslet Gynecol 1992;166:585-587 

JouppiJa P and Kirkinen P. Increased vascular resistance in the descending aorta of the human fetus in hypoxia. Br J 

Obslet GYllecol 19840;91:853-856 

Jouppila P and Kirkinen P. Umbilical vein blood flow as an indicator of fetal hypoxia. Br J Obstet G)'llaecol 

1984b;91:107-110 

Kaufmann P. Entwickelung der Plazenta. In: Becker V, Schiebler TH, Kubli F (Eds). Die plazenta des menschen. 

Stuttgart, Georg Thieme Verlag, 1981, p. 37 

Kiserud T, Eik~Nes SH. Blaas HGK, Hellevik LR. Ultrasonographic velocimetry of the fetal ductus venosus. Lancet 

1991;338:1412-1414 

Kiserud T. Eik-Nes SH. Blaas HG. Hellevik LR. Simensen B. Ductus venosus blood flow velocity and the umbilical 

circulation in the seriously growth-retarded fetus. Ultrasound Obstet GYllecoI1994;4:109~1l4 

Kurjak A, Jurkovic D, Alfirevic Z. Zalud I. Transvaginal color Doppler imaging. J Clin Ultrasound 1990; 18:227~234 

Kurjak A, Kupesic~Urek S, Predanic M, Salihagic A. Transvaginal color Doppler assessment of the uteroplacenlal 

circulation in normal and abnormal early pregnancy. Early Hum Dev 1992;29:385-389 

Kurjak A, Zudenigo D. Funduk-Kurjak B, Shalan H, Predanie M. Sosie A. Transvaginal color Doppler in the 

assessment of the uteroplacental circulation in normal early pregnancy. J Perilla! Med 1993;21:25-34 

30 



T11e normal early alld abnormal late fetal circulation 

Kurjak A, Kupesic S, Kostovic L. Vascularization of yolk sac and vitellin duct in normal pregnancies studied by 

transvaginal color and pulsed Doppler. J Perillat Med 1994a;22:433-440 

Kurjak A, Zalud I, Predanic M, Kupesic S. Transvaginal color and pulsed Doppler study of uterine blood flow in the 

first and early second trimester of pregnancy: normal versus abnormal. J Ultrasound Med 1994b;13:43-47 

Kurjak A, Zudenigo D, Predanic M, Kupesic S. Recent advances in the Doppler study of early fetomaternal circulation. 

J Perillat Med 1994c,-22:419-439 

Mari G and Wasscrtrunt N. Fetal flow velocity wavefomls of the fetal circulation prcceding fetal death in a case of 

lupus anticoagulant. Am J Obstet GYllecoI1991,-164:776-778 

Merce LT, Barco MJ, De la Fuente F. Doppler velocimetry measured in retrochorionic space and uterine arteries 

during early human pregnancy. Act Obstet Gynecol Scalld 1989;68:603-607 

Merce LT, Barco MJ, Bau S. Color Doppler sonographic assessment of placental circulation in the first trimester of 

nornlal pregnancy. J Ultrasound Med /996,'15:135-142 

Moll W. Invited commentary: Absence of intervillous blood flow in the first trimester of human pregnancy. Placenta 

1995; 16:333-334 

van der Mooren K, Barendrcgt LG, Wladimiroff TW. Fetal atrioventricular and outflow tract flow velocity waveforms 

during the normal second half of pregnancy. Am J Obslel G)'llecol 1991;165:668-674 

Noordam MJ, Heydanus R, Hop WCI, Hoekstra FME, Wladimiroff JW. Doppler colour flow imaging of fetal 

intracercbral artcries and umbilical artery in the small-for-gestational age fetus. Br J Obslet GyJlecoI1994,'101 :504-508 

Pijnenborg R, Dixon G, Robertson WB, Brosens I. Trophoblastic invasion of human decidua from 8-18 weeks of 

pregnancy. Placellta 1980;1:3-19 

Pijnenborg R, Bland 1M, Robertson WB, Dixon G, Brosens I. The pattern of interstitual invasion of the myometrium 

m early human pregnancy. Placellla 1981;2:303-316 

Rasanen J, Kirkinen P, Jouppila P. Right ventricular dysfunction in human fetal compromise. Am J Obstet G)'lIecol 

1989;161:136-140 

Reed KL, Meijboom EJ, Sabn OJ, Seagnelli S, Valdes-Cruz LM. Cardiac Doppler flow velocities in human fetuses. 

Circulation 1986;73:41-46 

Reed KL, Anderson CF, Shenker L. Changes in intracardiac Doppler blood flow velocities in fetuses with absent 

umbilical artery diastolic flow. Am J Obstet GYllaecol 1987,'157:774-779 

31 



Chapter 2 

Reed KL, Appleton CP, Anderson eF, Shenker L, Sahn DJ. Doppler studies of vena cava flows in human feluses. 

Insights into normal and abnomml cardiac physiology. Circulation 1990;81 :498-505 

Rizzo G, Arduini D. Romanini C, Mancuso S. Doppler echocardiographic assessment of atrioventricular velocity 

wavefomls in nonnal and small-for-gestational age fetuses. Br J Obstet G)'I/aecol 1988;95:65-69 

Rizzo G, Arduini D, Romanini C, Mancuso S. Doppler e<:hocardiographic evaluation of time to peak velocity in the 

aorta and pulmonary artery of small for gestational age fetuses. Br J Obstet G)'llaecoI 1990;97:603-607 

Rizzo G and Arduini D. Fetal cardiac function in intrauterine growth retardation. Am J Obsfet GYllecoi 

1991; 165;876-882 

Rizzo G, Arduini D, Romanini C. Umbilical vein pulsations: A physiologic finding in early gestation. Am J Obs/et 

G)7lecoI1992a;16Z'675-677 

Rizzo G, Arduini D, Romanini C. Inferior vena cava flow velocity waveforms in appropriate- and small-far-gestational 

age fetuses. Am J Obstet GYllecoI1992b .. 166:1271-J280 

Rizzo G, Capponi A, Pietropolli, Dufalino LM, Arduini D, Romanini C. Fetal cardiac and extracardiac flows preceding 

intrauterine death. Ultrasound Obstet GYllecoI1994a,'4:139-142 

Rizzo G, Arduini D, Romanini C. Ductus venosus flow velocity wavefonns in appropriate and small for gestational 

age fetuses. Early Hum Dev 1994b;39:15-26 

Rodesch F, Simon P, Donner C, Jauniaux E. Oxygen measurements in endometrial and trophoblastic tissue during early 

pregnancy. Obstet GyJlecol 1992 .. 80:283-285 

Tonge HM, Wladimiroff JW, Noordam JW, Van Koolen C. Blood flow velocity wavefonlls in the descending aorta 

of the human fetus in the third trinlester of pregnancy: comparison between nonnal and growth-retarded fetuses. Obstet 

GYllecoI1986:67;851-855 

Trudinger BI, Giles WB, Cook CM, Dombardieri J, Collins L. Fetal umbilical artery flow velocity wavefonlls and 

placental resistance: clinical Significance. Br J Obstet GYllaecoi 1985;92:23-30 

Tsyvian P, Malkin K, Wladimiroff JW. Assessment of fetal left cardiac isovolumic relaxation time in appropriate and 

small-far-gestational age fetuses. Ultrasound hied BioI 1995;21:739-743 

de Vries IlP, Visser GHA, Prechtl HFR. The emergence of fetal behaviour. I. Qualitative aspects. Early Hum Dev 

1982;7;301-322 

32 



111e lIonl1al early alld abnormal late fetal circulation 

Van den Wijngaard JAGW, Groenenberg IAL, Wladimiroff JW, Hop WO. Cerebral Doppler ultrasound of the human 

fetus. Br J Obstet GYliecol 1989;96:845-849 

Wilkin P. Morphogenese. In: Snoeck J (Ed) Le placenta humain. Paris, Masson, 1958, p.23 

WFUMB World Federation for Ultrasound in Medicine and Biology Symposium on Safety and Standardisation in 

Mediael Ultrasound: Issues on reconmlendations regarding thernial mechanisms for biological effects of ultrasound. 

Barnett SB, KossoffG, eds., Special Issue Ultrasollnd Med BioI 1992,'18 

Wladimiroff JW and Seelen JC. Doppler tachometry in early pregnancy. Development of fetal vagal function. Eur J 

Obstet GYllaecoi Reprod Bioi 1972;2:55-63 

Wladimiroff JW, Tonge HM. Stewart PA. Doppler ultrasound assessment of cerebral blood flow in the human fetus. 

Br J Obstet GYlIecoI1986;93:471-475 

Wladimiroff JW, Van den Wijngaard IAGW, Degani S, Noordam MI, Van Eyck J, Tonge HM. Cerebral and umbilical 

arteria; blood flow velocity- waveforms in DOnnal and growth retarded-pregnancies. Obstet GYJlecoI1987;69:705-709 

Wladimiroff JW, Huisman TWA, Stewart PA. Fetal and umbilical flow velocity waveforms between 10 and 16 weeks 

of gestation; a preliminary study. Obstet GYllecoI1991a,'78:812-8J4 

Wladimiroff JW, Huisman TWA, Stewart PA, Cardiac Doppler flow velocities in the late first trimester fetus; a 

transvaginal Doppler stUdy. J Am Coil CardioI1991b,'17:1357-1354 

Wladimiroff JW, Huisman TWA, Stewart PA. Intracerebral, aortic and umbilical artery flow velocity wavefonns in 

the late first trimester fetus, Am J Obstet GyJlecol 19920,'166:46-49 

Wladimiroff JW, Huisman TWA, Stewart PA. Nonnal fetal Doppler inferior vena cava, transtricuspid and umbilical 

artery flow velocity wavefornts between II and 16' weeks gestation. Am J Obstet GYlIecoi 1992b,'166:921-924 

Ziskin Me and Petitti DB, Epidemiology of human exposure to ultrasound: A critical review. Ultrasound Med BioI 

1988;14:91-96 

33 



Chapter 2 

34 



Chapter 3 

Venous flow velocity waveforms 
in early pregnancy 

35 



Chapter 3 

36 



Vellous jlow velocity waveforms i1l early pregllancy 

3.1 Introductory remarks 

The use of the transvaginal approach allows visualisation of fetal venous vessels as early as 

8 weeks of gestation. Development of the venous system is completed at approximately 8-9 weeks 

of gestation (Barry, 1963). Little is known about venous hemodynamics in the early developing 

human fetus. Animal experimental data are scarse, which makes extrapolation to the human fetus 

virtually impossible. Venous flow studies in fetal lambs late in pregnancy have demonstrated the 

importance of ductus venosus blood flow in the oxygenation of the developing fetus (Edelstone et 

aI., 1978; Edelstone and Rudolph, 1979; Rudolph et aI., 1985). 

The presence of a ductus venosus sphincter at the level of the umbilical sinus has long been 

questioned (Chacko and Reynolds, 1953; Meyer and Lind, 1965; Pearson and Sauter, 1968, 1969 

and 1971; Ehinger, 1968; Saltzer, 1970). Data from a morphologic study carried-out on embryos 

in cooperation with the Department of Embryology and Anatomy, University of Leiden (Prof A.C. 

Gittenberger-de Groot) suggest the presence of a ductus sphincter. This was based on the 

observation of a "lipll or "rim!! at the inlet of the ductus venosus in an embryo of 9 weeks of 

gestation, which is consistent with observations by Chacko and Meyer (1953). However, instead 

of a muscular sphincter only a scarcely developed smooth musculature could be visualised in the 

duct wall. Of interest is the small bundle of vagal nerve fibres that is formed by contributions from 

both the anterior and posterior vagal trunk, which runs caudally between the layers of the 

hepato-gastric ligament to the junction of the ductus venosus with the umbilical sinus. The 

functional implication of these nerve fibres, however, is yet to be determined. Similar observations 
have been made by Pearson and Sauter (1969). More advanced staining techniques will be needed 

to determine the functionality of the lip, which may act like a sphincter. 

The nature of venous waveforms and their relationship to gestational age will be discussed 

in Chapter 3.2. As has been stated in Chapter 1, Doppler ultrasound does not allow direct 

information on fetal volume flow and pressure changes. Indirect estimates of ductus venosus 

pressure gradients can be obtained, however, through the application of a modified Bernoulli 

equation as first described by Kiserud et al. (1994). Insight into venous pressure gradients in the 

early developing fetus would aid in the understanding of the role of the ductus venosus with regard 

to fetal oxygen supply. Estimates of ductus venosus pressure gradients are presented in Chapter 

3.3. 
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3.2 Fetal venous and arterial flow velocity waveforms between 8 and 20 weeks of gestation 

3.2.1 Sununary 

I.P. vall Sp/lmderl, T. W.A. Huisman l, 
M.A.J. de Ridder, J. W. WladimiroJI 

Departmellt of Obstetrics and GYllaecologyl, Ullh'ersity Hospital 
Rotterdam - Dijkt,igt, Illstitllte of Epidemiology and 

Biostatistics2
, Erasmus University Medical School, Rotterdam, 

the Netherlands 
Published ill: Pediatric Research 1996;40:1588 162 

Our purpose was to study the nature and gestational age dependency of fetal venous Doppler 

flow velocity waveforms and their relationship with fetal arterial waveforms in early pregnancy. 

Venous and arterial Doppler recordings were performed in 262 normal singleton pregnancies 

according to a cross-sectional study design at 8-20 weeks of gestation. A statistically significant age 

dependent increase is established for the umbilical vein, ductus venosus and inferior vena cava 
time-averaged velocity. Umbilical venous pulsatile flow patterns are observed up to 15 weeks of 

gestation. The Pulsatility Index for Veins in all three venous vessels displays a gestational age 

dependent reduction. No relation can be established between Pulsatility Index for Veins and the 

Pulsatility Index in the descending aorta and umbilical artery. This may be explained by the fact 

that the Pulsatility Index for Veins reflects cardiac ventricular preload, whereas the Pulsatility Index 

in the arterial vessels reflects downstream impedance at fetal placental level. 

3.2.2 Introduction 

Recent studies using combined transvaginal and transabdominal Doppler ultrasonography 

demonstrated that fetal venous, cardiac and arterial flow velocity waveforms can be recorded as 
early as 11-12 weeks of gestation (Wladimiroff et aI., 1991; Wladimiroff et aI., 1992; Huisman 

et aI., 1993a). 

Trophoblast invasion of the spiral arteries occurs during the late first and early second 

trimester of pregnancy resulting in low-resistance uteroplacental vessels (Brosens et aI., 1967; de 

Wolf et aI., 1973). At this time there is also appearance of intervillous flow and development of 

marked angiogenesis at placental level (Jauniaux et aI., 1992). This may explain the significant drop 

in umbilical artery Pulsatility Index established in normal pregnancies at 11-14 weeks of gestation 

(Wladimiroff et aI., 1992). 
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No infonnation is available on gestational age related changes in venous flow velocity 

wavefonns and their relationship with arterial wavefonn patterns, notably from the descending aorta 

and the umbilical artery early in pregnancy. 

The objective of the current study, therefore, was: 

(I) To determine the nature and gestational age dependency of flow velocity wavefonn patterns 

from the umbilical vein, ductus venosus and inferior vena cava and 

(2) To determine the relationship between venous wavefonn patterns and wavefonn patterns 

from the descending aorta and umbilical artery between 8 and 20 weeks of gestation. 

3.2.3 Material and methods 

Subjects 

Between August 1992 and March 1994, a total of 348 women with normal singleton 

pregnancies recruited from a normal out-patient population, consented to participate in the study. 

Maternal age ranged between 16 and 41 years (median 31 yrs). Gestational age varied between 8 

and 20 weeks (median 14 wks). The study protocol was approved by the Hospital Ethics 

Committee. Pregnancy duration was estimated from the last menstrual period and continned by 

ultrasound measurement of the fetal crown-rump-Iength (8-12 wks) or biparietal diameter (12-20 

wks). Each woman was included in the study once. 

Only pregnancies which progressed uneventfully and resulting in the delivery of a nonnal 

infant with a birth weight between the 10th and 90th percentile corrected for maternal parity and 

fetal sex (Kloosterman, 1970), were included in the data analysis. 

Doppler recordi/lgs 

Ultrasound Doppler studies were perfonned with a Hitachi EUB 450 (Hitachi Medical 

Corporation, Tokyo, Japan). We used a combined transvaginal real-time and pulsed Doppler system 

with a carrier frequency of 3.5 MHz (real-time) and 6.5 MHz (Doppler) at 8-13 weeks of gestation 

01' a combined transabdominal real-time and Doppler system with a carrier frequency of 3.5 MHz 

(real-time) and 3.0 MHz (Doppler) at 14-20 weeks of gestation. Doppler recordings were 

perfornlCd by one examiner (IPvS). 

Flow velocity wavefornlS from the umbilical vein and umbilical artery were obtained from 

the free-floating loop of the umbilical cord. The sample volume was placed over a straight section 

of the umbilical cord allowing determination of the vessel interrogation angle, which was always 
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kept below 20 degrees. Flow velocity wavefonns from the ductus venosus were obtained from a 

slightly oblique transection through the fetal abdomen. An imaginary line can be drawn from the 

fetal spine to the anterior chest wall, dividing the fetal abdomen in two equal parts. At an angle of 

approximately 10 degrees to the left or right of this imaginary line, depending on fetal position, 

the ductus venosus will be presented just proximal from the umbilical sinus. The sample volume 

was placed immediately distal from its origin above the umbilical sinus. In early gestation, the 

ductus venosus was not always visible. However, wavefonns were accepted as originating from the 

ductus venosus on the basis of the method described above and the similarity with wavefonns 

observed later in pregnancy (Huisman et aI., 1992). Flow velocity waveforms from the inferior 

vena cava were recorded in a sagittal view, which included the fetal right atrium, right ventricle 

and ascending aorta (Reed et aI., 1990). The sample volume was placed over the inferior vena cava 

immediately distal to its widening and entrance in the right atrium. Flow velocity wavefonns from 

the lower thoracic part of the descending aorta were obtained from a sagittal cross-section through 

the fetal trunk, displaying a major section of the fetal spine (Eik-Nes et aI., 1980). 

All Doppler studies were perfonned with the woman in the semirecumbent position and 

during fetal apnea, since the latter may modulate flow velocity waveform (Marsal et aI., 1984). The 

total examination time was limited to 15 minutes in each instance. All flow velocity wavefoffils 

were recorded on hard copies. Waveform analysis was performed by one examiner (IPvS) using 

a microcomputer (Olivetti M24; Olivetti B. V., Leiden, the Netherlands) linked to a graphical tablet. 

Umbilical venous pulsations were deftned as at least three consecutive negative deflections 

of the venous waveform each comprising at least 10% of the time-averaged velocity and 

synchronous to fetal heart rate. In all recordings displaying umbilical venous pulsations, maximal 

velocity (cmls), minimal or late diastolic velocity coinciding with atrial contraction (a; cm/s), and 

time-averaged velocity (cm/s) were determined for three consecutive cardiac cycles from the 

maximum frequency envelop. In case of umbilical venous waveforms without pulsations, the 

time-averaged velocity was analyzed at three different measuring points on the maximum frequency 

envelop in the continuous flow velocity waveform. Wavefonn analysis in the ductus venosus and 

the inferior vena cava consisted of calculation of (i) peak velocity (cmls) during both systole (S) 

and diastole (D) and (ii) time-averaged velocity (TAV; cm/s). Moreover, the late diastolic flow 

velocity component coinciding with atrial contraction, was determined in the ductus venosus as 

minimal forward velocity (a; cmls) and in the inferior vena cava as peak reverse velocity (a; cmls). 

Also, in the inferior vena cava time-velocity integral as expressed by the percentage of total 

forward flow was calculated. The degree of pulsatility in all three venous vessels was determined 

according to the following equation (Hecher et aI., 1995): PIV =(S-a)/TA V, in which 

PIV = Pulsatility Index for Veins, S = peak systolic velocity, a = late diastolic velocity and TA V 
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= time-averaged velocity. The degree of pulsatility in the descending aorta and umbilical artery 

was expressed by the Pulsatility Index (PI) as calculated according to Gosling et al. (1975). Three 

consecutive flow velocity wavefonns with the highest velocity and similar appearance were used 

to calculate the different parameters in each vessel. 

Data al/alysis 
To establish the relationship between gestational age and (i) venous flow velocity indices 

and (ii) the Pulsatility Index in the descending aorta and umbilical artery the Spearman rank 

correlation test was used. Multiple linear regression analysis was employed to detennine the 

relationship between Pulsatility Index for Veins in all three vessels and gestational age. For the 

construction of gestational age specific percentiles the A V AS algorithm (Tibshirani. 1980) was 

used. Correlation coefficients were computed using the Speannan correlation test to assess the 
relationship between the Pulsatility Index for Veins from each vein and the Pulsatility Index from 

the descending aorta and the umbilical artery. The two-sample Wilcoxon test, corrected for 

gestational age by stratification, was used to establish the relationship between the absence or 

presence of umbilical venous pulsations and venous flow velocity wavefonn parameters. P values 

< 0.01 were considered statistically significant. 

3.2.4 Results 

Of the 348 women included in the study, 20 women were excluded because no Doppler 

signals could be obtained as a result of maternal obesity, fetal position or fetal movements, 34 

women subsequently dropped out due to pregnancy pathology and a further 32 women were 

excluded because of a fetal birth weight below 10th percentile or above 90th percentile for weight 

of gestation. Flow velocity waveform recordings from 262 women were available for further 

analysis. In 240 women wavefonn recordings were obtained in more than one venous vessel and 

in 97 women waveform recording was successful in all three venous vessels. Arterial flow velocity 

wavefonns were obtained in every instance. 

Vel/OilS flow velocities relative to gestatiollal age 
Umbilical vein 

A pulsatile flow pattern is observed up to 15 weeks of gestation (Figure 1). At 8 weeks the 

Pulsatility Index for Veins (PIV) (P50) is 0.33, at 11 weeks: 0.27 and at 14 weeks: 0.22. The PIV 
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shows a statistically significant linear reduction (p<0.001; Figure 2) and time-averaged velocity 

(TAV, cmls) a statistically significant non linear increase (p<0.001; Figure 3) with advancing 

gestational age. 

Ductus venosus 
Distinction between a systolic and diastolic fonvard component can be made as from 9 weeks of 

gestation (Figure I). A statistically significant non linear increase with advancing gestational age 

is established for the peak systolic velocity (S, cmls; p<O.OOI), peak diastolic velocity (D, cmls; 

p < 0.001) and time-averaged velocity (TA V, cmls; p<O.OOI; Figure 4). The PIV in the ductus 

venosus shows a statistically significant linear decrease (y= 1.31-0.028x; p < 0.001; Figure 5) with 

advancing gestational age. 

In/elior vena cava 

A systolic and diastolic fOlward component as well as a late diastolic reverse flow 

component is present as from 8 weeks of gestation (Figure I). A statistically significant non linear 

increase with advancing gestational age is established for the peak systolic velocity (S, cmls; 

p<O.OOI), peak diastolic velocity (D, cm/s; p<O.OOI) and time-averaged velocity (TAV, cm/s; 

p<O.OOI; Figure 6). Percentage reverse flow remains constant up to 14 weeks of gestation with 

a significant reduction during the remainder of the study period (p<0.001; Figure 7). A statistically 

significant linear decrease with advancing gestational age is present for the PIV in the inferior vena 

cava (y=4.93-0.097x; p < 0.001; Figure 8). 

Illterrelatiollship betweell veil OilS flow velocity wavefonllS 

The presence or absence of umbilical venous pulsations corrected for gestational age does 

not result in a statistically significant change in venous flow velocity parameters. 

Pllisatility Illdex for Veills relative to arterial Pllisatility Illdex vailles 
End-diastolic velocities are absent in both the descending aorta and umbilical artery up to 

10 weeks, but are present in at least 32.6% between 11 and 16 weeks and in 100% after 16 weeks 

of gestation. A statistically significant negative correlation with gestational age is established for 

the umbilical artery PI (r,=-0.80, p<O.OOI; Figure 9) and fetal descending aorta PI (r,=-0.75, 

p<O.OOI; Figure 10). When adjusted for gestational age, no statistically significant correlation 

between the PIV in the three venous vessels and the PI in the descending aorta and umbilical artery 

is observed. 
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3.2.5 Discussion 

We were able to obtain waveform recordings from all three venous vessels as early as 8 

weeks of gestation. Apart from the umbilical vein, waveform patterns were not essentially different 

from those documented later in pregnancy. Flow velocity recordings in the ductus venosus would 

not be feasible before 8 weeks of gestation, since it is only then that anatomical development of this 

vessel is completed (Barry, 1963). Equipment related limitations may be responsible for the absence 

of a separate systolic and diastolic component in the ductus venosus flow velocity profile at 8 weeks 

of gestation, despite the high resolution ultrasound device used in this study. 

An increase in time-averaged velocity was observed with advancing gestational age in all 

three venous vessels, which was approximately two-fold in the inferior vena cava, three-fold in the 

umbilical vein and even four-fold in the ductus venosus. The relatively high flow velocities in the 

ductus venosus are determined by the narrow vessel size which will never exceed 2 nun. In a 

previous study (Huisman et a!., 1993b), within patient coefficients of variation for all venous and 

arterial flow velocity wavefonns were less then 6%. However, between patients coefficients of 

variation were considerably higher, ranging between 19.8% for the umbilical vein and 31.7% for 

the inferior vena cava time-averaged velocity. This may explain the rather wide data distribution 

for venous flow velocities in the present study. Time-averaged velocity times the cross-sectional 

vessel area equals volume flow in a particular vessel. Exact data about the diameter or cross

sectional area of the three venous vessels at the time of the Doppler flow velocity wavefortn 

recording were not available. Comparison of the time-averaged velocity alone between the three 

venous vessels does not provide any infonnation on venous volume flow. We can, therefore, only 

speculate that the venous velocity changes observed in the present study may be accounted for by 

increased volume flow in the developing fetus. 

Studies on fetal lambs have demonstrated that the ductus venosus is an important regulator 

of the fetal venous circulation (Edelstone et a!., 1978). Similar to Kiserud et a!. (1994) in late 

pregnancy, we estimated the ductus venosus pressure gradient from umbilical venous and ductus 

venosus flow velocity wavefoffils according to a simplified Bernoulli equation between 8 and 20 

weeks of gestation. Pressure gradients up to 2 mmHg during ventricular systole and 0.5 mmHg 

during atrial contraction were established (van Splunder et aI., 1995). These data on pressure 

gradients were lower than those obtained by Kiserud et a!. (1994) as a result of higher ductus 

venosus velocities in the latter study. These differences may be caused by the fact that we measured 

the ductus venosus in a slightly oblique transection through the fetal abdomen, whereas Kiserud et 

a!. applied a mid-sagittal as well as an oblique transection. 

Pulsatility Index for Veins was calculated to allow comparison with data on arterial 
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downstream impedance. A statistically significant reduction in Pulsatility Index for Veins was 

established for all three venous vessels relative to gestational age. This reduction may be a 

reflection of the shift of blood flow from late diastole towards early diastole at atrial level as 

suggested by the gestational age related increase in transmitral and transtricuspid EI A ratio 

(Wladimiroff et aI., 1992; Tulzer et aI., 1994). Whether this can be attributed to a rise in 

ventricular compliance is not clear. It was recently demonstrated that despite an altered relationship 

between early and late inflow velocities, the proportion of ventricular filling contributed by atrial 

contraction, remains constant indicating unchanged ventricular compliance in early pregnancy 
(Tulzer et aI., 1994). 

A number of changes in venous flow velocity wavefonn patterns seems to be completed 

around 14 weeks of gestation, such as a progressive disappearance of umbilical venous pulsations. 

This disappearance of pulsations may be explained on a purely mechanical basis, that is reduced 

conduction of fetal cardiac activity to the extra-abdominal umbilical vein due to increasing 

anatomical distance between the beating heart and this section of the umbilical vein in the growing 

fetus. In contrast to Rizzo et al. (1992), in our study the percentage of reverse flow in the inferior 

vena cava was not related to the presence or absence of umbilical venous pulsations. 
Our present results confinn earlier data (Wladimiroff et aI., 1991) that well-defined changes 

also happen on the arterial side with a marked drop in Pulsatility Index in the descending aorta and 

umbilical artery in the late first and early second trimester of pregnancy, reflecting a reduction in 

fetoplacental vascular resistance. Whereas this stage of pregnancy is characterized by trophoblast 

invasion of the spiral arteries (Brosens et aI., 1967; de Wolf et aI., 1973) and appearance of 

intervillous blood flow (Jauniaux et aI., 1992), the drop in Pulsatility Index in the umbilical artery 

seems more likely to be detennined by the process of angiogenesis which takes place in the 

developing placenta (Jauniaux et aI., 1992). This process is characterized by a progressive increase 

of the number and surface area occupied by the fetal vessels. No correlation exists between 

Pulsatility Index for Veins from the three venous vessels and Pulsatility Index in the descending 

aorta and umbilical artery. The most likely explanation is that the Pulsatility Index for Veins 

reflects cardiac ventricular preload (deVore et aI., 1993), whereas Pulsatility Index values in the 

arterial vessels reflect downstream impedance at fetal placental level. 

The percentage reverse flow in the inferior vena cava is constant up to 14 weeks of 
gestation, but demonstrates a significant reduction thereafter. Studies during the second half of 

gestation show a sustained decline in percentage reverse flow to approximately 5 % at tenn (Reed 

et aI., 1990). Changes in cardiac propel1ies such as myocardial stiffness or rate of ventricular 

relaxation may playa role in this. Low fetal myocardial compliance has been suggested in late first 

trimester pregnancies because of low early diastolic filling rates (Wladimiroff et aI., 1991). 
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However, it has also been put forward that ventricular compliance remains unchanged as suggested 

by a constant contribution of atrial contraction to ventricular filling (Tulzer et al., 1994). Therefore, 

more data will be needed to understand the underlying mechanisms. 

It can be concluded that in the late first and early second trimester of pregnancy fetal 

hemodynamics is characterized by marked changes in venous and arterial flow velocity wavefonns. 
Time-averaged velocities in the umbilical vein, ductus venosus and inferior vena cava increase with 

advancing gestational age, whilst umbilical venous pulsations progressively disappear. Data on 

Pulsatility Index for Veins, reflecting cardiac ventricular preload, undergo a gestational age related 

reduction. Whether this can be attributed to a change in ventricular compliance is not clear. 

Changes in Pulsatility Index for Veins take place independently from the reduction in arterial 

downstream impedance as expressed by the Pulsatility Index in the descending aorta and umbilical 

artery. 
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3.3 Fetal pressure gradient estimations across the ductus venosus in early pregnancy using 

Doppler ultrasonography 

3.3.1 Sunuuary 

J.P. van Sp/llnder. 111. Stijllell2• J. W. lVladimiroff 

Departmelll of Obstetrics and G),naecology', Unirersity Hospital 
ROlferdam-Dijkzigt, Institute of Epidemiology alld 

Bioslatislics2, Erasmus University Medical School, Rotterdam, 
11le Netherlands 

Published ill: UltmsOlmd Obslel GYllecoI1995;6:334-339 

Doppler ultrasonography was used to estimate the pressure gradient acroSS the ductus 

venosus at 8-20 weeks of gestation. According to a cross-sectional study design, flow velocity 

waveform recordings were obtained from the umbilical vein and ductus venosus in 147 

uncomplicated singleton pregnancies. Pressure gradients were calculated using' the Bernoulli 

equation. 
The pressure gradient was estimated at 0.1-1.9 nunHg during ventricular systole and at 

0-0.5 nunHg during atrial contraction. Time-averaged pressure gradients ranged between 0.1 and 

1.3 mmHg. No statistically significant correlation could be established between the absence or 

presence of umbilical venous pulsations and estimated pressure gradient. 
Crude estimates of the pressure gradient across the ductus venosus can be established in the 

late first and early second trimester of pregnancy. The large scatter of data suggests limited 

accuracy of venous pressure gradient calculation in early gestation. However, it may also indicate 

that in early gestation venous hemodynamics functions at very low pressures. 

3.3.2 introduction 

Lately considerable interest has been expressed in fetal venous flow velocities in early 

gestation (Huisman et aI., 1993a; Rizzo et aI., 1992; Wladimiroff et aI., 1992). Combined 

transvaginal and transabdominal Doppler ultrasonography has shown that fetal venous flow 

velocities undergo marked changes in late first- and early second-trimester pregnancies which may 

be associated with placental angiogenesis (van Splunder et aI., 1996). 

Whereas Doppler ultrasonography has revealed a wealth of information on human fetal 

hemodynamics in general, its non-invasiveness does not allow measurement of pressure and volume 
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needed for a better understanding of the basic mechanisms responsible for velocity changes under 

normal and abnormal pregnancy conditions. Kiserud and colleagues (1994) were the first to present 

estimates of pressure changes at the venous level applying the Bernoulli equation. They provided 

data on pressure across the fetal ductus venosus during both fetal apnoea and breathing movements 

in the second half of gestation. 

The objective of the present study was to estimate the pressure gradient between the 

umbilical vein and inferior vena cava in the late first- and early second-trimester fetus according 

to the method described by Kiserud and colleagues (1994), using combined two-dimensional 

ultrasound and pulsed Doppler ultrasound. 

3.3.3 Methods 

SlIbjects 
A total of 200 healthy women consented to participate in the study. Permission for the study 

was given by the local Ethics Review Board. In each woman, pregnancy duration was established 

from the measurement of the fetal crown-rump length (8-12 wks) or fetal biparietal diameter (12-20 

wks). Pregnancy duration varied between 8 and 20 weeks (median 14 wks). Maternal age ranged 

between 21 and 41 years (median 33 yrs). Pregnancy was considered uneventful if a normal infant 

with a birth weight between the 10th and 90th (Kloosterman, 1970) centiles was delivered at tenn. 

All women were nonsmokers, and no medication was taken apart from iron tablets. Each woman 
was included in the study once. 

Doppler recordillgs 
Doppler flow velocity measurements were carried out on a Hitachi EUB 450 (Hitachi 

Medical Corporation, Tokyo, Japan). A combined transvaginal real-time and pulsed Doppler system 

with a carrier frequency of 3.5 MHz (real-time) and 6.5 MHz (Doppler) was used at 8-13 weeks 

of gestation and a combined transabdominal real-time and Doppler system with a carrier frequency 

of 3.5 MHz (real-time) and 3.0 MHz (Doppler) was used at 14-20 weeks of gestation. The power 

output was always less than 100 m W Icm2 spatial peak temporal average (SPTA) in imaging and 

Doppler modes. These output levels are clearly situated in the lower regions for acoustic output of 

Japanese and American diagnostic equipment (Ide, 1989). All measurements were carried out after 

the completion of embryonic structural development. Given these statements, there is considerable 

reason to believe that Doppler recording is safe this early in pregnancy. The total examination time 
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was limited to IS minutes in each instance. Doppler recordings were performed by one examiner 

([PvS). 

Flow velocity wavefoffils from the umbilical vein and ductus venosus were recorded as 

previously described (Huisman et a!., 1992). Only those waveform recordings were accepted in 

which the interrogation angle between the Doppler beam and assumed direction of blood flow was 

less than 30'. Sample volume length for all flow velocity recordings ranged between 0.1 and 0.2 

cm. The high pass filter was set at 100 Hz. 

All Doppler studies were performed with the women in the semirecumbent position and 

during fetal apnoea. All flow velocity waveforms were recorded on hard copies. High-quality 

wavefonns representing three consecutive cardiac cycles were used for data analysis. Wavefonn 

analysis was performed by one examiner ([PvS), using a microcomputer (Olivetti M24; Olivetti 

B.V., Leiden, The Netherlands) linked to a graphics tablet. Analysis of the ductus venosus (dv) 

flow velocity waveforms consisted of calculation of (I) peak systolic velocity (PSV, cm!s); (2) 

minimum velocity during atrial contraction (cmfs); and (3) time-averaged velocity (TAV, cm!s). 

Measurements in the umbilical vein (uv) were performed in a straight section of the vessel which 

included maximum, minimum and time-averaged velocities (cmfs) in the presence of umbilical 

venous pulsations and only time-averaged velocities from the maximum velocity envelope in the 

absence of umbilical venous pulsations. [n the presence of a flat profile in the umbilical vein, the 

maximum, minimum and time-averaged velocities were the same. 

The pressure gradient across the ductus venosus (liPd..) was estimated using the Bernoulli 

equation (Holen et a!., 1976): (I) time-averaged pressure gradient: liP" ~ 4(TAVd/ - TAV./); 

(2) peak systolic pressure gradient: liPd, ~ 4(PSVd/ - maximum velocity uv'); (3) minimum 

pressure gradient: .6.Pdv = 4(minimum velocity dv2 
- minimum velocity uv2

). 

Dolo allalysis 

The Spearman rank correlation test was carried out to assess (I) flow velocity waveform 

parameters from the ductus venosus and umbilical vein; and (2) estimated pressure gradients 

relative to gestational age. For the construction of reference centiles, the method described by 

Royston (1991) was used. The outcome variable, Y, was modelled by a straight line regression 

model with gestational age as predictor. It was tested whether adding the quadratic term was 

significant. Dependency of the residuals on gestational age was checked. [f such dependency was 

found, straight line regression was used to model the absolute value of the residuals and, from this 

model, a regression equation for the standard deviation, depending on gestational age, was derived. 

The two-sample Wilcoxon test, corrected for gestational age by stratification, was used to establish 

the relationship between absence or presence of umbilical venous pulsations and estimated pressure 
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Figure 1 

Figure 2 
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gradients. p-Values of <0.01 were considered statistically significant. 

3.3.4 Results 

Fifty-three out of 200 women were excluded from the study because of pregnancy pathology 

(pregnancy-induced hypertension, intrauterine growth retardation) or teclmically poor-quality 

Doppler velocity recordings, resulting in 147 women available for data analysis. 

Umbilical venous pulsations were present between 8 and 15 weeks of gestation and absent 

thereafter. A statistically significant increase existed with advancing gestational age for the peak 

systolic and minimum flow velocity in the ductus venosus (p<0.001). The same applied to the 

time-averaged velocity in the umbilical vein (p<0.001; Figure I) and the ductus venosus 

(p<O.OOI; Figure 2). 

The estimated dPd, demonstrates a pressure profile similar to the ductus venosus flow 

velocity waveforms. The estimated minimum dPd, ranged between 0 and 0.5 nunHg (Table I; 

Figure 3), the estimated peak systolic dP" between 0.04 and 1.9 mmHg (Table I; Figure 4) and 

the time-averaged dPd, between 0.02 and 1.3 mmHg (Table I; Figure 5). A gestational age-related 

rise was established for all three pressure gradient variables (p<O.OOI). 

dP" data relative to the presence (1/ = 18) or absence (1/ = 72) of umbilical venous 

pulsations were studied in 90 women between 8 and 15 weeks of gestation. No statistically 

significant difference in dPd, could be established for the minimum, peak systolic and 

time-averaged pressure gradients. 

Table 1 Minimum, peak systolic alld time-averaged pressure gradielll (ilP .t,)(5111. 50tll, 95111 cellliles) across 
the ductus vellOSUS al 8-20 weeks oj gestation 

Gestatiollal MimimlllJl dP.t, Peak systolic ilP.t,. Time-a\'eraged ilP.t,. 
age (wks) 

P5 II P5G P95 P5 P5G P95 P5 P5G P95 

8·10 32 0 0.002 0.07 0.04 0.09 0.28 0.02 0.05 0.16 

11-12 23 0 0 0.18 0.05 0.29 0.70 0.02 0.15 0.55 

13-14 29 0 0 0.01 0.13 0.54 1.10 0.05 0.30 0.63 

15·16 19 0 0 0.21 0.21 0.56 1.22 0.10 0.35 0.59 

17-18 16 0 0.08 0.22 0.17 0.70 1.35 0.07 0.44 0.88 

19-20 28 0 0.16 0.47 0.28 0.69 1.86 0.15 0.46 1.18 
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Figure 3 

Figure 4 
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3.3.5 Discussion 

Early fetal circulation is characterized by marked changes at both cardiac and extracardiac 

level. Characterization of these changes may be helpful in understanding normal and abnormal 

cardiovascular development. 

In the present study, an attempt was made to estimate the pressure gradient between the 

umbilical vein and inferior vena cava during the late first- and early second trimesters of 

pregnancy. The Bernoulli equation was applied to the umbilical venous and ductus venosus 

velocities, as first described by Kiserud and colleagues (1994). The AP" shows a significant 

increase with gestational age, with maximum values during ventricular systole ranging between 0.4 
and 1.9 mmHg, minimum values during atrial contraction varying between 0 and 0.5 mmHg and 
time-averaged values ranging between 0.02 and 1.3 mmHg. A pressure gradient of zero during 

atrial contraction may be due to limitations of the Doppler equipment used. Flow velocity 

measurements may possibly not be sensitive enough to estimate pressure gradients for minimum 

velocities this early in gestation. Comparison with results obtained by Kiserud and colleagues 

(1994) was only possible for the gestational age period of 16-20 weeks. We established mean values 

for peak systolic pressure gradients of 0.6 and 1.0 mmHg, minimum pressure gradients of 0.06 and 

0.23 mmHg and time-averaged pressure gradients of 0.36 and 0.68 mmHg at 16 and 20 weeks, 
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respectively. These data are approximately 1.5-1.8-fold lower tllan those obtained by Kiserud and 

colleagues (I994), This appears to be mainly the resukor!owerductus venosus velocities measured 

by us, which may be explained by a different measuring technique. We measured ductus venosus 

waveform flow velocities in a slightly oblique transection through the fetal abdomen in each 

instance, whereas Kiserud and colleagues (1994) applied a mid-sagittal as well as an oblique 

transection. 

Umbilical venous flow velocities were not essentially different between the two studies at 

this stage of gestation, despite the fact that we measured the umbilical venous flow velocities at the 

extra-abdominal level as opposed to the measurements of Kiserud and colleagues (1994) at the 

intra-abdominal level. In early pregnancy, flow velocities in the ductus venosus are low, making 

velocity in the umbilical vein more relevant in pressure gradient calculations than in late gestation. 

Flow velocity recordings were made in the extra-abdominal part of the umbilical vein, which allows 

comparison with pressure measurements by cordocentesis. In vivo data are only available from 15 

weeks of gestation onwards, with mean umbilical venous pressures ranging between 3.0 mmHg at 

15 weeks (Nicolini et aI., 1989),4.5 nmilig (range 2.5-8.8 nmilig) at 18 weeks (Ville et aI., 1994) 

and 3.16 mmHg (range 0-6 mmHg) at 19 weeks of gestation (Weiner et aI., 1992). To our 

knowledge, no animal experimental data have been reported on venous pressure gradients in early 

gestation. 

In a recent reproducibility study, it was established that the within-patient coefficient of 

variation was 3.5% for the time-averaged velocity in both the umbilical vein and the ductus venosus 

(Huisman et aI., 1993b). Whereas this indicates a good reproducibility for each of the flow velocity 

parameters, it affects accuracy of the Doppler methodology for estimating venous pressure gradients 

in early gestation. Moreover, a considerable data scatter is demonstrated for the peak systolic and 

time-averaged pressure gradients. This is determined by the wide data distribution displayed by the 

individual components of the pressure gradient calculation, the umbilical vein and ductus venosus 

flow velocity waveforms (see Figures 1 and 2). In an earlier study, it was shown that 

between-patient coefficient of variation for the time-averaged velocity in the umbilical vein and 

ductus venosus were as high as 19.8% and 25.3%, respectively (Huisman et aI., 1993b). On the 

other hand, the data scatter may also suggest that fetal venous hemodynamics operate at very low 

pressure gradients. However, as long as no volume flow and pressure measurements are available, 

we can only speculate on the underlying mechanisms. 

No differences in pressure gradient were observed between· pulsating and flat umbilical 

venous flow velocity waveforms. This is in contrast to normal physiology in which, according to 

the laws in general fluid mechanisms, fetal cardiac activity is conducted to the venous system on 

a pressure-related basis. However, it may explain the progressive disappearance of umbilical venous 
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pulsations after 13 weeks of gestation. Whereas the conduction of cardiac activity to the umbilical 

vein. d,epends.9n.caJdi'lcpressurechanges and .. the, conductivity .. and. compliance .. of the umbilical 

vein, an increasing distance to the fetal heart may explain this progressive disappearance of 

umbilical venous pulsations in the growing fetus. 

H can be concluded that non-invasive Doppler recording in the umbilical vein and ductus 

venosus allows crude estimates to be made of the pressure gradient between the umbilical vein and 

inferior vena cava during the late first- and early second-trimester of pregnancy. Although these 

estimates are subject to the reproducibility of the waveforms obtained from the umbilical vein and 

ductus venosus, this study may indicate that early fetal hemodynamics function at very low 

pressures. 
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4.1 Introductory remarks 

With the advent of transvaginal ultrasonography, normal and abnormal cardiac morpho

logy can be detected as early as the late first trimester of pregnancy (Gembruch et aI., 1993; 

Achiron et aI., 1994). 

Heart development is a dynamic process of growth and morphogenesis accompanied by 

changing hemodynamic function. It has been demonstrated in the chick embryo that cardiac 

output increases in proportion to embryo weight (Clark and Hu, 1982). Moreover, mean arterial 

blood pressure increases linearly and vascular resistance decreases geometrically with each 

embryo stage. In the human fetus, however, little is known about cardiac performance and its 

relationship with downstream impedance and venous return. 

In the chick embryo, induced structural cardiac anomalies are accompanied by marked 

hemodynamic changes (Broekhuizen, 1996). Within two models, e.g. retinoic acid and venous 

clip, a spectrum of outflow tract anomalies was induced. Simultaneous dorsal aortic Doppler 

flow velocity/volume and pressure measurements demonstrated reduced heart rate without 

compensatory increase of stroke volume suggesting both pacemaker and contractile dysfunction. 

Thus, in the chick embryo morphological changes in heart development result in altered flow 

velocity waveform patterns. If a paraliel can be drawn to the human fetus, flow velocity 

waveform recordings obtained by pulsed Doppler ultrasound could serve as an additional 

diagnostic tool in the detection of congenital heart disease. Therefore, knowledge of normal 

cardiac function is required to differentiate between normal and abnormal cardiac development. 

It should be stressed, however, that the additional value of Doppler ultrasound in early 

abnormal cardiac development is rather hypothetical. Studies will be needed to set out the 

clinical significance. 

In Chapter 4.2 the nature of cardiac flow velocity waveforms and their relationship to 

gestational age and arterial and venous flow velocity waveforms will be discussed. Systolic and 

diastolic components of cardiac function relative to gestational age will be presented in Chapter 

4.3. 
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4.2 Fetal atrioventricular flow velocity waveforms and their relation with arterial and 
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4.2.1. Sunm13ry 
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, Th. Slijllell2

, J. W. lVladimiroff 

Department of Obstetrics and Gynaecology. University Hospital 
Rollerdanl - Dijkzigtl, Institute of Epidemiology and 

Biostatistics1, Erasmus University Medical School, Rotterdam, 
the Netherlands 
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Doppler ultrasonography was used to detennine the nature and gestational age related 

changes of human fetal atrioventricular flow velocity wavefonns and to establish their relation

ship with arterial impedance indices and venous flow velocities in normal human fetuses 

between 8 and 20 weeks of gestation. 

Flow velocity wavefonn recordings were attempted in 318 singleton pregnancies. After 

the exclusion criteria were applied, data on 214 women were available for further analysis. Dif

ferentiation between E-wave and A-wave became possible at 9 weeks, whereas distinction 

between transmitral and transtricuspid flow velocities was first achieved at to-II weeks. A 

statistically significant noniinear gestational age-dependent increase was established for all 

atrioventricular waveform parameters, which became linear when related to logarithmically 

estimated fetal crown-rump-Iength. Transtricuspid flow velocities were significantly higher than 

transmitral flow velocities. Transmitral time-averaged flow velocities were positively correlated 

with peak diastolic velocities and time velocity integral of late diastolic reverse flow in the 

inferior vena cava. No correlation existed between atrioventricular time-averaged velocities and 

arterial impedance indices. 

Monophasic atrioventricular flow velocity waveforms can be recorded as early as 8 

weeks of gestation and become biphasic as from 9 weeks. They demonstrate a linear increase 

relative to logarithmically estimated fetal crown-rump-Iength, suggesting fetal growth-related 

increase in volume flow to pJay a role in this velocity rise. Transtricuspid A-wave and E-wave 

velocities suggest right ventricular predominance as early as the late first trimester of preg

nancy. Atrioventricular flow velocities are not related to arterial downstream impedance. 
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4.2.2 Introduction 

Cardiac development is characterized by morphogenesis, growth and changing hemo

dynamics. In the human fetus, nonnal or abnormal cardiac anatomy can now be established 
with reasonable confidence by diagnostic ultrasound as from 18-20 weeks of gestation (Allan et 

aI., 1986; Copel et aI., 1987). As a result of further experience in transvaginal ultrasound, 

some reports have appeared on the sonographic detection of congenital heart disease as early as 

12-14 weeks of gestation (Gembroch et aI., 1993). Since fonn and function are interrelated, 

knowledge of cardiac hemodynamics will be helpful in establishing the prognosis in a particular 

congenital cardiac anomaly. 
Doppler echocardiography does not allow data collection on volume flow, but cardiac 

velocity recordings would be helpful in providing some insight into the intricate relationship 

between cardiac and extra-cardiac hemodynamics. Although several reports have appeared on 

fetal cardiac hemodynamics late in pregnancy (Reed et aI., 1986; Kenny et a!., 1986; Allan et 

a!., 1987), little information is available on early gestation. Preliminary information shows that 

cardiac flow velocities can be obtained as early as the first trimester of pregnancy (Wladimiroff 

et aI., 1991; Leiva et aI., 1994). Moreover, a profound reduction in arterial downstream impe

dance has been observed at the fetoplacental level at 12-14 weeks of gestation (Wladimiroff et 

a!., 1992). At the same time, cbanges occur in venous flow velocity wavefonns, notably in the 

ductus venosus and inferior vena cava (Huisman et aI., 1993a). We propose that these 

extracardiac arterial and venous flow velocity wavefonn changes are reflected in cardiac hemo

dynamics. 
The present study focuses on cardiac diastolic filling characteristics and their relationship 

with venous inflow velocities and arterial downstream impedance. The objective of the present 
study was threefold: 

(I) To establish the nature of nonnal human atrioventricular flow velocity waveforms at 8-

20 weeks of gestation; 

(2) To detennine the gestational age and fetal crown-romp-length related changes in 

transmitral and transtricuspid flow velocities; and 

(3) To relate transmitral and transtricuspid flow velocities to arterial downstream impedance 

and flow velocities at venous inflow level during this early period of nonnal fetal 

development. 
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4.2.3 Methods 

Subjects 
Between August 1, 1992 and April 1, 1994, a total of 318 women with a normal 

singleton pregnancy between 8 and 20 weeks of gestation (median 13 wks) consented to 

participate in the study. The study protocol was approved by the Hospital Ethics Conunittee. 

Maternal age ranged between 16 and 40 years (median 32 years). Pregnancy duration was 

estimated from the last menstrual period and confirmed by ultrasound measurement of the fetal 

crown-rump length (8-12 wks)(Robinson and Fleming, 1975) or biparietal diameter (12-20 

wks)(Soijders and Nicolaides, 1994). Each woman was included in the study once. 

Only pregnancies that progressed uneventfully resulting in the term delivery of a nonnal 

infant with a birth weight between the 10th and 90th percentile corrected for maternal parity 

and fetal sex (Kloosterman, 1970), were included in the data analysis. 

Another 10 uncomplicated pregnancies were investigated both transvaginally and 

transabdominally at 12 and 13 weeks of gestation to compare fetal atrioventricular flow 

velocities obtained through both recording techniques. 

Doppler recordings 
Ultrasound Doppler studies were performed with a Hitachi EUB 450 (Hitachi Medical 

Corp.). We used a combined transvaginal real-time and pulsed Doppler system (carrier 

frequencies 3.5 and 6.5 MHz, respectively) at 8-13 weeks of gestation or a combined 

transabdominal real-time and Doppler system (carrier frequencies 3.5 and 3.0 MHz, respec

tively) at 14-20 weeks of gestation. The system operates at power outputs of < 100 mW/cm' 

spatial peak-temporal average in both imaging and Doppler modes according to the manufac

turer's specification. Doppler recordings were perfornled by one examiner (IPvS). 

Flow velocity wavefornls at the fetal atrioventricular level were obtained from the 

cardiac ufaur chamber tl view. To obtain this view, first a transverse cross-section of the fetal 

chest at the level of the pUlsating heart was obtained. An imaginary line was subsequently 

drawn from the fetal spine to the anterior chest wall, dividing the fetal chest into two equal 

parts. At an angle of 45 degrees to the left or right of this imaginary line (depending on fetal 

position), the ufour chamber" view is presented allowing identification of the atrial and 

ventricular part of the heart and the atrioventricular valves with distinction between the left and 

right side of the heart and separate identification of the mitral and tricuspid valves depending on 

gestational age (Figure 1). 
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Cardiac flow velocity waveforms ill early pregnancy 
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Left panel: Tralls\'erse cross section through the felal chest demonstrating a normal wfour
c"amber~ view of tile fetal heart at 19 weeks of gestatioll. Right panel: Schematic representation 
of the sallie cross sectioll through the fetal heart. Note the angle oj 45° between the 
allteroposterior atis of the fetal chest and the long mots of the fetal heart. Vie Doppler 
imerroga/ion allgle is approximately 15°. D indicates Doppler transducer; M, matema/vaginal 
vault (transvaginal scali) or matemaf abdominal walf (abdominal scan); Land R. left alld right 
chest; SP, spine; LA alld RA, left alld right atrium; LV and RV, left alld right ~'elltricte; alld Sv, 
Doppler sample volume at MV lerel 

Assuming that atrioventricular blood flow is parallel to this 45 degree axis, the Doppler 

interrogation beam was positioned as much as possible along this axis and the Doppler sample 

volume was placed immediately distal to the mitral and tricuspid valve or immediately distal to 

the atrioventricular valve if distinction between mitral and tricuspid valve was not possible. 

Only wavefonns with angles of inson.tion less than 30 degrees and consisting of a clear E- and 

A-wave were accepted. Previous experience (Wladimiroff et aI., 1991) has demonstrated that 

acceptable waveforms can be obtained in the majority of transvaginal examinations before 14 

weeks of gestation. Flow velocity wavefonns from the umbilical vein and artery were obtained 

from a straight section of the free-floating loop of the umbilical cord. Flow velocity waveforms 

from (he ductus venosus, inferior vena cava and descending aorta were recorded as previously 

described (Huisman et .1., 1992; Reed et aI., 1990; Eik-Nes et aI., 1980). The angle of insona

tion was always less than 30 degrees, and for the descending aorta less than 45 degrees. Sample 

volume length for all flow velocity waveform recordings ranged between 0.1 and 0.2 cm; the 

high pass filter was set at 100 Hz. Although the range of motion of the transvaginal probe is 
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limited, flow velocity waveform recordings could be obtained in most cases because of 

........ recurrent.changes.in.fetaLposition.during ... the .. examination ........................ ~ ..... . 

All Doppler studies were performed with the women in the semirecumbent posi~ion and 

during fetal apnea. The total examination time was limited to 15 minutes in each instance. All 

flow velocity waveforms were recorded on hard copies. Waveform analysis was performed by 

one examiner (IPvS) using a microcomputer (Olivetti M24; Olivetti B. V., Leiden, the Ne· 

therlands) linked to a graphical tablet. 

Analysis of the atrioventricular waveforms consisted of calculation of (i) time-averaged 

velocity (cm/s), (ii) peak velocity (cm/s) of the E·wave (passive atrial filling) and A-wave 

(atrial contraction) and (iii) EIA ratio. Time-averaged velocity (cm/s) was determined in the 

umbilical vein. Wavefonn analysis in the ductus venosus and inferior vena cava consisted of 

calculation of (i) peak velocity (cmls) during both systole (S) and diastole (D) and (ii) time· 

averaged velocity (cm/s). In the inferior vena cava the time-velocity integral of late diastolic 

reverse flow, which is expressed as a percentage of total forward flow during systole and early 

diastole, was calculated. The Pulsatility Index (PI) was calculated for the umbilical artery and 

fetal descending aorta, which is expressed as the difference between the maximal and minimal 

flow velocity divided by the time-averaged velocity. Fetal heart rate (bpm) was detennined from 

the time interval (mls) between peak systolic velocities of two successive E-wave or A-wave 

flow velocities. Three consecutive flow velocity waveforms with the highest velocity and similar 

appearance were used to calculate the different parameters across the atrioventricular valves and 
in each vessel. Earlier in our center (Huisman et aI., 1993b) acceptable intra·observer 

reproducibility was established for fetal flow velocity wavefonns during the late first and early 

second trimester of pregnancy. Intra·observer coefficient of variation was less than 6% for all 

atrioventricular and inferior vena cava (IVC) flow velocity parameters except for time-velocity 

integral of inferior vena cava late diastolic reverse flow (8%). Intra·observer coefficient of 

variation was less than 5 % for the umbilical artery and descending aorta PI and less than 4 % 
for umbilical venous and ductus venosus velocity parameters. Sonographic measurement of fetal 

head and upper·abdominal circumference allows a crude approximation of fetal weight in late 

pregnancy, however, it is unreliable in early gestation. Instead, estimates of fetal crown·rump

length (CRL) may serve as a measure of fetal growth in early pregnancy. CRL measurements 

can be reliably obtained by ultrasound up to 13 weeks of gestation (Robinson and Fleming, 

1975), whereas after that CRL data based on aborted specimen are available (Moore, 1974). 

The transvaginal technique of flow velocity waveform recording was validated by 

comparison of transvaginally and transabdominally collected waveforms at the atrioventricular 

level in 10 normal singleton pregnancies at 12-13 weeks of gestation. This period of gestational 
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age was selected, because at that time a transition from transvaginal to transabdominal scanning 

!3.!<.~.~ .. l'laG~,_JJL!1J!!fJh~ . .lYQ!llffi...!l!~Jmll~1'~ginllLs.cj!.ILpm:~~_JbUrill!~al>QQl!!i!!!iL~Clll!, .... in_.Jb.~ .... _ 

Qth~r half th~ tmn~abdQminal scan preceded the transvaginal scan. The total examination period 

was limited to 15 minutes. 

Data allalysis 

Correlation coefficients (r,) were calculated with the Speannan rank correlation test to 

establish the relationship between gestational age and (i) descending aorta and umbilical artery 

Pulsatility Index (PI) and (ii) venous flow velocity parameters. Linear regression analysis was 

used to assess (i) fetal heart rate relative to gestational age and (ii) atrioventricular flow velocity 

wavefonn parameters relative to gestational age as well as estimated fetal CRL. In the latter 

instance logarithmic transfonnation of the fetal CRL data was carried out since fetal CRL shows 

a 1.7-fold increase at 10-\2 weeks and a 1.1-fold increase at 18-20 weeks of gestation. The 

difference between the slopes of two regression lines was tested by a simple z test based on the 

difference of the two estimated slopes and their corresponding standard errors. The paired t test 

was applied to establish the difference in time-averaged velocity, peak E-wave and peak A-wave 

velocity and EI A ratio between transmitral and transtricuspid flow velocity wavefomls. Multiple 

regression analysis was used to establish the relationship between atrioventricular flow velocity 

waveform parameters and fetal heart rate, adjusted for gestational age. Partial correlation 

coefficients (Altman, 1993) were calculated to assess the relation between atrioventricular flow 

velocity waveform parameters and (i) descending aorta and umbilical artery Pulsatility Index 

(PI) and (ii) venous flow velocity waveform parameters. The paired t test was used to establish 

the difference in arterial, cardiac and venous flow velocity waveforms between the transvaginal 

and transabdominal approaches at 12-13 weeks of gestation. Limits of agreement between the 

transvaginal and transabdominal approaches were calculated according to Bland and Altman 

(1986). Limits of agreement were defined as the range in which approximately 95% of the 

differences between the transvaginal and transabdominal approach are situated. Data are 

reported as mean ± ISD. Values of p < 0.01 were considered statistically significant. 

4.2.3 Results 

Of the 318 women, who consented to participate in the study, 18 were excluded from 

analysis because no Doppler signals could be obtained as a result of maternal obesity, fetal 
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Figure 2 

Figure 3 
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position or fetal body movements. Of these 18 women, 12 were investigated transvaginally and 

___ transabdominally. __ An_ additional A8women_were excluded_independently_ of- the-study- protocol--

because of a fetal birth weight below the 10th percentile or above the 90th percentile for 

gestational age and 38 women subsequently dropped out because of pregnancy abnormalities. 

These exclusions were made independently of the knowledge obtained from the study protocol. 

Flow velocity waveform recordings from 214 women were available for further analysis. 

Validation oj transvagillal flow velocity wavejonll recordillgs 
Comparison of transvaginal and transabdominal flow velocity waveform recordings at 

12-13 weeks revealed no statistically significant difference for the atrioventricular flow velocity 

parameters (Table 1). 

Table 1 Comparisoll of IrallSWlginal and transabdominal alriovellfricuiar flow velocity recordings al 12 to 
13 weeks of gestatioJl 

Mean difference P limits of agreemelll' 

TV E-wave -0.07 0.91 -1.15, 1.31 

TV A-wave 1.71 0.43 -3.21 .6.63 

TVTAV 0.75 0.18 -0.46 • 1.96 

TV EfA ratio -0.04 0.34 -0.13 .0.05 

MV E-wave 0.98 0.57 -3.01 .4.97 

MV A-wave -0.53 0.65 -3.26 , 2.20 

MVTAV -0.29 0.56 -1.48,0.90 

MV EfA ratio 0.04 0.43 -0.08.0.16 
lAV mdlCates tuuc-averaged velocity; 
'Limits of agreement are defined as the range within which approximately 95% of the differences between 
transvaginal and transabdominal approaches lie. 

Atriovelltriclllar flow velocity wavejonlls 
At 8 weeks of gestation only monophasic atrioventricular (A V) flow velocity waveforms 

could be obtained. Differentiation between early diastolic filling velocities (E-wave) and late 

diastolic velocities (A-wave) became feasible in 6 of 17 cases (35.3%) at 9 weeks, in 17 of 20 

cases (85%) at 10 weeks, in 13 of 15 cases (86.7%) at 11 weeks and in all cases as from 12 

weeks of gestation. Differentiation between transmitral and transtricuspid velocities was not 

possible at 8-9 weeks, but was achieved in 1 of 21 cases (4.8%) at 10 weeks, in 14 of 29 cases 

(48.3%) at 11 weeks and in all cases as from 12 weeks of gestation. 
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Figure 4 

Figure 5 
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Atrioventricular diastolic velocities relative to fetal hearl rate, gestatiollal age alld crowll-

A statistically significant negative regression coefficient (r=-0.8I, p < 0.00 I) was 

established for fetal heart rate relative to gestational age with a mean value of 175.0 ± 6.1 bpm 

at 8 weeks, 158.0 ± 6.4 bpm at 15 weeks and 152.0 ± 5.1 bpm at 20 weeks of gestation. A 

statistically significant negative regression coefficient (p<0.001) was found between fetal heart 

rate and transmitral (MV) and transtricuspid (TV) flow parameters: (i) E-wave velocity (MV: 

r=-0.39, TV: r=-0.47), (ii) time-averaged velocity (MV: r=-0.42, TV: r=-0.48) and (iii) 

earlyllate diastolic (E/A) ratio (MV: r=-0.47, TV: r=-0.42). However, when adjusted for 

gestational age, these regression coefficients were no longer significant. A statistically 

significant linear increase (p<0.01) relative to gestational age was established for: early dia

stolic (E-wave; Figure 2), late diastolic (A-wave; Figure 3) and time-averaged velocities (TAV; 

Figure 4) as well as EI A ratio (Figure 5) in the absence of mitral and tricuspid valve differen

tiation (AV: 9-12 wks), at mitral valve level (MV: 10-20 wks) and at tricuspid valve level (TV: 

10-20 wks). Reference ranges depicted in figures 2-5 are based on the assumption that transmi

tral and transtricuspid regression lines run parallel. 

Also, the slope for late diastolic (A-wave) and time-averaged velocities in the absence of 

mitral and tricuspid valve differentiation (9-12 wks) was statistically significantly different from 

the slope at mitral valve level (10-20 wks; A-wave velocity: p=0.OOO3; TAV: p=0.003) and at 

tricuspid valve level (10-20 wks; A-wave velocity: p=O.OOI; TAV: p=0.0005). 

A statistically significant positive linear regression coefficient (p < 0.00 I) was, however, 

established for time-averaged velocities (A V: y=-8.24+9.2810glOx; MV: y=-3.59+6.4810g lOx; 

TV: y=-5.30+8.0710glOx; cm/s) relative to logarithmically transformed fetal CRL (mm)(figure 

6). The slope for atrioventricular time-averaged velocities at 9-12 weeks (A V) and at 12-20 

weeks of gestation (MV, TV) was not statistically significantly different when related to 

logarithmically transformed fetal CRL. 

Trallsmitral relative to trallstricuspid diastolic velocities 

Throughout the study period, transtricuspid flow velocities were significantly higher than 

mitral valve velocities for E-wave velocities (mean difference=-4.67; sd=5.37; p<O.OOI), A

wave velocities (mean difference=-3.69; sd=4.74; p<O.OOI), EIA ratio (mean difference= 

-0.02; sd=0.08; p < 0.01) and time-averaged velocities (mean difference=-1.82; sd= 1. 79; 

P < 0.001). In all cases the difference between transmitral and transtricuspid flow velocity 

waveform parameters was not related to gestational age. 
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Figure 6 
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AlriovellfriclIlar flow velocities relative 10 Ofterial alld Vet/OilS flow velocity waveJonll 
paramelers 

A statistically significant decrease with gestational age was established for fetal descen

ding aorta PI (r,=-0.79, p<O.OOl) and umbilical artery PI (r,=-0.83, p<O.OOI). The decrease 

was most pronounced as from 12 weeks of gestation with mean values of 2.72 ± 0.33 and 2.61 

± 0.30 at 12 weeks and 1.58 ± 0.17 and 1.22 ± 0.10 at 20 weeks. No correlation existed 

between atrioventricular flow velocities and descending aorta and umbilical artery PI. 

A statistically significant increase (p<0.001) with gestational age was found for (i) the 

time-averaged velocity in the umbilical vein and (ii) the peak systolic velocity, peak diastolic 

velocity and time-averaged velocity in the ductus venosus and in the inferior vena cava. A 

statistically significant gestational age-related reduction was established for time velocity integral 

of late diastolic reverse flow in the inferior vena cava (p<0.001). The slope for the time

averaged velocity in the umbilical vein and ductus venosus at 8-12 weeks of gestation was sig-

76 



Cardiac flow velocity wm'ejorms ill early pregnancy 

nificantly different from the slope at 13-20 weeks of gestation (umbilical vein: p<O.OOI; ductus 

- venosus:--p<O,O l),-After--adjustment-for---gestational- age,- a-statistically-signifiGant-Gorrelatioll-

was established between transmitral time-averaged and peak diastolic velocity (r,= +0.48, 

p<O.Ol) and time velocity integral of late diastolic reverse flow (r,=-0.50, p<O.Ol) in the 

inferior vena cava. No correlation existed between atrioventricular waveform velocities and 

ductus venosus flow velocities. 

4.2.4 Discussion 

Embryonic and early fetal development is characterized by rapid growth and cardiac 

morphogenesis. The embryonic heart develops from a smooth-walled cardiac loop into a 

septated trabecular heart. Characterization of the functional aspects of the embryonic and early 

human fetal cardiovascular system is important in the eventual understanding of normal and 

abnonnal cardiovascular development. The present article describes diastolic filling characteris

tics between 8 and 20 weeks of gestation and provides a perspective of the changes in these 

characteristics including their relationship to venous, descending aortic and umbilical artery 

flow velocity wavefonns. It should be emphasized that non-invasive Doppler studies of the 

human fetal circulation allow assessment only of flow velocities. The absence of intracardiac 

and extracardiac volume flow and pressure measurements puts a restriction on the interpretation 

of our data. 

Transvaginal pulsed Doppler ultrasound allows flow velocity waveform analysis as early 

as 8 weeks of gestation. At that time only monophasic velocities were obtained, as was recently 

reported by Leiva et al. (1994). This could be the result of increased heart rate with reduced 

time for early diastolic filling or reduced ventricular compliance relative to older fetuses, wilh 

very low, perhaps immeasurable or absenl early diaslolic filling. Another explanation of the 

failure to identify separate early diastolic filling (E-wave) and late diaslolic atrial conlraction 

(A-wave) velocilies al 8 weeks may be Ihe result of limitalions in image resolution despile Ihe 

high qualilY ultrasound equipmenl used in Ihis study. As from 9 weeks alrioventricular velocity 

waveforms increasingly resemble Ihose observed in lale pregnancy with a well defined early 

diaslolic E-wave and late diastolic A-wave component. The absence of relrograde flow al the 

atrioventricular level confirms that atrioventricular cushions function as valves during the 

cardiac cycle Ihis early in pregnancy. 

Differenlialion belween transmitral and translricuspid flow velocilies was firsl achieved 

al 10-11 weeks. As from 12 weeks of geslation, E-wave and A-wave velocities can be recorded 
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at both mitral and tricuspid valve level in every instance. Transmitral and transtricuspid E-wave 

.and.A.wave.velocities.display .. a .. marked ... rise.with.advancing.gestational.age, ..... reflecting ..... an ... 

increase in early diastolic filling and atrial contraction and as a result an approximately 1.6·fold 

rise in time·averaged velocities at Ihe alriovenlricular level al 8·20 weeks of geslalion, reflecting 

Ihe larger volume of blood entering Ihe ventricles. The gestational age·dependenl rise in Ef A 

ratio suggesls a shift of blood flow from lale diaslole lowards early diaslole, which may be due 

to increased ventricular compliance and/or raised ventricular relaxation rate. In the chick 

embryo, average diastolic ventricular wall stiffness decreases geometrically with development 

(Hu et aI., 1990). Our fmdings of a geslational age·dependent rise in EfA ratio are in agreement 

wilh Tulzer el al. (1994). They demonslraled, however, Ihal despile a changing relalion belween 

early and lale inflow velocities, Ihe proporlion of venlricular fllling conlributed by alrial 

contraction, remains constant indicating unchanged ventricular compliance. 
Of inleresl is Ihe significantly sleeper slope of increment for time·averaged velocilies 

from data before sonographic differentiation between transmitral and transtricuspid velocity 

waveforms (9·12 wks) compared wilh dala collecled after differentiation became possible (13·20 

wks). A similar change in slope of incremenl was eSlablished al around 12 weeks for the time· 

averaged velocity in the umbilical vein and ductus venosus, but not in the inferior vena cava. 

These changes are unrelated to the technique of measurement. No difference between transvagi

nal and Iransabdominal flow velocity wavefonns recordings could be eSlablished al 12·]3 weeks 

of geslalion. Comparison wilh felal crown·rump·lenglh eSlimales, revealed Ihal alrioventricular, 

umbilical venous and ductus venosus time-averaged velocities increase parallel to increase in 

felal crown·rump·lenglh. This indirectly suggests that fetal growlh·determined increase in 

volume flow plays a part in tllese geslational age·relaled flow velocilY changes. This is furlher 

supporled by a study in Ihe chick embryo, in which the increase in cardiac oUlpul as represenled 

by dorsal aortic volume flow is comparable 10 Ihe increase in body weighl beyond Hamburger 

and Hamilton (1951) slage 12 (50 hours of 21·day incubalion)(Hu and Clark, 1989). For direcl 

information on atrioventricular volume flow, data on both atrioventricular velocities and valve 

area are needed. However, Ihe lauer can nol be reliably measured al tltis early slage of felal 

cardiac development. 

Felal hearl rale showed a significant reduclion, which has been explained by parasym· 

palhelic developmenl (Wladimiroff and Seelen, 1972). With an approximalely 1.2·fold drop, Ihe 

change in fetal hearl rale was mosl pronounced before 15 weeks of geslalion. When it was 

adjusled for gestalional age, no correlalion bel ween fetal heart rale and atriovenlricular diaslolic 

velocities could be eSlablished, suggesting independence of Ihese velocilies from heart rale at 

Ihis stage of parasympalhelic nerve development. A nearly Iwo·fold reduction in descending 
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aorta and umbilical artery Pulsatility Index was observed after 12 weeks of gestation, reflecting 

a .. marked .. dropin.fetocplacentaLvascular.resistance, .. which.maybe .. determined .. by.the .. process .. of 

angiogenesis taking place in the developing placenta (Jauniaux et aI., 1992). No relation could 

be established between atrioventricular flow velocities and Pulsatility Index in the descending 

aorta and umbilical 311ery, indicating transmitral and transtricuspid flow velocities to be 

independent of arterial downstream impedance at the fetal trunk and placental levels. 

Animal experimental (Edelstone and Rudolph, 1979) and human fetal studies using color 

coded Doppler ultrasound (Kiserud et aI., 1992) indicate that blood flow from the inferior vena 

cava is directed primarily through the tricuspid valve to the right ventricle and blood flow from 

the ductus venosus through the mitral valve to the left ventricle, although some mixture may 

exist. Diastolic components of venous flow velocities are subject to intrinsic cardiac properties 

such as the degree of atrial filling and atrial contraction force. However, we found no 

relationship between ductus venosus and atrioventricular flow velocities, whereas early 

(forward) and late (reverse) diastolic velocities in the inferior vena cava where related only to 

transmitral time-averaged velocities. These data suggest that variables other than volume flow 

such as the pressure gradient across the atrioventricular valves may also be responsible for the 

observed atrioventricular flow velocity changes with advancing gestational age. 

During the entire study period, both E·wave and A·wave velocities are responsible for 

the higher time·averaged velocities at the tricuspid valve level compared with mitral valve level. 

Since volume flow is equal to mean velocity multiplied by vessel area, the higher transtricuspid 

time-averaged velocities may reflect increased right ventricular stroke volume and output. This 

would be in agreement with observations of right ventricular predominance in normal late 

pregnancies (Reed et aI., 1986). Further support for this was provided by the observation that 

atrial contribution to ventricular filling was higher at the tricuspid valve than at the mitral valve 

(Tulzer et aI., 1994). It was suggested that the right ventricle might be less compliant than the 

left ventricle because of a larger right ventricular muscle mass. 

It can be concluded that flow velocity waveforms at the atrioventricular level can be 

recorded as early as 8 weeks of gestation. These waveforms are mostly monophasic before 9 

weeks of gestation and biphasic thereafter. NOlmal late first and early second trimester preg· 

nancies are characterized by marked changes in transmitral and transtricuspid flow velocities. 

These changes may be mainly determined by increased volume flow in the developing fetus, 

which would explain the absent relation between atrioventricular flow velocities and arterial 

downstream impedance at the fetal placental level. Transtricuspid A·wave and E·wave velocities 

suggest right ventricular predominance as early as the late first and early second trimester of 

pregnancy. 
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4.3 Cardiac functional changes in the human fetus in the late first and early second 

4.3.1 Summary 

I.P. mil Sp/under, J. W. Wladimirojf 

Department of Obstetrics and Gynaecology. University Hospital 
Rotterdam-Dijkzigt, Erasmus University. Rotterdam, 

The Netherlands 
Published in: Ullrasound Obslel GyoecoI1996;7:41l-41S 

Fetal cardiac function was sludied in 52 women at 10-20 weeks of nonoal gestation 

using Doppler ultrasonography. According to a cross-sectional study design, transmitral and 

ascending aortic flow velocity waveforms were obtained, as well as a simultaneous recording of 
both mitral and ascending aortic flow, in order 10 calculate filling and ejection time as well as 

isovolumic conlraction and relaxation time. A statistically significant gestational age dependent 

increase was established for both trans-mitral and ascending aortic flow velocities. Cardiac cycle 

length and filling time displayed a statistically significant increase with advancing gestational 

age, whereas ejection time and isovolumic relaxation time showed a gestational age related 

decrease. No relationship existed between isovolumic contraction time and gestational age. A 

statistically significant decrease was demonstrated for atrial contribution to ventricular filling at 

10-14 weeks of gestation, with a constant pattern during the remainder of the study period. No 

relationship existed between the different components of the cardiac cycle and mitral and aortic 

flow velocity parameters. 

The present study shows that the late first and early second trimester of pregnancy are 

characterized by gestational age-related changes in fetal cardiac function. 

4.3.2 Introduction 

The introduction of transvaginal color-coded and pulsed Doppler has opened the 

possibility of investigating the fetal heart as early as the late first trimester of pregnancy 

(Wladimiroff et al" 1991). Knowledge of norn1al fetal cardiac perfonoance may provide a tool 

for surveillance of the human fetus under pathophysiological conditions. 

Gestational age-dependent changes in atrioventricular flow velocity wavefonns have been 

described in detail in both early and late gestation (Wladimiroff et aI., 1991; Tulzer et aI., 
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1994; Reed et aI., 1986). Tulzer and colleagues (1994) described diastolic function of the fetal 

.. ..h.ea-,jJluriDg_t!!e§.ecQQd'lJldJ!!inLJrim'~§.!eL. of PIegnaQCy,l'.rJ'liminaD'datLa@JlY!!i!~!?!e.onjjrSt .. 
trimester fetal cardiac function (Leiva et aI., 1994). 

The objective of the present study was: 

(1) To determine the relationship with gestational age for transmitral and ascending aortic 

flow velocities and diastolic and systolic components of the cardiac cycle, i.e. filling and 

ejection time, isovolumic contraction and relaxation time; and 

(2) To assess the interrelationship between cardiac variables. 

4.3.3. Material and methods 

Subjects 
Between 1 April and 1 September 1995, a total of 60 women with a normal singleton 

pregnancy between 10 and 20 weeks of gestation (median 15 wks) consented to participate in 

the study. The study protocol was approved by the Hospital Ethics Committee. Maternal age 

ranged between 16 and 46 years (median 28 years). Pregnancy duration was estimated from the 

last menstroal period and confirmed by ultrasound measurement of the fetal crown-romp-length 

(8-12 wks) or biparietal diameter (12-20 wks). Each women was included in the study once. At 

the time of analysis all pregnancies were progressing uneventfully. 

Doppler recordings 
Ultrasound Doppler studies were performed with a Toshiba SSH 140A (Toshiba corP., 

Medical systems Division, Tokyo, Japan). A combined transvaginal real-time and pulsed 

Doppler system (carrier frequency 6 MHz and 3.5 MHz, respectively) was used at 10-13 weeks 

of gestation and a combined transabdominal real-time and pulsed Doppler system (carrier 

frequency 5.0 MHz and 3.5 MHz, respectively) was employed at 14-20 weeks of gestation. The 

high pass filter was set at 100 Hz. The system operates at power outputs of < 100 mW/cm' 

spatial peak-temporal average in both imaging and Doppler modes by manufacturer's specifica

tion. All Doppler studies were performed with the women in the semirecumbent position and 

during fetal apnoea. Doppler recordings were performed by one examiner (IPvS). 

Previous experience (Wladimiroff et aI., 1991) has demonstrated that acceptable cardiac 

flow velocity waveforms can be obtained in the majority of transvaginal examinations before 14 

weeks of gestation. Moreover, in another study, it has been demonstrated that no difference 
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between transvaginal and transabdominal flow velocity waveform recordings could be esta-

..... blished ... early. in. gestation .. (van.Splundecet.al. , .. 19'l.6a}, .... .E.adieLin..J).llL."ente.L(tluj~I!!lIJL~LaJ.., .. 

1993), a""eptable intra-observer reproducibility was established for fetal cardiac flow velocity 

waveforms during the late first and early second trimester of pregnancy, with coefficient of 

variation values being less than 6 %. 
Flow velocity waveforms at mitral level were obtained from the cardiac Ufour-chamber" 

view. The Doppler sample volume was placed immediately distal to the mitral valve. Only 

wavefonns consisting of a clear E- and A-wave were accepted. In a previous study, it was 

demonstrated that differentiation between E- and A-wave was feasible in 85.0% at 10 weeks, 

86.7% at 11 weeks and in all cases as from 12 weeks of gestation (van Splunder et aI., 1996a). 

Flow velocity wavefonns from the ascending aorta were obtained from the five-chamber 

view. The Doppler sample volume was placed immediatety distal to the aortic valve. Angles of 

insonation were kept below 30° at all sampling sites, with the sample volume length ranging 

between 0.1 and 0.2 cm. Cardiac systole consisted of both isovolumic contraction time and 

ejection time, whereas cardiac diastole was characterized by isovolumic relaxation time and 

filling time. All four parameters were measured from a simultaneous recording of the left 

ventricular inflow and outflow (Figure 1) and expressed as a percentage of the total cardiac 

cycle length. This was achieved by enlarging the sample volume to 0.3-0.4 cm, to cover the 

area inunediately distal to the aortic and mitral valve. The smallest detectable time-interval of 

the Doppler equipment used was 1 ms. The angle of insonation was kept below 30° . 

The total examination time was limited to 15 minutes in each instance. All flow velocity 

wavefonns were recorded on hard copies. In case of simultaneous recording of transmitral and 

aortic flow velocity waveforms the scrolling speed was set at I COlis. Waveform analysis was 

performed by one examiner (IPvS), using a microcomputer (Olivetti M24; Olivetti B.V., 

Leiden, The Netherlands) linked to a graphics tablet. 

Analysis of the atrioventricular waveforms consisted of calculation of (i) time·averaged 

velocity (cm/s) , (ii) peak velocity (COlis) of early diastolic E·wave and late diastolic A-wave, 

(iii) EI A ratio, (iv) area of the total time-velocity integral (TVI; Col) and (v) area under E- and 

A-wave (E-TVI, A-TV!; cm), representing passive atrial filling and active atrial contraction, 

respectively. Atrial contribution to ventricular filling was calculated by dividing the time

velocity integral under the A-wave (A-TV!) by the total velocity integral (TVI). The analysis of 

the ascending aorta included calculation of: (i) peak systolic velocity (cm/s) , (ii) time-averaged 

velocity (COlis), (iii) acceleration time (acc; ms) and (iv) time-velocity integral (TV!,o; cm). The 

cycle length (ms) was determined by the time interval between the aortic peak systolic velocity 

of two consecutive cardiac cycles. 
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Cardiac }low velocity waveforms ill early preg1la1lCY 
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Left panel: Schematic represematioll of the simultaneous Doppler recording of transmitral and 
ascending aortic flow velocities. CL, cycle length (ms); Fr, filling time (ms),· ICT, isomiumic 
colllraction time (ms); ET. ejection time (ms); lRT, isol'ollimic relaxation time (ms); E-TVI. total 
velocity illlegral (cm) under the transmitral E-wal'e; A-TVl. total velocity integral (em) under the 
transmitral A-wm'e; TVl. total transmitralvelocity illlegral (em); TVIco> total velocity illtegral (cm) 
of ascending aortic flow velocity waveform; ACC. acceleration time (ms) ill the ascending aorta. 
Right panel; Doppler flow recording, demonstrating simultaneolls recording of transmitral and 
ascending aorliejlolV velocity waveforms 

Analysis of the simultaneous recordings of transmitral and aortic flow velocity 

waveforms included the calculation of (i) filling time (ms) and ejection time (ms) , which are 

defined as the time interval between the beginning and the end of the transmitral and aortic flow 

velocity waveform, respectively, (ii) isovolumic contraction time (ms), representing the time 

interval between the end of the transmitral flow velocity waveform and the beginning of the 

aortic flow velocity waveform, and (iii) the isovolumic relaxation time (ms), which is deter

mined by the time interval between the end of the aortic flow velocity wavefonn and the 

beginning of the transmitral flow velocity wavefom! (Figure I). All cardiac time intervals were 

subsequently divided by the cycle length to correct for heart rate and expressed as percentage of 

cardiac cycle length. 

Tlrree consecutive flow velocity waveforms with the highest velocity and similar appear

ance were used to calculate the different parameters across the mitral valve and in the ascending 

aorta. 
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Data allalysis 
............ LineaLregression .. analysis.was .. used. to. establish. the. relationship. between.gestational .. age 

and (i) mitral E· and A-wave velocity, time-averaged velocity, EtA ratio and time-velocity 

integrals (TV!, E-TV!, A-TV!), (ii) ascending aorta peak systolic velocity, time-averaged 

velocity and acceleration time, (iii) cardiac cycle length, and (iv) filling time (%), isovoluroic 

contraction time (%), ejection time (%), isovolumic relaxation time (%) and atrial contribution 

to ventricular filling. Linear regression analysis was also used to determine the relationship 

between (i) filling time and transmitral flow velocity waveform parameters and (ii) between 

ejection time and ascending aorta flow velocity wavefonn parameters. 

For the construction of reference centiles the method described by Royston (1991) was 

used and, if necessary, the standard deviation was modelled as a function of gestational age as 

described by Altman (1991). This resulted in the following procedure: the 50th centile was 

established by modelling the outcome variable Y by a straight line regression model with 

gestational age as predictor. It was tested whether adding the quadratic term was significant. 

Next, it was checked if the residuals depended on gestational age. If so, straight line regression 

was used to model the absolute value of the residuals and from this model a regression equation 

for the standard deviation, depending on gestational age, was derived. Using this standard 

deviation, the 5th and 95th centiles were constructed. P-values < 0.05 were considered statisti

cally significant. 

4.2.4 Results 

Of the 60 women participating in the study, no Doppler signals could be obtained in 

eight women due to maternal obesity, fetal position or fetal body movements. This leaves flow 

velocity waveform recordings of 52 women for further analysis. Apart from one infant, which 

was delivered at 27 weeks of gestation as the result of premature labour, all other infants were 

born between 36 and 41 weeks (mean 39 wks) with birth weights ranging between 2855 and 

3835 g (mean 3324 g). 

Trallsmitral flow velocity wavejonlls 
At transmitral level, a statistically significant linear increase (p < 0.00 I) relative to 

gestational age was established for: (i) early diastolic (E-wave) and late diastolic (A-wave) 

velocity, (ii) time-averaged velocity (TA V), (iii) total time-velocity integral (TVI), (iv) total E

wave time-velocity integral (E-TVI) and (vi) total A-wave time-velocity integral (A-TVI)(Table 
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I). Also, a statistically significant linear increase (p<0.01) was found for mitral E/A ratio 

relativeJogestational age_.(Table.J). __ _ 

Anel'ial flow velocity wavejonlls 
A statistically significant linear increase (p<0.001) was established for (i) peak systolic 

velocity, (ii) time-averaged velocity and (ii) time-velocity integral of the ascending aorta (TV!.,) 

relative to gestational age (Table I). No relationship existed between the acceleration time in the 

ascending aorta and gestational age. 

Tile cardiac cycle 
The cardiac cycle length displayed a statistically significant linear increase (p<0.001) 

from 373 ms (50th centile) at 10 weeks of gestation to 406 ms (50th centile) at 20 weeks of 

gestation. A statistically significant gestational age related linear increase (y=30.64+ 0.5lx; 

p<O.OI) was also established for the filling time (Figure 2). A statistically significant linear 

decrease existed for (i) the ejection time (y=48.65-0.42x; p<O.OI; Figure 3) and (ii) the 

isovolumic relaxation time ()'= l3.89-0.20x; p< 0.05; Figure 4). No relationship could be esta

blished between isovolumic contraction time (mean 0.09 ± 0.02 %) and gestational age. The 

Table 1 Trallsmitral alld ascending aorta flow ~'elocity waveform parameters reiati~'e to gestational age 

COl/stalll Coefficielll Stalldard p-miue 
of error 

iiI/ear term 

Mitral valve 

Early diastolic velocity (E-wave; cm/s) 7.45 1.03 4.48 0.01 

Late diastolic velocity (A-wave; cm/s) 22.98 1.23 6.25 <0.001 

Time-averaged velocity (TAC; cm/s) 3.43 0.40 1.28 <0.001 

Total time velocity integral (TVI) 0.47 0.21 0.56 <0.001 

Total E-wave time velocity integral (E-TVI) -0.27 0.10 0.33 <0.001 

Tolal A-wave time velocity integral (A-TV!) 0.74 0.11 0.34 <0.001 

E/A ratio 0.41 0.01 0.08 0.01 

Ascending aorta 

Peak systolic velocity (cm/s) -5.13 2.84 9.22 <0.001 

Time-velocity integral (TAV; em/s) 3.93 0.52 2.62 =0.001 

Acceleration time (ms) 39.29 11.94 NS 

85 



Chapter 4 

-, --" .- -,-"'----

Figure 2 

Figure 3 
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atrial contribution to ventricular filling decreased significantly (p<0.01) between 10-14 weeks 

"of gestation and "remained' virtually constant during,theremainder'ofthe study'period-(Figure"5)'; 

After adjustment for gestational age no relationship existed between mitral and aortic flow 

velocity parameters and the different components of the cardiac cycle. 

4.3.5 Discussion 

Data are presented on functional aspects of the fetal heart during the late and early 

second trimester of pregnancy. The non-invasiveness of the Doppler techniques puts certain 

restrictions to the interpretation of these data. No information is available on pressure or 

volume flow. 

With advancing gestational age, transmitral E-wave and A-wave velocities undergo a 

marked increase, reflecting raised early diastolic filling and atrial contraction. Both transmitral 

and aortic time-averaged velocity indirectly suggest increased transmitral volume flow and left 

ventricular stroke volume. 

The gestational age-dependent rise in EI A ratio suggests a shift of blood flow from late 

diastole to early diastole, which may result from increased ventricular compliance andlor raised 

ventricular relaxation rate. A change in ventricular compliance seems unlikely, at least as from 

14 weeks onwards. The significant increase in the proportion of ventricular filling contributed 

by atrial contraction between 10 and 14 weeks of gestation, however, suggest a change in 

ventricular compliance early in pregnancy. 

The cardiac cycle length shows a marked increase with advancing gestational age, likely 

to be the result of parasympathetic nerve development (Wladimiroff and Seelen, 1972). After 

adjustment for gestational age, no relationship could be established between transmitral flow 

velocities and cycle length, which may suggest that mitral flow velocity changes occur inde

pendently from parasympathetic nerve development. Cardiac systole consisted of isovolumic 

contraction time and ejection time, whereas diastole consisted of isovolumic relaxation time and 

ventricular filling time. Isovolumic contraction time did not change during the study period, 

occupying 8-9% of the cardiac cycle, which is considerably less than the 20% reported by 

Leiva and co-workers (1994) up to 12 weeks of gestation. Whereas there is only a overlap of 2 

weeks in both studies, hitherto unidentified differences in recording techniques may be respon

sible for this discrepancy. 

The 50th centile of the ejection time decreased from 45.9% at 10 weeks of gestation to 

38.9% of the cardiac cycle length at 20 weeks of gestation. It is of interest that in another study 
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Figure 4 

Figure 5 
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(Leiva et ai., 1994), ejection time increased approximately two-fold between 5 and 14 weeks of 

.... _ gesffilLQ!l,_Iblliisin .. supporLotmarked.changes_in. myocardiaL properties. in_ the_early ... developing __ _ 

fetus. The decline in ejection time in the present study may be detennined by the drop in 

afterload as suggested by the marked reduction in umbilical artery pulsatility index values as 

from 11-12 weeks of gestation (Wladimiroffet ai., 1991; van Splunder et ai., 1996). 

Isovolumic relaxation phase is highly dependent on the complex interaction of 

inactivation of contraction, loading conditions and nonuniform distribution of load and of 

inactivation in space and time due to stmctural, electrical, chemical changes and mechanical 

feedback regulation (Brutsaert and Sys, 1989). The isovolumic relaxation phase demonstrates a 

gestational age related decrease in the 50th centile from 12.2% at 10 weeks to 11.5% at 20 

weeks of gestation. 

In the present study, no information was available on umbilical artery Pulsatility Index. 

Earlier data show a marked reduction in umbilical artery Pulsatility Index with advancing 

gestational age (Wladimiroff et ai., 1991; van Splunder et ai., 1996b). This is most likely the 

result of the process of placental angiogenesis (Jauniaux et ai., 1992), and reflects a reduction 

in fetoplacental vascular resistance. In small-for-gestational age fetuses during late pregnancy an 

increase in downstream impedance has been demonstrated, but recently an increase in isovolu

mic relaxation time was established associated with a raised SID ratio in the umbilical artery 

(Tsyvian et ai., 1995). Whether the opposite is taking place in nonnal early pregnancy, needs to 

be further addressed. 

In adults abnormal relaxation may precede inadequate cardiac contraction. If a parallel 

can be drawn with the fetus, isovolumic relaxation time may provide a tool for early detection 

of cardiac dysfunction. Also here, a full interpretation of the gestational-age detennined changes 

in isovolumic relaxation time is not possible. due to lack of information on volume flow and 

pressure changes. 

Filling time, as a percentage of the cardiac cycle, shows a gestational age related 

increase in the 50th centile from 35% at 10 weeks to 38.6% at 20 weeks. No relationship could 

be established between percentage filling time and transmitral flow velocities, suggesting that 

factors other than volume, such as ventricular relaxation, left atrial driving pressure and left 

ventricular compliance rate, playa role in ventricular filling. 

It can be concluded that the late first-trimester and early second-trimester fetus is 

characterized by changing cardiac function, as expressed by an increased filling phase and 

reduced isovolumic relaxation and ventricular ejection phase of the cardiac cycle. 
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Flow velocity waveforms in late pregnancy 
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5.1 Introductory remarks 

In the human fetus, there is a transition from a high downstream impedance to a low 

downstream impedance at feto-placental level with advancing gestational age. This is accom

panied by marked well-defined changes in flow velocity waveforms at cardiac and venous level. 

At the same time, umbilical venous pulsations gradually disappear (Rizzo et aI., 1991a). 

Modulation of umbilical venous blood flow by breathing movements has been described in 

normal late pregnancy (Marsal et aI., 1984). In the absence of fetal breathing movements, 

umbilical venous pulsations in late pregnancy are considered to be associated with fetal 

comprOlnise. Presence of umbilical venous pulsations has been described in the small-for

gestational age fetus, in fetuses with non-immune hydrops, abnormal fetal heart rates and 

congenital anomalies of the heart (Gudmundsson et aI., 1991; Indik et aI., 1991; Nakai et aI., 

1992; Tulzer et aI., 1994; Hecher et aI., 1995a). However, mild umbilical venous pulsations 

have also been observed in normally developing fetuses later in gestation. Data on the existence 

of venous pulsations at different recording sites and their reproducibility in normal pregnancy 

are presented in Chapter 5.2. 

Whereas normal late pregnancy is characterized by low downstream impedance, the 

opposite may be observed in the small-for-gestational age fetus (Trudinger et aI., 1985; 

Groenenberg et aI., 1989). To maintain optimal oxygen supply to the developing fetus, 

haemodynamic adjustment takes place, resulting in centralization of the circulation at fetal trunk 

level as well as a brain-sparing and heart-sparing effect (van den Wijngaard et aI., 1989; 

Noordam et aI., 1994; Gembruch and Baschat, 1996). This haemodynamic adjustment, which 

appears to be brought about by arterial chemoreceptors (Bartelds et aI., 1993), has a major 

impact on arterial, cardiac and venous flow velocity waveforms. The nature of these changes in 

flow velocity wavefOlms and their interrelationships are discussed in Chapter 5.3. 
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5.2 Presence of pulsations and reproducibility of waveform recording in the 

- ----- umbilical-and-Ieft-- portal-vein in normal-pregnancies. 

5.2.1 Summary 

J.P. van Splullder1
, T. lV.A. Huisman', 

111. StijlleJl2, J. lV. Wladimiroff 

Department of Obstetrics and Gynaecology, University Hospital 
Rotterdam - Dijkzigtl , Institute of Epidemiology and 

Bioslatislics2, Erasmus University Medical School, Rotterdam, 
the Netherlands 

Published in: Ultrasound Obstet GynecoJ 1994j4:49-53 

Reproducibility and inter-observer variability of intra- and extra-abdominal umbilical 

venous flow velocity and left portal venous flow velocity as well as heart-synchronous 

waveform pulsations in these vessels were snldied in 23 women at 34-38 weeks of normal preg

nancy. 

Limited reproducibility, expressed by large intra-patient coefficients and limits of agree

ment between two observers, was established for all standardized recording sites. Pulsations, 

defined as negative venous deflections of at least 10% of the mean velocity, were demonstrated 

at all locations ranging from 19.6 % of the measurements at the free-floating loop of the umbili

cal vein to 78.2 % of the measurements at the left portal vein. 

The present study shows that the limited reproducibility of venous flow velocity 

waveforms should be taken into consideration, and that presence of pulsations can be demon

strated in normal late pregnancy. 

5.2.2 Introduction 

An increasing number of reports has appeared on flow velocity wavefoml recording in 

the umbilical vein in normal pregnancies as well as in pathological conditions. WavefoDn velo

cities have been obtained from either the free-floating loop (Gudmundsson et aI., 1991; Indik et 

aI., 1991; Rizzo et aI., 1991a; st. Jolm Sutton et aI., 1991) or the intra-abdominal part of the 

umbilical vein (Gill and Kossoff, 1984; van Lierde et aI., 1984; GriffIn et aI., 1985; Erskine 

and Ritchie 1985; Lingman et aI., 1986). Sparse information is available on the reproducibility 

of umbilical venous flow velocity waveforms. Reproducibility of waveform recordings depends 

not only on the exact location of the Doppler sample volume, the sample size and interrogation 
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angle, but also on fetal variables such as breathing movements. Lately, heart-synchronous pulsa-

__ JiQI1L!la.Y~_Jl~~-'L9J2'lll.D'!'.g_1!l.!lK_l!mb.jlkaLyenou_s ____ flQ\v.waveform.both.in_the_small,for= __ 

gestational age fetus (Gudmundsson et aI., 1991) and in fetuses with non-immune hydrops 

(Indik et aI., 1991) in late pregnancy, and in nonnally developing fetuses during the late first 

trimester of pregnancy (Rizzo et aI., 199Ia). In a pilot study in our own center, occasional 

pulsations have been observed in nOlmal fetuses in the umbilical vein and in its extension, the 

left portal vein, as late as the third trimester of pregnancy. 

The objective of the present study was two-fold: 

l. To determine the reproducibility and inter-observer variability of intra- and extra-abdom

inal umbilical venous flow velocity waveforms and left portal venous flow velocity 

wavefonns; and 

2. To investigate the existence of heart-synchronous waveform pulsations relative to these 

recording levels. 

5.2.3 Material and methods 

A total of 23 women consented to participate in the study. Gestational age varied 

between 34 and 38 weeks (mean 36 weeks). Pregnancy duration was detennined from the last 

menstrual period and confmned by ultrasound measurements of the fetal crown-rump-length or 

fetal biparietal diameter. All pregnancies were uncomplicated. All women gave birth to a 

healthy infant with a birth weight between the 10th and 90th centiles (Kloosterman, 1970). Each 

woman was included in the study once. All participants were non-smokers. 

Pulsed wave Doppler ultrasound recordings were obtained using the Hitachi EUB-450, 

manufactured by Hitachi Medical Corporation, Tokyo, Japan (real-time and Doppler carrier 

frequency 3.5 MHz; high pass filter 100 Hz). 

Doppler studies were performed with the woman in the semirecumbent position and dur

ing fetal apnoea, because fetal breathing movements modulate venous blood flow velocity 

waveforms (Marsal et aI., 1984). Sample volume length was between 0.4 and 0.5 cm. Maximal 

flow velocity waveforms were obtained from four standardized locations: 

(1) The free-floating loop of the umbilical cord (location FL-UV); 

(2) The intra-abdominal part of the umbilical vein at the entrance into the abdomen (location 

IA-UV); 
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(3) The umbilical sinus (location US); and 

.... . .... _(4) .. _Ih!'.J~fLl'o~IllLY"iQIJ~~~~IUh"_rig!ILI'9.rt"'_Y~Q."!.II"Jh,,,_u.!11l)ilifa!.§LntIU"'.c.~!i0.!1_.pV). 
(Figure 1). 

The position of the vessel at location FL-UV and location PV allowed interrogation angles of 

less than 10°. Recordings at location IA-UV and US were only accepted if the interrogation 

angle was less than 30°. The examination never exceeded 60 minutes. 

All measurements were performed by two investigators in a fixed, standard order: 

(I) First measurement by TWAH; 

(2) Measurement by IPvS; and 

(3) Second measurement by TW AH 

Inter-observer variability was defined as the variability between the two measurements 

by observer I and the measurement by observer 2. The intra-patient variability, which depended 

on the biological variation within the individual patients and the measurement error by observer 

I, was defined as the variability in flow velocity between the first and second measurement by 

observer I. 

Umbilical venous blood flow velocity wavefonns were recorded on hard copies. These hard

copies were shuffled in a random order, and the presence or absence of pulsations was 

Figure 1 Ultrasound scali of fetal abdomell i11llstrating the imra-abdomiuol recording sites: 2, fhe illlra-abd
omillal part of tile umbilical veill at {lie e1lfrallce 11110 fhe abdomen; 3, the umbilical sinus; 4. the 
left porta/vein between the right portalveill and the umbilical silllls; s, stomach; sp, spine 
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documented independently by the two investigators. Umbilical venous pulsations were defined 

... as_at-Ieast.. three ... consecutive_negative_deflectiollS_oL the .... .venous._waveform •... each_comprising .. at 

least 10 % of the mean velocity and synchronous with the fetal heart rate (Figure 2). The fetal 

heart rate was established by correlating time intervals from consecutive umbilical arterial and 

venous pulsations. The occurrence of umbilical venous pulsations was only accepted if both in

vestigators agreed about its presence. In all recordings displaying pulsations. maximal velocity 

(cmfs). minimal velocity (cm/s) and mean velocity (cmfs) were determined for three cardiac 

cycles. In the case of wavefOlms without pulsations. the mean velocity was analyzed at three 

different measuring points on the maximum frequency envelope in the continuous flow velocity 

waveform. 

For analysis of the Doppler recordings. a microcomputer (Olivetti M24. Olivetti B.V .• 

Leiden. The Netherlands) was used linked to a graphical tablet. The waveform analysis was 

performed by one examiner (IPvS). 

Statistical allalysis 
Analysis of variance for repeated measurements was used to assess systematic differ

ences in mean velocities between the three successive measurements. To assess the observer 

agreement. limits of agreement between the observers were calculated (Bland and Altman. 

1986). Limits of agreement were defined as the range in which approximately 95% of the dif

ferences between observer 1 and observer 2 were situated. On the basis of the measurements 

carried out by observer 1, intra- and inter-patient variance components were determined by 

0-

20-

cm/s 
<l1li1 0.5s ~ 

Figure 2 Venous flolV velocity waveform at the umbilical sill/IS (locatioll US) 
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standard analysis of variance. The prevalence of pulsations was compared between the two 

___ ... _.observerL(TWAH . .1._.Ys .. IP.vS .. and.TWAH.2 . .Ys .. IP.vS),.bet\Veen.the.fIrsLand.second.mea,_ 

surement of observer I (TWAH I vs. TWAH 2) and between all four locations, by McNemar's 

test. 

Fisher's two~tailed exact test was used to assess associations in the presence of pUlsations 

between the different locations. A value of p<0.05 was considered statistically signifIcant. 

5.2.4 Results 

Technically unacceptable flow velocity waveforms were obtained in four women due to 

persistent fetal breathing or fetal position, leaving data from 19 women for further analysis. 

Among these 19 women (57 measurements), successful recording of flow velocities was 

achieved at locations FL-UV and US in 98 % (56157) and at locations IA-UV and PV in 96 % 

(55157). 

Mean maximum velocities were signifIcantly higher at location IA-UV as compared with 

locations FL-UV, US and PV (Table I). For the mean velocities at location IA-UV and US, the 

overall test for differences in mean values between the three successive measurements was sta

tistically signifIcant (p ~ 0.048 and p ~ 0.013). No such differences could be documented for 

the mean velocities at locations FL-UV (p ~ 0.32) and PV (p ~ 0.59). Table 2 shows the 

intra-patient variation. Limits of agreement are presented in Table 3. For the analysis of the 

incidence of pulsations, the data of the three repeated measurements were pooled, and therefore, 

no adjustment was made for the fact that, from each woman, three measurements were used. 

The presence of pulsations was demonstrated at location FL-UV in 19.6% (11156), at 

location IA-UV in 32.7% (18/55), at location US in 76.8% (43/56) and at location PV in 78.2 

% (42/55) of measurements. This led to signifIcant differences in the incidence of pulsations 

between locations FL-UV and US (p ~ 0.002), between locations FL-UV and PV (p ~ 

0.0018), between locations IA-UV and US (p ~ 0.0039) and between locations IA-UV and PV 

(p ~ 0.0034). The Fisher's exact test revealed a signifIcant association between the occurrence 

of pulsations at locations FL-UV and IA-UV (p ~ 0.0003) and between locations IA-UV and 

US (p ~ 0.0047). 

Correlation coefficients between arterial and venous pulsations at location US and PV 

were 0.71 and 0.74, respectively (p<0.001). 
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Table 1: 

T.W.A.H.l 

I.P.v.S. 

T.W.A.H.2 

p value 

Flow velocity wave!onns in late pregnancy 

Meall maximum velocity ± standard deviatioll (cmls) measured by two obsen'ers at the 
__ jour_ differem. locatiolls : __ F~ UV . .-free~floating100p._ of-the .. umbilicaLl'ei II ;_. lA~.UV." imra~_ 

abdominal pari of the umbilical veill at the elllrallce illlo abdomen; US, umbilical sinus; 
PV, left portal veill between the right porta/vein alld the umbilical sinus 

FL-UV lA-UV US PV 

14.4 ± 3.3 18.6 ± 7.0 15.3 ± 2.4 14.0 ± 3.4 

15.6 ± 2.8 20.7 ± 5.0 17.3 ± 2.6 14.8 ± 3.1 

18.8 ± 2.9 17.9 ± 5.3 17.2 ± 3.4 14.1 ± 2.5 

p ~ 0.32 P ~ 0.048 P ~ 0.013 P ~ 0.59 

Table 2 IllIra-patielll variatioll relath'e to tile fOllr differelll recording sites: FL-UV, free-floatillg loop of 
the umbilical vein; LA-UV, illlra-abdominal part of the umbilicall'ein at the elllrance illlo the 
abdomen; US, umbilicall'eill; pv, left portal vein between the right porta/vein alld the umbilical 
sinlls 

Locatioll Mean SD Coefficient of varialioll (%) 

FL-UV 15.1 3.5 23.2 

lA-UV 18.3 3.6 19.7 

US 16.3 2.3 14.2 

PV 14.1 2.2 15.6 

Table 3 Mean difference and limits of agreemelll (the range withill which approximately 95% of the dif
ferences between observer 1 and obsen'er 2 /ie) relative to the fOllr /ocatiolls; FL-UV, free
floating loop of the umbificall'eill,' IA-UV, illlra-abdomillal part of the IImbilicaiveiJl atlhe 
elllralice i1ll0 the abdomell; US, IImbilicalveill; pv, left portal veill betweell the right portal vein 
alld Ihe umbilical sinus 

Locatioll Mean difference p value Limits of agreemem 

FL-UV 1.18 0.03 -5.05 • 7.34 

lA-UV 2.06 0.01 -7.99. 12.13 

US 1.88 0.04 -3.28 • 7.05 

PV 0.67 0.47 -7.74.9.08 
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5.2.5 Discussion 

In most studies Doppler flow velocity waveforms were obtained from the free-floating 

loop of the umbilical vein and no account was taken of the waveform reproducibility at this or 

any other location along the umbilical vein. 

Our data suggest differences in flow velocity at different standardized recording loca

tions. Data from the intra-abdominal part of the umbilical vein at the entrance into the abdomen 

are similar to those reported by van Lierde and colleagues (1984), but lower than those col

lected by Griffin and co-workers (1985) and Erskine and associates (1985) with velocities rang

ing between 20 and 50 cmfs. Tllis may be due to the higher insonation angle (30'_ 60') and 

variable Doppler sample positioning in the latter studies. 

Measurement of umbilical venous flow velocities just inside the fetal abdomen (location 

IA-UV) may not be ideal since the waveform patterns at this location are less consistent as a 

result of the cranial-to-caudal course of the vessel. Moreover, the acquisition of waveforms at 

this location may be difficult as a result of obstruction of the Doppler beam by the lower limbs. 

There is no clear explanation for the systematic differences in flow velocity at location US. It is 

unlikely that the systematic differences in mean velocity at both locations IA-UV and US 

resulted from fetal movements, since these movements occur at random. 

The higher mean flow velocity at the intra-abdominal location of the umbilical vein in 

comparison with the free-floating loop and the umbilical sinus may be explained by a difference 

in vessel diameter at the entrance of the umbilical vein into the abdomen. To our knowledge, no 

data are available on vessel diameter at this level. 

Large coefficients of variation for recordings were established at all four measuring 

points. Since a systematic variation could be demonstrated for obtaining Doppler flow velocities 

at locations IA-UV and US, coefficients of variation from these locations should not be inter

preted. For location FL-UV, large coefficients of variation were also reflected by the wide 

range of variation in data from both observers. This is an important rmding, for this measure

ment is often performed and is so easy to obtain. Apparently, standardization of sample volume 

placement in tllis study was not precise enough. A large intra-patient variance may also be 

attributed to the normal biological variation of umbilical blood flow. 

Location PV seems to be the most reliable recording site for obtaining venous flow 

velocity wavefornls. The clinical significance, however, has not yet been established. 

The presence of pulsations in the umbilical vein in the absence of fetal breathing is con

sidered to be abnormal (Gudmundsson et aI., 1991; Indik et aI., 1991), except in early preg

nancies (Rizzo et aI., 1991a). Umbilical venous pulsations have been observed in small-for-

102 



Flow velocity waveforms ill late pregnancy 

gestational age fetuses and during fetal bradycardia and tachycardia (Indik et a\., 1991) as well 

.a§jllllQ!1j!l111!l'Il~hyQIOI'I.(QllJlmumls~oneLaL,122J) . .IheseJiQdingsha.l'e.been.attribute.d .. to .... 

an increased reverse flow into the inferior vena cava during atrial contraction. In fetal lambs, 

umbilical vein pulsations have been established following cord occlusion (Hasaart and de Haan, 

1986; Abitbol et a\., 1992). It has been suggested that in normal conditions the pulsations in the 

venae cavae, which are modulated by cardiac cycle length and respiratory movements, are not 

large enough to be propagated via the ductus venosus to the umbilical vein. However, in our 

study, umbilical venous pulsations were demonstrated in normal late pregnancies. This is sup

ported by studies in nonnal fetal sheep, in which minimal flow pUlsations have been observed in 

the umbilical vein as well as increased pulsatility under conditions which modulate the ampli

tude of phasic flow pattern in the inferior vena cava (Reuss et a\., 1983). 

Our study demonstrated umbilical venous and left portal venous pulsations in normal 

pregnancies. The venous pulsations at locations US and PV were shown to be synchronous to 

fetal heart rate. The incidence of venous pulsations were more or less equal for the umbilical 

sinus and left portal vein. This is in contrast with a recent report (Nimrod et aI., 1992) in which 

a monophasic continuous flow pattern in the umbilical vein, as well as in the portal venous 

system, has been described. Under normal circulatory conditions, most of the veins are com

pressed by surrounding tissues. This compression causes resistance to damp out the pulsations. 

Backward transmission of pulses occurs to some extent in the nonnal circulation. Pulsatile flow 

patterns have been reported for the ductus venosus and inferior vena cava resulting from right 

atrial contraction and relaxation (Huisman et a\., 1991). It seems plausible that pulsations in 

venous vessels further from the heart, such as the umbilical sinus and left portal vein, are 

caused by the same mechanism. 

The fact that no association existed between the presence of pulsations at locations US 

and PV is probably due to the variability in propagation of the pulsations. It is our impression, 

therefore, that the significant associations between locations FL-UV and IA·UV and between 

locations IA-UV and US are probably coincidental. 

It can be concluded that the occurrence of umbilical venous pulsations should be inter

preted with caution. We demonstrated that umbilical venous and left portal venous pulsations 

even occur in normal late pregnancy. Difficulty in standardizing the recording site as well as the 

individual variations in umbilical venous flow velocity may be responsible for the large intra

patient coefficients of variation and limits of agreement between observers. The left portal vein 

seems to be the most reliable recording site for obtaining flow velocity waveforms. In future 

studies the limited reproducibility of umbilical venous blood flow velocity waveforms should be 

taken into consideration. 
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5.3 Atrioventricular, venous and arterial flow velocity waveforms in the small-for-

gestlltiollalag~fetJls,_____ . __ . _ _.______ ... _ ... __ 

5.3.1 Summary 

I.P. vall Spllmdert, Th. Stijllell2, J. W. Wladimiro/l 

Department of Obstetrics and Gynaecology, University Hospital 
Rotterdam - Dijkzigtl • Institute of Epidemiology and 

Biostatislics2
, Erasmus University Medical School, Rotterdam, 

the Netherlands 
Submitted to Pediatric Research 

Arterial, venous and intracardiac Doppler flow velocity waveforms were studied in 35 

SGA fetuses and normal controls matched for gestational age and maternal parity according to a 

cross-sectional study design. 

Statistically significant differences in baseline characteristics were found between the two 

subsets. The Pulsatility Index in the umbilical artery and descending aorta was significantly 

higher in the SGA fetus, but lower in the middle cerebral artery. At atrioventricular and venous 

level (umbilical vein, ductus venosus and inferior vena cava) reduced time-averaged velocities 

were established in the SGA fetus. In both subsets, transtricuspid flow velocity wavefonns were 

significantly higher than at transmitral level. The Pulsatility Index for Veins in all three venous 

vessels showed a statistically significant increase in the SGA fetus, when compared to nonnal 

controls. No relation could be established between arterial downstream impedance and (i) 

atrioventricular flow velocities and (ii) Pulsatility Index for Veins in all three venous vessels. 

No relationship existed between flow velocity waveforms and pregnancy-induced hypertension 

and admission to the Neonatal Intensive Care Unit. Umbilical venous pulsations and 

absent/reverse flow in the umbi-Iical artery were associated with a high intrauterine mortality 

rate and low birth weights. Umbilical artery PI and middle cerebral artery/descending aorta PI 

ratio were most predictive for SGA. 

In the SGA fetus, marked changes in arterial, atrioventricular and venous flow velocity 

waveforms are established. Atrioventricular and venous flow velocity waveforms change inde

pendently from arterial downstream impedance, indicating that other factors, such as reduced 

volume flow, may playa role in the observed changes. 
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5.3.2 Introduction 

Doppler ultrasonography has shown increased downstream impedance at placental and 

fetal trunk level (Trudinger et aI., 1985; Groenenberg et aI., 1989) in the small-for-gestational 

age (SGA) fetus, whereas a brainsparing effect has been demonstrated at the level of the inter

nal carotid and middle cerebral artery (van den Wijngaard et aI., 1989; Noordam et aI., (994). 

Also, a fall in cardiac output and alterations in left ventricular function have been described 

(Reed et aI., 1987; Rizzo and Arduini, (991). Recently, fetal coronary blood flow has been 

suggested to be a possible indicator of severe compromise of the SGA fetus (Bembruch and 

Baschat, (996). Changes have also been described for venous flow velocity waveforms. 

Increased reverse flow in the inferior vena cava during atrial contraction has been reported 

(Rizzo et aI., (992), suggesting changes in cardiac function. Normal ductus venosus peak sys

tolic velocities have been found in association with increased pUlsatility index values in the 

umbilical artery (Kiserud et aI., (994), suggesting maintenance of preferential bloodstreaming 

through the ductus venosus during placental haemodynamic compromise. It can be concluded 

that there is a large body of information on the separate components of the abnonnal circulation 

in the SGA fetus. However, only a few studies are available, which combine flow velocity 

waveforms recordings at arterial, cardiac and venous level (Hecher et aI., 1995b). Insight into 

the intricate relationship between flow velocity waveform changes at different locations of the 

circulation in the SGA fetus may aid in the understanding of underlying mecha-nisms respon

sible for these changes. 

We, therefore, set out in a cross-sectional study design, to establish the relationship 

between arterial, cardiac and venous flow velocity waveforms in the SGA fetus and normal 

controls; to compare these waveforms between both subsets; to relate flow velocity waveforms 

to pregnancy-induced hypertension and pregnancy outcome; and to determine the significance of 

flow velocity waveforms in the prediction of the SGA fetus. 

5.3.3 Methods 

S/lbjects 
This study was performed over a period of 18 months in the Department of Obstetrics 

and Gynaecology of the University Hospital RoUerdam-Dijkzigt, which serves as a tertiary 

referral centre for cases of fetal growth retardation. It consisted of 45 women with a singleton 

pregnancy, who all consented to participate in the study. The study protocol was approved by 
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the Hospital Ethics Committee. SGA was defmed as a sonographic fetal upper abdominal cir

".l!!!1f~Ience_beIQwJhe.5th ... centile .. forgestational .. age ... (Snijders ... and .. Nicolaides, .. 1994) ... A .. detailed 

anomaly scan revealed no structural abnonnalities. In 35 cases SGA was confirmed by the 

delivery of an infant below the 5th centile for gestational age according to the Kloosterman's 

tables corrected for parity and fetal sex (Kloostennan, 1970). The remaining 10 infants with a 

birth weight above the 5th centile were removed from the study. All infants were structurally 

nonnal. Gestational age at entering into the study ranged between 21 and 34 weeks of gestation 

(mean 29 wks) and maternal age varied between 17 and 34 years (mean 26 yrs). Thirty-three 

women were nulliparous. 
Thirty-five singleton pregnancies studied within the same time frame, displaying a fetal 

abdominal circumference between the 10th and 90th centiles for gestational age and a birth 

weight between 10th and 90th centile for gestational age according to Kloosterman's tables 

(1970) served as matched controls. These women were selected from out-patients of the 

Department of Obstetrics and Gynaecology of the University Hospital Rotterdam-Dijkzigt. 

Matching took place with respect to gestational age and maternal parity. 

Pregnancy duration was determined from the last reliable menstrual period and con

firmed by ultrasonic measurement of the crown-rump length (8-12 wks) or biparietal diameter 

(12-20 wks). Pregnancy-induced hypertension was defined as a diastolic blood pressure of 90 

mmHg or more during the second half of pregnancy in a previously nonnotensive woman. An 

abnormal fetal heart rate tracing was defmed as the presence of late decelerations and a heart 

rate band width of less than 10 bpm. Each woman was included in the study only once. Base

line characteristics of all pregnancies are provided in Table 1. 

An abnormal heart rate tracing at delivery was established in 19 out of 27 (70%) SGA 

fetuses versus lout of 35 (3%) nonnal controls. Caesarian section was carried out in 23 (66%) 

SGA fetuses because of an abnonnal heart rate tracing, and in 5 (14%) controls because of 

abnormal heart rate tracing (n=4) or previous fibroid resection (n=l). Pregnancy-induced 

hypertension was present at the time of the Doppler study in 19 (54 %) SGA fetuses, whereas 3 

(8%) developed hypertension at a later stage. Twenty (57%) out of 35 SGA fetuses were admit

ted to a Neonatal Intensive Care Unit versus none in the normal control group. Eight cases 

(23%) from the SGA subset ended in intrauterine death between 21 and 31 weeks of gestation. 

Twenty-four (69%) SGA fetuses had a birth weight < 2. 3 centile corrected for parity and fetal 

sex. Fetal outcome according to the umbilical artery pH and Base Excess was not essentially 

different for the two subsets. 
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Doppler recordings 

.... _._lJltra~2ulld __ ])()l'l'ler.sltI<lie.s_ .. ~.el" .. p~rfof111ed__usillK a .. Bi!a"hi .. IlIJ B 450 .. c01111> ined 
transabdominal real-time and pulsed Doppler system with a carrier frequency of 3.5 MHz (real

time) and 3.0 MHz (Doppler)(Hitachi Medical Corp., Tokyo, Japan). The system operates at 

power outputs of less than 100 mW/cm' spatial peak-temporal average in both imaging and 

Doppler modes by manufacturer's specifications. Doppler recordings were performed by one 

examiner (IPvS). Doppler data were blinded to the obstetric staff of the referring hospital. 

At arterial level flow velocity waveforms were obtained from the descending aorta, 

middle cerebral artery and umbilical artery. Flow velocity waveforms from the thoracic part of 

the descending aorta were recorded from a sagittal cross-section through the fetal trunk, display

ing a major section of the fetal spine (Eik-Nes at aI., 1980). Middle cerebral artery flow veloc

ity wavefOlms were obtained from a transverse section through the lower part of the fetal cer

ebrum. The middle cerebral artery can be required as a major branch of the circle of Willis 

running anterolaterally towards the edge of the orbit (Wladimiroff et aI., 1986). Umbilical 

artery flow velocity wavefonns were obtained from a straight section of the free-floating loop of 

the umbilical cord. 

Flow velocity waveforms at atrioventricular level were obtained from the cardiac "four 

chamber" view. Cardiac anomalies were ruled out. The Doppler sample volume was placed 

immediately distal to the mitral and tricuspid valve. Blood flow velocity recordings through the 

foramen ovale were made either from a !1four-chamber!1 view or a modified short-axis view 

(van Eyck et aI., 1990). The sample volume was placed across the septal opening. 

At venous level flow velocity wavefonn recordings were obtained from the extra

abdominal umbilical vein, ductus venosus and inferior vena cava. Flow velocity wavefonns 

from the umbilical vein were collected from a free-floating loop of the umbilical cord. The 

sample volume was placed over a straight section of the cord. The fetal ductus venosus is 

localized in the liver, approximately between the right and left liver lobe. Its course is from 

caudal to cranial, from ventral to dorsal and slightly oblique to the left. It originates from the 

ventral side of the umbi-lical sinus and joins the inferior vena cava close to the right atrium. 

The sample volume was placed immediately above the umbilical sinus, visualised in a transverse 

cross-sectional view (Huisman et aI., 1992). Inferior vena cava flow velocity flow velocity 

wavefonns were recorded in a sagittal view, which included the fetal right atrium, right 

ventricle and ascending aorta (Reed et aI., 1990). 

The angle of insonation for the descending aorta was less than 45 degrees, for the 

middle cerebral artery, atrioventricular valves and venous vessels less than 30 degrees and for 

the foramen ovale less than 20 degrees. Sample volume length for all flow velocity waveform 
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recordings ranged between 0.2 and 0.4 cm; the high pass filter was set at 100 Hz. All Doppler 

studies.weKperformed.with.the.women.in .. the .. semire.cumbe.nLPQ.siliQ!1 .• mLllu.rwg .. M1\LaP.llo<.:a, .. 
since the latter may modulate flow velocity wavefonns (Mars", et aI., 1984). The total examin

ation time was limited to 20 minutes in each instance. All flow velocity wavefonns were 

recorded on hard copies. Wavefonn analysis was performed by one examiner (IPvS) using a 

microcomputer (Olivetti M24; Olivetti B.V., Leiden, The Netherlands) linked to a graphics 

tablet. 

The degree of pulsatility in the descending aorta, the umbilical artery and middle cer

ebral artery was expressed by the Pulsatility Index (PI) as calculated according to Gosling et al. 

(1975). Peak systolic (PSV; cm/s), end-diastolic (EDV; cm/s) and time-averaged velocities 

(TA V; cm/s) were detennined in the descending aorta and middle cerebral artery. 

Analysis of the atrioventricular waveforms consisted of calculation of (i) time-averaged 

velocity (cm/s), (ii) peak velocity (cm/s) of E-wave (passive atrial filling) and A-wave (atrial 

contraction) and (iii) EI A ratio. The foramen ovale wavefonn consists of two components: (i) 

peak systolic velocity and (ii) peak diastolic velocity coinciding with passive atrial filling (van 

Eyck et aI., 1990). Flow velocity decreases to zero during atrial contraction. Extra-abdominal 

umbilical venous pulsations were defined as at least three consecutive negative deflections of the 

venous waveform each comprising at least 10% of the time-averaged velocity and synchronous 

to fetal heart rate. In all recordings displaying umbilical venous pulsations, maximal velocity 

(cm/s), minimal or late diastolic velocity coinciding with atrial contraction (a; cm/s), and time

averaged velocity (cm/s) were detennined for three consecutive cardiac cycles from the 

maximum frequency envelop. In case of umbilical venous wavefonns without pulsations, the 

time-averaged velocity was analyzed at three different measuring points on the maximum 

frequency envelop in the continuous flow velocity wavefonn. Wavefonn analysis in the ductus 

venosus and the inferior vena cava consisted of calculation of (i) peak velocity (cm/s) during 

both systole (S) and diastole (D) and (ii) time-averaged velocity (TAV; cm/s). Moreover, the 

late diastolic flow velocity component coinciding with atrial contraction, was detennined in the 

ductus venosus as minimal forward velocity (a; cm/s) and in the inferior vena cava as peak 

reverse velocity (a; cm/s). In the inferior vena cava time-velocity integral as expressed by the 

percentage of total forward flow was calculated. The degree of pulsatility in all three venous 

vessels, reflecting preload at venous level, was detennined according to the following equation: 

PIV=(S-a)/TAV, in which PIV = Pulsatility Index for Veins, S = peak systolic velocity, a = 

late diastolic velocity and TA V = time-averaged velocity (Hecher et aI., 1995b). Three con

secutive flow velocity wavefonns with the highest velocity and similar appearance were used to 

calculate the different parameters in each vessel. 
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Data al/alysis 
~~ ~ ~_~!'_~IlL~L_~QITI'Iil(iQ!L_GQeft1c i !~J)!.s~.~.~we[e~~ ... calcu.late~d.JQ~_as.se.ss~_ i n.~.hQth .. ~ ... subsets .. ~._. the ..... ~ for. 

gestational age adjusted relationship between the pulsatility index in the umbilical artery and 

descending aorta and (i) atrioventricular flow velocity waveform parameters and (ii) flow velo

city wavefonn recordings in the umbilical vein, ductus venosus and inferior vena cava. Partial 
correlation coefficients were calculated to determine the interrelationship between the Pulsatility 

Index for Veins in (i) the umbilical vein and ductus venosus and (ii) in the ductus venosus and 

inferior vena cava. For comparison between SGA fetuses and nonnal controls, the paired t-test 

and Mc Nemar's test were used for continuous and dichotomous variables, respectively. 
Student's I-test and the Fisher exact test were used to compare independent groups for continu

ous and dichotomous variables, respectively. Logistic regression was used to estimate within the 

SGA fetus the association between flow velocity waveform parameters and the dependent vari

ables: pregnancy-induced hypertension, intra-uterine death, caesarian section rate and admission 

to the Neonatal Intensive Care Unit. Taking a cut-off level of 14 days for relating velocity 

Doppler data to fetal heart rate tracings from SGA fetuses, the number of abnormal tracings 

was too small (n~5) for statistical analysis. Relating flow velocity data to the mode of delivery 

was also not possible due to the small number of vaginal deliveries (n ~4) in this subset. 

All Doppler parameters were converted into standard deviations scores (SD-scores). This 

score was obtained by taking the difference between the observed value and the predicted value 

according to gestational age and dividing the result by the standard deviation of the normal 

control values. Receiver Operating Characteristics (ROC) curves, graphically depicting the 

sensitivity versus the false positive rate for various SD cut-off levels, were constructed. 

Data are presented as mean ± 1 SD. Statistical significance was tested at the level of 

0.05. 

5.3.4 Results 

Statistically significant differences were found between SGA fetuses and normal controls 

for incidence of pregnancy-induced hypertension, abnormal fetal heart rate tracing at Doppler 

survey and delivery, caesarian section rate, gestational age at delivery, birth weight, Apgar 

score at 1 minute, placental weight and admission to the Neonatal Intensive Care Unit (Table 

I). In five normal controls umbilical artery PI at delivery was below 7.18 and the base excess 

below -10 mEq/1 as a result of prolonged labour without previous signs of placental insufficien

cy. When excluding these five cases from the analysis, a statistically significant difference was 
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Table I Baseline characteristics of small-for-gestational age (SGA) fetu.~es and normal controls 

SGA (n=35) Normal (n=35) 

Moon SD Rongo Moon SD 

Gestational age at survey (wk.~) 29 3.13 21-34 29 2.94 

Gestational age at delivery (wks) 3I 3.88 21-38 39 1.80 

Lag-time betwl;:cn survey and delivery 2 2.18 1 day-7 wks 10 3.69 
(wk.~) 

Birth weight (g) 926 490 140-2420 3120 537 

Apgar at 1 minute 6 2.39 1-9 8 1.38 

5 minutes 8 1.08 6-10 9 0.84 

10 minutes 9 0.62 8-10 9 0.55 

Umbilical artery pH 7.20 0.09 7.()(}..7.3S 7.21 0.14 

Umbilical artery base execs:> (mEq/l) -6.16 3.54 -14.00-0 -8.99 6.31 

Placenta! weight (g) 238 96 100-490 581 312 

Materna! age (yrs) 26 4.22 17-34 26 5.55 

Ceasarian section rate Pregnancy-induced Abnormal fetal hean rate 
hypenen.~ion trace at survey 

n p-value n p-value n p-value 

SGA 23 <0.001 19 <0.001 5 <0.001 

Normal control SUbjects 5 3 0 

95% CI "" 95% Confidence Interval 

• 5 ca..~s of prolonged labourpresenled with umbilical artery base excess < -10 mEqll and pH ~ 7.18 

Rongo Significance of 
difference (p) 

21-34 NS 

34-42 =0.001 

3-16wks <0,001 

2250-4005 <0.001 

3-9 0.04 

7-10 NS 

8-10 NS 

6.88-7.39" NS 

-24.8-(-1.1)" NS 

350-780 <0.001 

17-39 NS 

Abnormal fetal hean rate 
trace at delivery 

" p-value 

19 <0.001 

, 
Paired 95%!CI 

difference ! 

I 
I 
, 

-7.5 [-9.4 • r5.5] 

-7.5 [-9.4 . ~5.6] 
! 

-2214 [-2471.\-1808] 

-1.2 [-2.3. ;.0.0] 

, 

-356 [-445 • ~267) 

, 

Admi~sion to Neonatal Intensive 
Care Unit (NICU) ! 

n p-val~e 
I 

20 <0.001 

o 

Q 
.g 
~ 
'" 
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established between SGA fetuses and nonnal controls for pH (7.20 ± 0.09 vs. 7.26 ± 0.04; p

.. =O·OO5)al1d_B~s"Ilxcess(:6·16±3~5<1l1liJqllVL:l·26_±Z·'Z2I11gq/l;]1$0,001) ... 

Relatiollsllip betweell arterial, Vet/OilS alld alriovelllriclIlar flow velocity wovefonlls ill tile SGA 

feills alld 1I0rl/lal cOlllrols (Tables 2-4) 

Both in SGA fetuses and normal controls, no significant correlation could be established 

between the umbilical artery and descending aorta pulsatility index and atrioventricular and 

foramen ovale flow velocities, when adjusted for gestational age. 

In normal controls, transtricuspid flow velocities were significantly higher than transmitral flow 

velocities for E-wave (mean difference -4.70, SD 5.53, p<O.OOI) and time-averaged velocities 

(mean difference -2.31, SD 5.52, p=0.03). No such relationship could be established for A

wave velocity and EI A ratio. In the SGA fetuses, transtricuspid flow velocities were significant

ly higher than transmitral flow velocities for A-wave velocity (mean difference -3.26, SD 7.33, 

p=0.02) and time-averaged velocity (mean difference -1.06, SD 2.83, p<0.05). No relation

ship existed for E-wave velocity and E/A ratio. 

There was no significant correlation between arterial flow velocity wavefonns and 

venous inflow parameters as expressed by umbilical venous, ductus venosus and inferior vena 

cava pulsatility index for veins in both SGA fetuses and nonnal controls. Umbilical venous 

pulsations were present in 17 (45%) out of 45 SGA fetuses. After adjustment for gestational 

age, a statistically significant positive correlation was established between the PIV in the ductus 

venosus and inferior vena cava in SGA fetuses (r= +0.74; p<O.OOI) and in nonnal controls 

(r= +0.43; p<0.05). In the SGA fetus also, a statistically significant correlation was found 

between the PIV in the ductus venosus and umbilical vein (1'= +0.72; p=0.006). 

When dividing umbilical artelY end-diastolic velocities into present and absent (including 

II cases of reverse flow), a statistically significant difference was established for flow velocity 

parameters from the descending aorta, inferior vena cava and umbilical vein (Table 5). Similar

ly, when dividing umbilical venous pulsations into present and absent, a statistically significant 

difference was observed for umbilical artery PI and inferior vena cava velocity parameters 

(Table 6). 

COlllparisoll of flow velocity wavefonlls betweell SGA feillses alld IlOnllal colII/'Ols (Tables 2-4) 

A statistically significant difference was established for all flow velocity wavefonn para

meters, except for (i) peak systolic velocity in the middle cerebral artery, (ii) all foramen ovale 

parameters, (iii) transmitral and transtricuspid E/A ratio, (iv) mean difference in tinle-averaged 

velocity between transmitral and transtricuspid flow velocity wavefonlls, (v) PIV, peak systolic 

III 



Q 
Table 2 Arterial flow velocity wavefonn parameters in SGA fetuses and nonna! controls 11 SGA (n=35) Normal (0=35) '" M,,,, SD """', M,,,, SD """', Significance of Paired 95% CI 

difference (P) difference 

Umbilical artery (VA) 

PI 2.44 1.18 1.15-6.72 1.11 0.20 0.77-1.41 <G.OCH 1.33 [0.92 • 1.7~1 
Descending aorta (Ao) 

I 
PI 2.49 0.99 1.51-5.65 1.71 0.23 1.37-2.33 <0.001 0.81 [0.41 • 1.2pl 

PSV (cm/s) 48.23 12.13 29.52--81.98 62.57 16.11 16.43-91.13 =0.001 -14.34 [-22.48 , -6.~) 

TAV (cmls) 20.79 6.96 8.4242.56 31.33 7.92 10.77-46.93 <0.001 -10.53 [-13.94. -7.113] 
, 

EDV (emfs) 5,24 8.61 0-40.84 11.96 4.77 5.24-32.08 0.002 -6.28 (-9.98 , -2.~8] 

Middle cerebral artery (MeA) 

PI 1.20 0.27 0.86-1.65 1.84 0.38 1.21-2.42 <0.001 -0.59 [..a.S! • ..o.f8] 

PSV (emfs) 34.17 9.33 20.32-54.13 30.16 8.78 14.11-41.79 NS 
, 
, 

TAV (em/s) 20.10 5.36 12.76-33.71 14.10 3.52 7.49-17.86 0.003 6.27 [2.51 , 10.03] 
! 

EDV (emfs) 10.15 3.33 4.90-19.31 5.59 2.38 1.54-12.80 0.003 4.55 [1.85,7.2$] 

Ratio Ao/uA PI 1.10 0.35 0.69-2.08 1.58 0.31 0.98-2.36 <0.001 -0.47 [-0.65 • -0'f01 

Ratio MCNAo PI 0.56 0.21 0.32-0.45 1.10 0.24 0.72-1.45 <0.001 -0.53 [0.41 • O.~] 

Ratio MCA/UA PI 0.55 0.24 0.26-1.04 1.72 0.56 1.01-2.94 <0.001 -1.13 [-1.40. -0.86] 

cl conficence IDtervat; PI Piilsatlhty Index; psy peak systolic velOClty; IA Y tune-averagea velOCIty; EDY end:::a;:astohc velOCIty 



Flow velocity waveforms in late pregnancy 

and peak diastolic velocity in the inferior vena cava. Statistical analysis of the PIV from the 

~ ~ ~~~ ~ ex tra-abdominal- umbilical-vein~ ~was-not ~~possi bl e~ due- to the-small~~ number-(n-=-~ 1)-of - normal

controls with umbilical venous pulsations. Reverse flow in the ductus venosus was demonstrated 

in two SGA fetuses. 

Comparison of flow velocity wavefonns between SGA fetuses and normal controls was 

not essentially different when taking into account the pregnancy period before and after 32 

weeks of gestation. 

Flow velocity wavefonn parameters in SGA fetllses reiative to pregnallcy-indllced ltypel1ellsiOIl 
alld fetal olltcome 

Within the subset of 35 SGA fetuses, there was no relationship between fetal velocity 

wavefomlS and pregnancy-induced hypertension (n = 19) or admission to the Neonatal Intensive 

Care Unit (n=20). Of the II cases of umbilical artery reverse flow, five were diagnosed as 

intrauterine death (45%) within 2 to 35 days following Doppler measurement (median 10 days). 

A statistically significant difference between umbilical artery end-diastolic flow velocities pres

ent and absent, including reverse flow) was established for (i) gestational age at delivery (34 ± 
2.8 wks vs. 29 ± 2.9 wks; p<O.OOI), (ii) birth weight (1279 ± 485 g vs. 661 ± 292 g; 

p<O.OOI) and (iii) Apgar score at 1 minute (6 ± 2.2 vs. 4 ± 2.5 vs; p=0.02). A statistically 

significant difference between umbilical venous pulsations present and absent was observed for: 

(i) gestational age at delivery (29 ± 3.6 wks vs. 33 ± 3.2 wks; p=0.002) and (ii) birth weight 

(698 ± 366 g vs. 1212 ± 517 g; p=0.OO3). Of all 17 fetuses with umbilical venous pulsations, 

44% died in utero within 2 to 35 days following Doppler measurement (median 13 days), 

whereas there was 100 % fetal survival without umbilical venous pulsations. 

There were two cases of reverse flow in the ductus venosus, both resulting in 

intrauterine death. The percentage reverse flow in the inferior vena cava was significantly 

higher (p=0.03) in fetuses associated with intrauterine death (mean 23.34 ± 12.87%), when 

compared with fetal survival (mean 12.37 ± 4.33%). 

Flow velocity wavefonlls ill the predictioll of the SGA fetlls 
Figure I displays ROC-curves for the five most sensitive flow velocity parameters for 

the prediction of SGA in this study. Umbilical artery PI displays a sensitivity and specificity of 

97% and 89% at + 1 SD score, and of 80% and 97% at +2 SD score. For the middle cerebral 

artery PI a sensitivity and specificity of 67% and 79% was found at -I SD score and of 33% 

and 100% at -2 SD score. For late diastolic velocity in the ductus venosus, a sensitivity and 

specificity was established of 74% and 78% at -I SD score and of 37% and 92% at -2 SD 
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score. A sensitivity and specificity was established for the ratio (i) between the middle cerebral 

-- -artery-and-descending-aortaPI-of-85%--and-81-%-at-+l--SD-score--and-of-69%-and--lOO%-at+2 

SD score and (ii) between the middle cerebral artery and umbilical artery PI of 60% and 82% 

at + ISD score and of 0% and 100% at +2 SD score. 

Figure 1 

01,0 

0,. 
!-. __ .............. : 

0,6 

0,7 ••••••••••• J 

~ 
o,s 

:e 0,5 '" <= .. 
(f) 

0._ 

0.3 • EDV DV 

0.2 • UAPI 

• MCAPI 
0,1 

• Ratio MCMJA PI 
00,0 

Ratio MCNAo PI 

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1.0 

l-Specificlty 

Receiver Operating Characteristics (ROC) cun'es of the umbilical artery pu!satility index (UA PI), 
middle cerebral artery pulsalility index (MeA PI), ralio between MeA PI and UA PI (ratio MCA/~ 
UA), ratio betweell MeA PI alld descending aorta pulsatility iudex (ratio MeA/Ao) alld elld-dia
s/olic velocity ill the ductus l'eJlOS/IS (EDY). The diagollallille represel/ts all imaginary lest which 
lias 110 discrimillath'e power. 
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Table 3 Atrioventricular and foramen ovale flow velocity wavefonn values in SGA fetuses and nonnal controls 

SGA (n=35) Normal (n=35) 

Mo~ SD ""'so MOM SD ""'go Significance of 
difference (p) 

Mitral valve 

E wave (em/s) 29.00 5.54 18.72-41.86 35.41 6.64 21.72-50.00 <0.001 

A wave (cm/s) 37.23 6.11 25.88-48.74 46.42 7.06 32.74-62.12 <0.001 

TAY (cm/s) 12.49 2.% 7.99-19.82 14,% 2.10 10,50-19.54 0.001 

EtA ratio 0.76 0.06 0.62-0.87 0.76 0.08 0.57-0,89 NS 

Tricuspid valve 

E wave (cm/s) 31.70 6.58 22.2948.31 40.39 6.77 25.34-60.42 <0.001 

A wave (cm/s) 40.55 7.31 29.55-58.49 50.24 11.01 26.27-75.55 <0,001 

TAV (em/s) 13.49 3.14 8.%-20.48 16.30 2.20 10.04-23.01 <0.001 

EIA ratio 0.78 om 0.61-0.90 0.77 0.05 0.67-0.89 NS 

Foramen ovalc 

PSV (em/s) 28,44 6.38 14.87-38.11 27.10 3,80 17.84-31.42 NS 

PDY (cm/s) 19.75 6.23 10.22-29.94 16.62 3.47 12.32-23,07 NS 

TAV (cm/s) 16.11 4.84 8,25-28.47 16.14 2,78 11.52·21.22 NS 

CI = confidence interval; PSV = peak systolic velocity; PDV = peak diastolic velocity; TAV = time-averaged velocity 

Paired 95% 9 
difference 

-6.43 [-9.53 , -~.32J 

-9.18 [-13.05, -r,32] 

-2.47 [·3,80 • -~,14] 

-8.68 [-11.26, +11] 

-9.18 [-13.60 , -~.771 

-2.80 [ -3.96. -f,67] 
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Table 4 Venous flow velocity waveform values in SGA fetuses and normal controls \! SGA (0=35) Normal (n=35) 

M"", SD ""'" M= SD =, Significance of Pm"" 95% ~I 
difference (p) difference 

Umbilical vein TAV (emf:;) 

extra~abdominal 10.84 3.23 5.91-21.06 12.61 2.82 7.02·21.27 0.03 -1.81 [-3.41 • -p.21] 

PN (only SGA: n = 17) 0.35 0.31 0.10-1.42 

Inferior vena cava 

psv (cmls) 34.41 9.22 20.67-60.95 38.27 7.34 19.50-52.15 NS 

PDV (emfs) 21.11 7.86 10.2243.82 23.53 5.73 12.45-36.49 NS 

TAV (cm/s) 18.66 5.53 10.50-32.97 21.96 4.97 10.89-31.66 0.Q3 -3.30 [-6.24 • ..p.36] 

% reverse flow 15.11 8.64 5.0-15.1 7.77 3.41 3.5-14.9 <0.001 7.65 [4,44. ~O.851 

PIV 2.70 0.49 2.03-4.05 2.34 0.32 1.82-3.04- 0.003 0.36 [0.13 . 9.59) 

I 

Ductus venosus. 

PSV (S: emf:;) 51.76 17.64- 17.64-87.47 62.07 12.68 36.35-82.27 0.03 -10.18 [-18.95. 11.41] 

PDV (0: em/s) 44.55 16.37 14.24-82,09 56.17 11.84 30.04-77.62 0.007 -12.16 [-20.64.43.68] 

TAV (cm!s) 38.98 14.60 11.29-71.57 52.13 11.25 26.31-71.77 0.001 -13.67 [-2I.l5 • ,;ti.20J 

EDV (cm/s) 18.60 12,18 0-44.32 33.99 8.94 13.69-51.58 <0.001 -15.68 [-22.12. t9.24] , 
PIV 0.98 0.48 0.44-2.24 052 0.16 0.16-0.86 <0.001 0.41 [0.22 .0,.59] 

eI "" confidence interval: PSV "" peak systolic velocity: PDV = peak diastolic velocity: TAV = time-averaged velocity; EDV = end-diastolic velocity; PIV = Pulsatility Index. for Veins 
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Table 5 End-diastolic velocity ill the umbilical artel)' relative to allier floW velocity parameters ill SGA fetuses 

. - - . - _. ·--EDV'-(i,;;d10T -- .... -- - - _. ---EDV+{iiC;nJ 

Descending aorta PI 

Inferior vena cava 

PSV (cmls) 

PDV (cmls) 

TAV (cmls) 

Umbilical vein 

TAV (cmls) 

Meall 

2.91 

30.79 

18.38 

16.30 

9.50 

SD 

1.l0 

7.11 

7.08 

4.69 

2.31 

Meall 

1.92 

39.68 

25.09 

22.10 

12.69 

SD 

0.38 

9.65 

7.45 

4.93 

3.50 

p-value 

0.002 

0.005 

0.02 

0.002 

0.005 

EDV = end-diastolic velocity; PSV = peak systolic velocity; PDV = peak diastolic velocity; TAV = time-aver
aged velocity 

. including 11 cases of end-diastolic reverse flow 

Table 6 EWra-abdomillalumbilical rellOIlS pulsatiolls relative to other flaw velocity parameters ill SGA /elllses 

Presellf (11=17) Absellf (11=14) 

Meall SD Mean SD p-value 

Umbilical artery PI 3.14 1.30 1.76 0.50 0.001 

Inferior vena cava 

PSV (cmls) 31.61 9.32 39.24 6.70 0.D3 

PDV (COlis) 17.56 5.11 26.64 8.02 0.001 

TAV (emls) 16.61 4.55 22.65 5.20 0.003 
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5.3.5 Discussion 

Second and early third trimester data are presented from a cross-sectional study of flow 

velocity waveforms at arterial, intracardiac and venous level in normally developing and small

for-gestational age fetuses. Characterization of functional aspects of the fetal cardiovascular 

system is of importance in the eventual understanding of normal and abnormal fetal hemodyna

mics. However, the contribution of Doppler flow velocity waveforms to our knowledge of fetal 

hemodynamics has its limitations, since no infonnation is available on pressure or volume flow. 
Moreover, measuring cross-sectional vessel areas, particular in pulsating arteries, puts a restric
tion on the implication of Doppler ultrasound. Nevertheless, both angle independent and angle 

dependent Doppler assessment of flow velocity waveforms provide useful information on circu

latory changes in the developing fetus. 

Normal fetal development is characterized by a low feto-placental vascular resistance 

with the objective to maintain optimal supply of oxygen and nutrients to the fetus. At cardiac 

level, flow velocities across the atrioventricular valves are higher during atrial contraction (A

wave) than during early diastolic filling (E-wave). Also, time-averaged velocities at tricuspid 

valve level are significantly higher than at mitral valve level. Since volume flow is equal to 

time-averaged velocity times cross-sectional vessel area, these data suggest right ventricular 

predominance during nonnal pregnancy. Throughout the cardiac cycle, right to left flow is 

present at the foramen ovale with time-averaged velocities slightly higher than at 

atrioventricular level. 

Preferential streaming of highly oxygenated blood takes place from the placenta through 

the umbilical vein, ductus venosus and foramen ovale into the left heart ensuring optimal oxy

gen supply to the brain and myocard, whereas blood from the inferior vena cava is mainly 

directed to the right heart. In the fetal lamb, the ductus venosus acts as an important regulator 

of the venous circulation (Edelstone et aI., 1978). In the present study of normal controls, mean 

time-averaged velocity in the ductus venosus (52.1 cmls) is more than two-fold of that in the 

inferior Vena cava (22.0 cmls) and four-fold of that in the extra-abdominal umbilical vein (12.7 

cmls). The relatively high velocities in the ductus venosus are determined by the narrow vessel 

size which will never exceed 2 mm. From the pulsatility index for veins an estimate of cardiac 

preload can be obtained, reflecting ventricular end-diastolic pressure. The positive correlation 

between the Pulsatility Index for Veins in the ductus venosus and inferior vena cava in both 

subsets is explained by the equal effect of right ventricular end-diastolic pressure changes on 

flow in these two vessels in the presence of a closed foramen ovale (van Eyck et aI., 1990). 

The increase in Pulsatility Index for Veins in the SGA fetus may be attributed to the marked 
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reduction in flow velocity during atrial contraction in the presence of relatively high peak sys-

..... tolic_and_peak_diastolic .... flow_velocities._suggesting_increased ... end,diastolic_ventricular_pressure .... 

In fetal hypoxia increased downstream impedance would result in increased ventricular afterload 

and ventricular end· diastolic pressure. However. in the present study. the Pulsatility Index for 

Veins in all three venous vessels appears to be independent of arterial downstream impedance as 

expressed by descending aorta and umbilical artery PI. suggesting other factors to playa role in 

changes in cardiac preload. 

Comparing small-for-gestational age fetuses and normal controls. a difference was estab

lished in incidence of abnonnal maternal conditions such as pre~eclamptic toxaemia, mode of 

delivery and fetal outcome as expressed by fetal heart rate tracings at delivery. Apgar score at 1 

minute and admission to the Neonatal Intensive Care Unit. In the small-for-gestational age 

fetus. increased resistance to flow is demonstrated in the umbilical arteries and descending 

aorta. but a reduced resistance to flow is found in the middle cerebral artery. suggesting brain

sparing. Also, time-averaged and end-diastolic velocities were raised in the latter vessel as 

opposed to reduced velocities in the descending aorta. reflecting centralization of the fetal circu

lation. which is supposed to be mediated by arterial chemoreceptors (Bartelds et al.. 1993). 

Reduced transmitral and transtricuspid flow velocities were observed in the small-for

gestational age fetus which is consistent with other studies (Reed et al.. 1986; Stoddard et al.. 

1989) and are similar to earlier data on flow velocities from the ascending aorta. pulmonary 

artery and ductus arteriosus (Groenenberg et al.. 1989). There are several explanations for the 

reduced atrioventricular and cardiac outflow tract velocities in fetal growth retardation. Firstly. 

a decrease in time-averaged velocity may be secondary to a decrease in volume flow. Secondly. 

a change in cardiac ventricular contractility could result in changes in time-averaged velocities. 

Another factor is arterial afterload which is determined by blood pressure and resistance. How

ever, no relationship exists between atrioventricular flow velocities and downstream impedance 

as expressed by descending aorta and umbilical artery PI. Both arterial volume flow and blood 

pressure may change in parallel or opposite directions and may. therefore. result in alterations 

in transmitral and transtricuspid flow velocity wavefonn. Moreover, atrioventricular flow velo

city waveforms may not change with afterload if other factors change simultaneously. 

Our data suggest that right heart predominance is also present in fetal growth retarda

tion. This is based on the time-averaged velocity relationship between mitral and tricuspid 

valves, which is not different from nonnal controls. This is further supported by the presence of 

normal flow velocities across the foramen ovale. This observation of right ventric~lar predomi

nance is at variance with other authors (Reed et al.. 1987; Rizzo et al.. 1991b) who reported a 

shift of cardiac output in favour of the left heart in the small-for-gestational age fetus. A diffe-
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rent hypoxemic state of the small-far-gestational age fetus at the time of Doppler investigation 

........... may_explain_this.discrepanc)'._Whereas.our_cross_sectionaLstudy._design.does_noLallolV-.informa. 

tion on serial flow velocity waveform changes, the present study demonstrates that centralization 

of the circulation may occur before changes in cardiac right/left relationship become evident. 

On the other hand, both absent or reverse end·diastolic flow velocities in the umbilical artery 

and pulsatile umbilical venous velocities, reflecting advanced fetal hypoxemia (HecheI' et aI., 

1995c), are not associated with a shift to left heart predominance. No difference could be found 

in E/ A ratios between small-far-gestational age and normally developing fetuses, indicating that E

and A-wave velocities are subject to a similar reduction in the presence of fetal growth retarda

tion. 

Reduced time-averaged velocities are shown in all three venous vessels in the small-for

gestational age fetus. Studies in normal late first and early second trimester pregnancies suggest 

that gestational age-related changes in flow velocities are mainly determined by volume changes 

associated with fetal growth (van Splunder et aI., 1996). It is speculated, therefore, that the 

observed reduction in time-averaged velocities at venous, arterial and atrioventricular level in 

fetal growth retardation indirectly reflects a growth-related reduction in volume flow. This is 

further supported by the virtually unaltered time-averaged velocity relationship between the 

three venous vessels, when compared with normal controls. In contrast to the inferior vena 

cava, the pulsatility index for veins in the ductus venosus of the SGA fetus, displays a signifi

cant reduction when compared to normal controls, reflecting reduced preload in this vessel. 

This is at variance with the consistent time-averaged velocity relationship between the three 

venous vessels, described earlier. Direct volume flow and pressure data are needed to resolve 

this issue. It has been proposed that high placental resistance and vascular constriction at fetal 

trunk level will result in increased cardiac ventricular residual volume and end-diastolic pressure 

(HecheI' et aI., 1995c). To what extent the observed reduction in late diastolic velocities in the 

ductus venosus and increased reverse flow velocities in the inferior vena cava are due to these 

intracardiac changes and/or increased arterial downstream impedance is not yet clear. Also in 

fetal growth retardation no correlation could be established between arterial downstream impe

dance and cardiac preload, as expressed by umbilical artery and descending aorta PI and 

Pulsatility Index for Veins. 

Absent or even reverse end·diastolic flow in the umbilical artery is accompanied by a 

further reduction in inferior vena cava and umbilical venous flow velocities. Fetal birth weight 

in this subgroup is approximately half of that in the presence of end-diastolic flow velocities 

even though a mean gestational age difference of 5 weeks may be responsible for most of this 

weight difference. Also, the Apgar score at I minute was lower in cases with absent or reverse 
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end-diastolic velocities, indicating fetal hypoxemia. One may speculate that next to diminished 

..Je.t~Lg[Q\'IJl!, .. J'e.duc.s;g .... mYSlcJ!rdiaL.cQnlracJiQl).JQrce .. as.sociat.ed ... with._ fetal.hypoxemia ..... may.he ... 

responsible for the further deterioration of venous flow velocities. Intrauterine death occurred in 

nearly half of the cases with end-diastolic reverse flow in the umbilical artery, although in one 

instance the time-interval between Doppler recording of reverse flow and intrauterine death was 
as long as 35 days. Similar rmdings were done in the presence of umbilical venous pulsations. 

The high intrauterine mortality rate (44%) confirms results form other studies on umbilical 

venous pulsations in small-for-gestational age fetuses (Indik et a!., 1991; Arduini et a!., 1993; 

Hecher et a!., 1995c). 

The degree of hemodynamic adaptation to chronic hypoxemia as seen in intrauterine 

growth retardation (Hecher et a!., 1995c) is related to fetal maturity, e.g. gestational age. How

ever, in the present study velocity differences between small-for-gestational age fetuses and 

normal controls were not essentially different when comparing the pregnancy period before and 

after 32 weeks. 

Our study design does not allow direct assessment of fetal compromise by Doppler flow 

velocity waveform investigation. Prediction of fetal growth retardation was, however, possible 

from the different fetal flow velocity waveforms. Following umbilical artery PI, middle cerebral 

artery/descending aorta PI ratio appears to display the highest sensitivity and specificity for 

detecting intrauterine growth retardation, emphasising the process of centralization of the circu

lation and brainsparing associated with fetal growth retardation. The predictive value of the end

diastolic ductus venosus flow velocity waveform with a sensitivity of only 37% at -2SD score is 

disappointing. 

It can be concluded that marked cardiovascular changes occur in the small-for-gestational 

age fetus. Whereas there is a change from a low uteroplacental vascular resistance to a high 

vascular resistance at placental and fetal trunk level, redistribution of blood flow takes place in 

favour of the fetal brain. Flow velocity waveforms at cardiac and venous level change indepen

dently from downstream impedance suggesting other factors to playa role in these changes. 

Longitudinal studies will be needed to elucidate the natural history of cardiovascular changes in 

the small-for-gestational age fetus. 
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General conclusions 

In this thesis the human fetal circulation was studied with combined two-dimensional 

real-time and pulsed Doppler ultrasound in early and late pregnancy, with emphasis on the 
- -- ------- ------ ---- -- -- --- - ----,--,-,-,-,-,-,- ------ --- - --------- -- -- --- --- --.-,-- -------- -- -- --- -- --- --------- - - -----.-,-- --- -------------

impact of changing arterial downstream impedance on atrioventricular and venous flow velocity 
waveforms. 

The late first and early second trimester of pregnancy 

Transvaginal Doppler ultrasonography allows detailed infonnation on flow velocity 

wavefonns as early as 8 weeks of gestation. The late first trimester of pregnancy is character

ized by absence of end-diastolic velocities in the umbilical artery and descending aorta, 

indicating high downstream impedance. As from II weeks of gestation end-diastolic velocities 

gradually appear, which may result from the process of angiogenesis in the developing placenta. 

At the same time, umbilical venous pulsations gradually disappear, which may be explained on 

a purely mechanical basis. 

An increase in time-averaged velocities with advancing gestational age was observed for 
the umbilical vein, ductus venosus and inferior vena cava. Also, at atrioventricular level an 
increase was established for transmitral and transtricuspid flow velocity waveforms. A 

statistically significant relationship between logaritlnnically transfonned crown-rump-Iength and 

transmitral and transtricuspid time-averaged velocities, suggests that an increase in volume flow 
in the early developing fetus may playa role in the observed increase in atrioventricular time

averaged velocities. 

The Pulsatility Index for Veins reflects cardiac preload, whereas the Pulsatility Index in 

the umbilical artery and descending aorta reflects downstream impedance at fetal trunk and 

placental level. The absence of a relationship between these two pulsatility indices suggests that 

cardiac preload changes independently from arterial downstream impedance. 

Doppler ultrasonography does not allow direct information on volume flow and pressure 

measurements. However, crude estimates on the pressure gradient across the ductus venosus can 
be made using the Bernoulli equation. Although displaying a rather wide data distribution, 

estimates on the pressure gradients may indicate that early fetal hemodynamics function at very 

low pressures. 

Time-averaged velocities at mitral and tricuspid valve level increase with advancing 
gestational age. During the entire study period, transtricuspid flow velocity wavefonns are 

higher than transmitral flow velocity wavefonns, which may reflect right ventricular predomi

nance as early as the late first and early second trimester of pregnancy. Also, the EI A ratio at 
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both mitral and tricuspid valve level shows a gestational age-related increase, suggesting a shift 

oflJl()()d_~o\V_fr()Illlate_~ias~ole towards early_ (!iastole.Jhe _latter may _resultJf()lnil1c .. ease~ 

ventricular compliance and/or raised ventricular relaxation rate. A change in ventricular 

compliance is supported by the reduction in atrial contribution to ventricular filling, at least 

between 10 and 14 weeks of gestation. As from 14 weeks of gestation atrial contribution to 

ventricular filling remains rather constant, suggesting that other factors than ventricular 

compliance playa role in the increase in EI A ratio. Further studies before 10 weeks of gestation 

are needed to elucidate the development in ventricular compliance in the human fetus. 

Marked gestational age dependent changes are not only observed for atrioventricular 

flow velocity waveforms, but also for fetal cardiac function. The filling phase is increased and a 

reduction in isovolumic relaxation and ventricular ejection phase are established. To determine 

the significance of these systolic and diastolic cardiac changes, more data are needed relative to 

the intracardiac parameters such as atrioventricular and outflow tract velocities, arterial 

afterload and venous preload. 

Knowledge on normal fetal hemodynamics may be helpful in the detection and surveil

lance of pathophysiological conditions. In the chick embryo it has been demonstrated that a 

structurally abnormal heart may be accompanied by an impaired contraction force, resulting in 

well-defined changes in flow velocity waveforms. It is speculated that also in human fetuses 

impaired cardiac function may be detected as early as the late first trimester of pregnancy. 

Although no direct information is available on volume flow and pressure measurements, 

sufficient information is available on normal flow velocity waveforms in the early and second 

trimester of pregnancy. Future studies will have to be focused on pregnancies, which are at 

increased risk of pregnancy-related pathology such as pregnancy-induced hypertension or 

intrauterine growth retardation or increased risk of congenital heart defects. Only then the 

clinical significance of Doppler ultrasonography may be properly established. 

Late pregnancy 

Late pregnancy is characterized by low downstream impedance at fetal trunk and 

placental level. Although umbilical venous pulsations are considered to be associated with fetal 

compromise, mild umbilical venous pulsations are observed in the normal late pregnancy. The 

left portal vein seems to be the most reliable recording site for obtaining venous flow velocity 

waveforms. However, its clinical relevance is yet to be determined. 

Optimal supply of oxygen and nutrients is of major importance to the growth restricted 
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fetus. The increase in Pulsatility Index in the umbilical artery and descending aorta is 

...... accompanied .. by .. a ... reduction-in.Pulsatility .. lndex.in .. ··the .. ·middle·.cerebral. artery,-.indicating .. 

hemodynamic adjustment (brain-sparing) in the developing fetus. 

Reduced transmitral and transtricuspid flow velocity wavefonns may result from a 
reduction in volume flow, impairment of cardiac contractility andlor a raised afterload. With 

respect to the absence of a relationship between umbilical artery and descending aorta Pulsatility 

Index and atrioventricular flow velocity wavefonns, a raised afterload seems not to be 

responsible for the observed changes in atrioventricular flow velocity waveforms. Instead, these 

changes may result from reduced volume flow, since in the late first and early second trimester 

of pregnancy the opposite was established. Transtricuspid flow velocity waveforms are higher 

than transmitral flow velocity wavefonns, indicating right ventricular predominance. 

The reduction in venous flow velocity waveforms in the small-for-gestational age fetus 

may also be determined by a reduction in volume flow. The reduction in end-diastolic velocities 

in the ductus venosus and increased percentage reverse flow in the inferior vena cava may result 

from intracardiac changes and/or increased arterial downstream impedance. However, this could 

not be effectuated in the present study. Absent or even reverse flow in the umbilical artery and 

umbilical venous pulsations are associated with adverse neonatal outcome. 

From the present study, it appears that the Pulsatility Index in the umbilical artery is still 

the best predictor for a small-for-gestational age fetus. This is followed by the ratio between the 

middle cerebral artery and descending aorta Pulsatility Index which emphasises the process of 

centralization in fetal growth retardation. 

Unfortunately, the present study does not allow assessment of fetal compromise by 

Doppler ultrasonography. Longitudinal studies will be needed to elucidate the time sequence of 

hemodynamic changes, which will provide more insight into the underlying mechanisms. 
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Summary 

Chapter 1 

In human fetuses a shift has been demonstrated from a high feto-placental vascular 

resistance to a low feto-placental vascular resistance with advancing gestational age. However. 

the opposite is observed in the small-far-gestational age fetus. The objectives of the present 

thesis are focused on the effect of arterial downstream impedance changes on atrioventricular 

and venous flow velocities in early normal and late abnormal pregnancies. It should be stressed, 

however, that the lack of volume flow and pressure measurements puts a restriction on the 

interpretation of our data. 

Chapter 2 

A literature survey is presented on arterial, intracardiac and venous flow velocity 

waveforms in the late first and early second trimester nom}al fetus and in the small-for

gestational age fetus. Both subsets are characterized by changing downstream impedance with 

marked changes at atrioventricular and venous level. 

Chapter 3 

Venous flow velocity waveforms can be obtained as from 8 weeks of gestation. 

Whereas, fetal lamb and human fetal studies have provided useful infonnation on venous flow 

velocities in late pregnancy, little information is available on venous flow velocity waveforms in 

the late first and early second trimester of pregnancy. 

In sub-chapter 3.2 the nature and gestational age dependency of fetal venous flow 

velocity waveforms and their relationship with arterial waveforms are established in the late 

first and early second trimester of pregnancy. Downstream impedance, as expressed by the 

pulsatility index in the umbilical artery and descending aorta, shows a marked reduction with 

advancing gestational age, whereas time-averaged velocities in the umbilical vein, ductus 

venosus and inferior vena cava increase with gestational age. Umbilical venous pulsations 

progressively disappear during the same time period. Also, a gestational age-dependent 

reduction in pulsatility index for veins is established, which reflects cardiac ventricular preload. 

This reduction in pulsatility index for veins takes place independently from the reduction in 

downstream impedance as expressed by the umbilical artery and descending aorta pulsatility 
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pressure measurements} an attempt was made to estimate the pressure gradient across the ductus 

venosus by using the Bernoulli equation. Insight into pressure gradients would aid in the 

understanding of the importance of the ductus venosus in the early developing fetus. In sub

chapter 3.3 attention is focused on the assessment of estimates of the pressure gradient across 

the ductus venosus. It is demonstrated that Doppler ultrasonography does allow crude estimates 

of the pressure gradient between the umbilical vein and inferior vena cava. This study indicates 

that early fetal hemodynamics appears to function at low pressure. 

Chapter 4 

In animal experimental work, it has been demonstrated that cardiac anomalies may be 

accompanied by marked hemodynamic changes. In order, to interpret flow velocity waveform 

data in the early developing human fetus and allow detection of congenital heart disease, 

knowledge of normal cardiac function is needed. 

In subchapter 4.2 atrioventricular flow velocity waveforms are documented between 8 

and 20 weeks of gestation and their relation with arterial and venous flow velocity waveforms is 

established. Both transmitral and transtricuspid flow velocity waveforms show a marked 

increase with advancing gestational age. Higher transtricuspid flow velocity wavefomls suggest 

right ventricular predominance as early as the late first and early second trimester of pregnancy. 

Whereas no relationship could be determined between changing downstream impedance as 

expressed by the pulsatility index in the umbilical artery and descending aorta, and 

atrioventricular flow velocity waveforms, a statistically significant relationship exists between 

logarithmically transformed crown-rump-length and atrioventricular flow velocity waveforms. 

This suggests that the observed changes in atrioventricular flow velocity waveforms may be 

determined by increased volume flow in the developing fetus. 

In subchapter 4.3 fetal cardiac function relative to gestational age is discussed. Cardiac 

cycle length and filling time displayed a statistically significant increase with advancing 

gestational age, whereas ejection time and isovolumic relaxation time showed a gestational age 

related decrease. The gestational age-dependent rise in E/A ratio suggest a shift of blood flow 

from late diastole to early diastole. This may be explained by the increase in the proportion of 

ventricular filling contributed by atrial contraction between to and 14 weeks of gestation, 

suggesting a change in ventricular compliance early in gestation. 
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Chapter 5 

In nonnal late pregnancy, umbilical venous pulsations are considered to be associated 

with fetal compromise. However, mild umbilical venous pulsations have been observed in 
nonnal late pregnancy. In Chapter 5.2 data on the existence of umbilical venous pulsations at 

different recording sites and their reproducibility in nomlal pregnancy is discussed. Umbilical 

venous and left portal venous pUlsations are demonstrated in nonnal pregnancies. Large intra

patient coefficients of variation and limits of agreement between observers are established, 

which are probably due to the difficulty in standardizing the recording site as well as the 

individual variation in umbilical venous flow velocity. The left portal vein seems to be the most 

reliable recording site for obtaining flow velocity wavefonns. 

Nonnal late pregnancy is characterized by low downstream impedance at fetal trunk and 

placenta level. The opposite can be observed in the small-for-gestational age fetus. As a 

consequence of this changing downstream impedance, well-defined changes take place at 

arterial, atrioventricular and venous level. The latter changes are discussed in Chapter 5.3. A 

reduction in middle cerebral artery pulsatility index is observed, indicating fetal brain-sparing. 

Reduced flow velocities are also established at transmitral and transtricuspid level, with 

transtricuspid flow velocity wavefonns being higher than transmitral flow velocity wavefonns. 

The latter suggests some degree of right ventricular predominance. At venous level, reduced 

flow velocity wavefonns are documented, which may result from reduced volume flow. 

Increased pulsatility index for veins suggest an increase in end-diastolic ventricular pressure. 

The occurrence of intrauterine death is associated with absent or reverse flow in the umbilical 

artery and umbilical venous pulsations. No relationship could be established between 

atrioventricular and venous flow velocity wavefomls and the pulsatility index in the umbilical 

artery and descending aorta, suggesting that other factors than downstream impedance may play 

a role in the observed flow velocity changes. The pulsatility index in the umbilical artery is the 

best predictor of a small-far-gestational age fetus, followed by the middle cerebral 

artery/descending aorta PI ratio. It can be concluded that in the small-far-gestational age fetuses 

marked changes take place at arterial, atrioventricular and venous level, which suggest 

hemodynamic adjustment. 
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Hoofdstuk 1 

In de humane foetus vindt met het vorderen van de zwangerschap een verschuiving 

plaats van een hoge naar een lage foetale en placenta ire vaatweerstand. In het geval van 

intrauteriene groeivertraging treedt echter het tegenovergestelde op. De doelstellingen van dit 

proefschrift concentreren zich op het effect van deze veranderingen in arteriele vaatweerstand 

op cardiale en veneuze bloedstroomsnelheden in de vroege nonnale zwangerschap en in de 

gecompliceerde late zwangerschap. Opgemerkt dient te worden dat conclusies met een zekere 

voorzichtigheid betracht dienen te worden door de afwezigheid van volume en drukrnetingen. 

Hoofdstuk 2 

In dit hoofdstuk wordt een literatuuroverzicht gegeven over foetale arteriele, intracardi

ale en veneuze bloedstroomsnelheden in het late eerste en vroege tweede zwangerschapstri

mester en in de groeivertraagde foetus. Beide groepen worden gekarakteriseerd door een 

verandering in de vaatweerstand op foetaal en placentair niveau, hetgeen tevens gepaard gaat 

met duidelijke veranderingen op atrioventriculair en veneus niveau. 

Hoofdstuk 3 

Vanaf 8 weken zwangerschapsduur kunnen veneuze bloedstroomsnelheidsprofielen 

verkregen worden. Door studies in het foelale lam en in de humane foetus is er kennis 

beschikbaar over de veneuze circulatie laat in de zwangerschap. Er is echter weinig bekend over 

de veneuze circulatie in het eerste en vroeg tweede trimester van de zwangerschap. 

In hoofdstuk 3.2 wordt de aard van foetale veneuze bloedstroomsnelheidsprofielen 

besproken alsmede de relatie tot de zwangerschapsduur en de arteriele vaatweerstand. De 

vaatweerstand, uitgedrukt als de pulsatiliteits index in de arteria umbilicalis en aorta descen

dens, vertoon! een uitgesproken afname met het vorderen van de zwangerschapsduur. De 

gemiddelde snelheid in de vena umbilicalis, ductus venosus en vena cava inferior toont echter 

een toename met het vorderen van de zwangerschap. In dezelfde periode verdwijnen heel 

geleidelijk de pulsaties in de vena umbilicalis. Een van de zwangerschapsduur afhankelijke 

afname in de pulsatiliteits index voor verren kan worden waargenomen, hetgeen een maat is 

voor de cardiale ventriculaire rtpreload". Deze afname in de pulsatiliteits index voor venen vindt 
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plaats onaflJankelijk van de afname in de vaatweerstand, zoals weergegeven door de pulsatiliteits 

------ - ---index--in-de-arteria-umbilicalis-en-aorta-descendens-; 

Doppler ultrageluid verschaft geen directe informatie over volume en drukmetingen. 

Door middel van de Bernoulli vergelijking kan er echter een schatting gemaakt worden van de 

drukgradient over de ductus venosus. Kennis hierover kan meer inzicht verschaffen over de 

functie van de ductus venosus in de zich ontwikkelende humane foetus. In hoofdstuk 3.3 wordt 

aandacht besteed aan de schatting van deze drukgradient. De resultaten van deze studie tonen 

aan dat een ruwe schatting van het drukverschil tussen de vena umbilicalis en inferior vena cava 

gemaakt kan worden en suggereren dat de vroege hemodynamiek in de humane foetus op zeer 
lage drukken functioneert. 

Hoordsluk 4 

Dierexperimenteel onderzoek heeft aangetoond dat hartafwijkingen gepaard kunnen gaan 

met welomschreven hemodynamische veranderingen. Om gegevens van pathologische omstan

digheden te kunnen interpreteren is kennis van de normale cardiale functie onontbeerlijk. 

In het eerste artikel worden de atrioventriculaire bloedstroomsnelheidsprofielen beschre

ven tussen 8 en 20 weken zwangerschapsduur. Tevens wordt aandacht besteed aan de relatie 

met arteriole en veneuze bloedstroomsnelheidsprofielen. Zowel de bloedstroomsnelheidsprofie

len op mitraal als tricuspidaal niveau vertooen een toename met het vorderen van de zwanger
schapsduur. De hogere snelheden over de tricuspidalis kleppen suggereren een rechts-dominan

tie van het foe tale hart vroeg in de zwangerschap. De afwezigheid van een relatie tussen de 

arteriole vaatweerstand, uitgedrukt als de pulsatiliteits index in de arteria umbilicalis en aorta 

descendens, en atrioventriculaire bloedstroomsnelheden lijkt er op te wijzen dat andere factoren 

dan de arteriole vaatweerstand een rol spelen bij de veranderingen op cardiaal niveau. De relatie 

tussen de logaritmisch getransformeerde kruin-romp-Iengte en atrioventriculaire bloedstroom

snelheden suggereert dat de veranderingen op atrioventriculair niveau bepaald zouden kunnen 

zijn door eeo toename in circulerend volume in de zich ontwikkelende humane foetus. 
Het tweede artikel beschrijft de cardiale functie in relatie tot de zwangerschapsduur. De 

hart cyetus en de vullingstijd vertonen een toename met de zwangerschapsduur, terwijl de 

ejectie tijd en de isovolemische relaxatie tijd een afname vertonen. De toename in EI A ratio 

suggereert een verschuiving van bloedstroom van de late naar de vroege diastole. Dit zou 

verklaard kunnen worden door de toename in de bijdrage van de atriale contractie aan de 

ventrikel vulling, hetgeen een verandering in ventriculaire compliantie betekent. 
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Hoordstuk 5 

Pulsaties in de vena umbilicalis worden in de late zwangerschap beschouwd als een teken 

van foetale nood. Milde pulsaties in de vena umbilicalis zijn echter ook in de normale late 

zwangerschap gezien. In hoofdstuk 5.2 worden de aanwezigheid van deze pulsaties en de 

reproduceerbaarheid beschreven. Grote intrapatient variatie en ulimits of agreement U worden 

gevonden, hetgeen hoogst waarschijn1ijk bepaald wordt door de moeilijkheid om de meetplaats 

te standaardiseren en door de variatie in veneuze bloedstroomsnelheden binnen de foetus. De 

vena porta sinistra lijkt de meest betrouwbare meetplaats te zijn. 

De normale tweede helft van de zwangerschap wordt gekarakteriseerd door een lage 

foetale en placentaire vaatweerstand. Het tegenovergestelde kan waargenomen worden in de 

groeive.1raagde foetus. Als gevolg hiervan, vinden er welomschreven veranderingen plaats op 

arterieel. atrioventriculair en veneus niveau. Deze veranderingen worden in hoofdstuk 5.3 

beschreven. De pulsatiliteits index in de arteria cerebri media neemt af, hetgeen wijst op een 

"hersen-sparend effect". Afgenomen bloedstroomsnelheden zijn tevens waargenomen op het 

niveau van de mitraIis en tricuspidaIis kleppen, waarbij de bloedstroomsnelheden over de 

tricuspidalis kJeppen hoger zijn dan over de mitralis kJeppen. Dit laatste suggereert een rechts

dominantie van het hart. Op veneus niveau zijn eveneens afgenomen bloedstroomsnelheden 

gemeten, die mogelijk het gevolg zijn van een afgenomen circulerend bloedvolume. De 

toegenomen pulsatiliteits index in de venen zou een uitting kunnen zijn van een toegenomen 

eind-diastolische duk in de reellter ventrikel. Intra-uterien overlijden is geassocieerd met 

pulsaties in de vena umbilicalis en met afwezige of zelfs omgekeerde eind-diastolische 

bloedstroom in de arteria umbilicalis. Er kan geen relatie gevonden worden tussen bloedstroom

snelheden op het niveau van de atrioventriculaire kleppen en veneuze vaten en de pulsatiliteits 

index in de arteria umbilicalis. Andere factoren dan de arteriele vaatweerstand lijken dus een rol 

te spelen bij de geobserveerde veranderingen op cardiaal en veneus niveau. De pulsatiliteits 

index in de arteria umbilicalis is het best in staat om een groeivertraging te voorspellen, gevolgd 

door de ratio tussen de pulsatiliteits index in de arteria cerebri media en aorta descendens. Er 

kan geconeludeerd worden dat er in de groeivertraagde foetus markante veranderingen plaats 

vinden op arterieel, cardiaal en veneus niveau, die wijzen op hemodynamische adaptatie. 
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