"I ask you now to turn your thoughts to the future and to
consider where further progress is most wanted....
We want in medicine more of the knowledge that can

only be gained through research"

Elizabeth Garrett Anderson 1903
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ABSTRACT

In a cross-sectional study of 977 women recruited from the
booking ultrasound clinic at 16-24 weeks gestation, the
resistance index (kI) in the uteroplacental circulation and
umbilical artery were measured by continuous wave Doppler
ultrasound. Reference ranges for these indices were constructed
and their relation to maternal social factors and morphometry
established. Pregnancies with high values had a higher incidence
of pre-eclampsia, abruptio, small-for-gestational age babies, and
fetal wastage. Cut-off levels for sensitivity and specificity

for the prediction of complications were produced.

Additional studies were nade. The RI varied with uterine site
and placental 1location so a new methodology for insonation was
developed. Confirmation of the vessel studied was supplied by
colour flow mapping and in-vivo studies at laparotomy. The
intra-observer error was established. The feasibility of the
screening study and methodology were tested in a pilot study of
21 women. The hospital computer provided pregnancy and delivery
details in 832 cases. The reliability of the data was assessed
in a comparative study of 50 cases. In the remaining 145 cases
information was collected after a series of searches including 2
postal requests to GPs and subjects. Follow-up was successful in
96.5% of cases. In 237 cases where pregnancy complications were

recorded the medical notes were retrieved and 3 independent



observers coded the diagnoses. The changes in RI with gestation
observed in the cross-sectional study were confirmed in a
longitudinal study of 33 women from 16-40 weeks. A postpartum
study of 21 women suggested the restitution of the uteroplacental
circulation to its non-pregnaﬁt state does not occur immediately
after delivery. Predictions of pregnancy complications by
Doppler parameters were compared to one another and to an
obstetric risk score. Furthermore, in 183 women, the maternal
serum AFP, HPL, BHCG, PAPP-A, SP1 and PPl12 were poorer predictors

than Doppler ultrasound.
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l. LITERATURE REVIEW

1.1 INTRODUCTION

Although pre-eclampsia (PET) and intrauterine growthrretardation
(IUGR) are major causes of maternal and perinatal mortality and
morbidity, the conditions are poorly defined and the underlying
pathology ill-understood. Furthermore, screening tests for these
conditions are impractical and have 1low sensitivity and
specificity. Doppler ultrasound appears promising for prediction
of outcome in pregnancies complicated by hypertension or a small
baby. On the assumption that the underlying pathology may be
~impaired placental perfusion, the aim of the present study was to
determine if assessment of the utero- and feto-placental
circulations in the second trimester by Doppler ultrasound was
useful as a screening test for these conditions. A review of the
literature was undertaken. Section 13 contains a glossary and

definitions of the terms used.

1.1.1 Historical perspective

Hippocrates, living on the island of Cos, circa 460 BC, might
have been referring in his Aphorisms to eclampsia when he said
that "If a woman with child is attacked by one of the acute
diseases, it 1is fatal", and to the proﬁlems of placentation when

he described "those who have the womb over-dry and very hot do
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not conceive, for the seed perishes through lack of nourishment".
Aristotle (384-322 BC) recognized the relationship between
mammalian mother and fetus via the wumbilical circulation; "the
vessels join onto the uterus like the roots of plants and through
them the embryo receives its nourishment. This is why the embryo

remains in the uterus".

Further understanding of the pathophysiology of pregnancy was
slow although the consequences were well-known. "No disease is
more dreadful and alarming in appearance than convulsions... the
disease is always attended with the utmost hazard and frequently
kills the woman... the membranes should be broken and the
delivery assisted whenever the circumstances of the case will

admit of it" (Hamilton 1751).

In 1843 both Lever and Simpson reported the presence of
albuminuria prior to and with convulsions (Lever 1843, Simpson
1843). Lever noted "the coincidence of an albuminous condition
of the urine" with puerperal convulsions in 14 women and found
little or no albuminuria in catheter specimens from 50 normal
parturients. Simpson commented that this was "probably granular
renal disease" and likened the illness to Brights disease. Pre-
eclampsia remained ill-understood and the "disease of theories"

(Zweifel 1895).
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John Hunter and Colin Mackenzie performed experiments injecting
the umbilical vessels of twins of a dead mother, showed that
maternal and fetal circulations did not mix and concluded that
fetal nourishment was derived from absorption (Radcliffe 1967).
The first careful postmortem analysis of the causes of stillbirth
was made by Spencer who concluded that trauma alone was the chief
factor, but he did not examine the fetuses who were macerated (50
of 180) and had died before labour (Spencer 1891). Young was the
first to suggest that the placenta caused stillbirth and that
fetal villi were nourished by maternal blood (Young 1914). He
stated that placental infarction 1liberated toxins, finding
"recent autolytic changes in the affected area... that generate
the poison". He speculated that small accidental haemorrhages
might precede toxaemia but that large ones led to the death of
the mother or fetus before the development of symptoms or obvious
changes of infarction in the placenta. This laid the foundations

for the concepts of uterine ischaemia and placental anoxia.

Using radioactive sodium (24Na) to measure uterine blood flow,
Browne and Veall (1953) demonstrated a fall in blood flow in
cases of PET, confirming the association of 'uterine ischaemia'
if not the underlying pathology. Robertson et al (1967)
described characteristic abnormalities in the placental bed
vasculature of pregnancies complicated by hypertension

irrespective of the association with IUGR.
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With the development of expectant treatment, which, in the
Rotunda hospital in 1896, consisted of morphia, venesection,
purgation, oxygen, nil by mouth, lying the woman on her side and
minimal interference (Tweedy 1896), mortality from eclampsia had
begun to fall at the turn of the century. 1In Britain in 1922,
maternal mortality was reported to be 22.1% following eclampsia
(Eden 1922). By 1924, in Leningrad, it had fallen to 2.4% of a
series of 253 eclamptic patients (Stroganoff 1924). In 1940 the
maternal death rate from eclampsia was 0.4 per 1,000 total
births, out of a total maternal mortality rate of 3.28 per 1,000

(Browne 1954).

The association of eclampsia with increased blood pressure and
proteinuria led to attempts at detection at an early stage by
serial clinical examinations. Visiting pregnant women with
’outdoor antenatal clinics’ started in the 1900s but was
superceded by the development of hospital antenatal clinics where
women were seen regularly. The first was set up 1in Adelaide,
Australia, in 1910 (Browne 1954). The regular monitoring of
blood pressure and testing of urine remain the cornerstone of

antenatal care and the detection of pre-eclampsia.

This strange, progressive, multi-system disease of pregnancy,
which is reversed by delivery of the products of conception,
still has an unknown aetiology, but very serious sequelae for

mother and fetus and still no specific modes of treatment or
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prevention (Redman 1987). Hypertension in pregnancy is still a
leading cause of maternal mortality in Britain (DHSS 1989). The
remote prognosis of eclampsia, however, is good and it is not a
sign of latent hypertension nor causes hypertension (Chesley et

al 1976).

The goal of obstetric care has moved on from avoiding maternal
death to producing a healthy baby, both physically and mentally
intact, and a happy mother. It is recognised that antenatal
factors can damage babies and underlying abnormalities of the
reproductive process were often present well before labour and
delivery (Illingworth 1979). 1In Illingworth’s own series of 762
cases of cerebral palsy, 30% had been delivered prematurely, 7.5%
had congenital anomalies and 5% had an affected sibling

suggesting that social and genetic factors play a large role.

Although in the last 20 years an ever-expanding range of methods
have been developed to assess the condition of the fetus in PET
and IUGR pregnancies there is a paucity of reports on early
prediction. There are a variety of techniques for assessment of
fetal well-being. Reduced fetal movements preceding fetal death
(Sadovsky and Yaffe 1973) 1led to the development of kick-count
charts, KCC (Pearson and Weaver 1976). These simple tests of
fetal well-being have been supplemented with cardiotocography,
CTG, (Visser and Huisjes 1977, Lavery 1982) and the biophysical

profile, BPP (Manning et al 1980).
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Ultrasound (Donald et al 1958) has allowed structural study of
the fetus (Nicholaides and Campbell 1987) and its growth in utero
(Campbell and Thoms 1977). Antenatal fetal blood sampling
(Daffos et al 1984) has resulted in even closer access to the

fetus and a comprehensive understanding of fetal physiology.

With perinatal mortality falling,' there is a need for "a non-
invasive and repetitive technique that would achieve diagnostic
precision in prenatal diagnosis of fetal hypoxia" (Symonds 1987).
There is an even more acute need for a non-invasive technique for
screening and the early detection of complicated pregnancies that
may have an environment hostile to the fetus. Concentration on
the accurate early identification of the high risk pregnancy

potentially leads to early intervention and prevention of damage.
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o C RC IO
2. m the ero e irculation

The preénant uterus is supplied by the two uterine arteries with
a small contribution from the ovarian arteries (Smout et al
1953). There are extensive ipsilateral and contralateral
collateral anastomoses although they may not be functional in
normal pregnancy (Itskovitz et al 1980). The uterine arteries
divide into arcuate arteries that traverse the uterine surface
and give off radial arteries that penetrate the myometrium at
right angles (Boyd and Hamilton 1970). These branch into basal
arteries, supplying the myometrium and decidua, and two or more
spiral arteries that communicate with the intervillous space
(1vs). There are about 100 functional openings of spiral
arteries into the IVS in a mature placenta (Boyd and Hamilton
1970) but maternal blood enters the IVS in discrete spurts from
only a few spiral artery orifices (Ramsey et al 1963). Three
dimensional plastic polymer injections have shown the asymmetric
origins of the arcuate arteries and their marked tortuosity

(Itskovitz et al 1980) (Figure 1).
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The umbilical cord contains two arteries and a vein that branch
into chorionic vessels which pass through the chorionic plate and
are continuous with the cbtyledonary arteries and veins. These
branch into villous arteries, veins and capillaries of the fetal
cotyledons and are situated in the stroma and in the terminal
villi (Boyd and Hamilton 1970). During pregnancy there is a
progressive change in the type of villi found predominantly. 1In
the first trimester they are largely stem villi, in the second,
intermediate, and in the third, terminal villi budding off from
the intermediate villi (Kaufmann et al 1979). These small
terminal villi have a large surface area to volume ratio for
efficient gas and nutrient exchange. The placenta has an initial
reparative response to ischaemia. Reduced maternal blood supply
leads to a proliferation of cytotrophoblastic cells and a

thickening of the basement membrane (Fox 1983).

.3.1 Findings orma regnanc

These have been divided into findings using light and electron

microscopy.
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Brosens and co-workers (1967) obtained "“several hundred"
placental bed biopsies from normal women in late pregnancy, taken
directly at Caesarean section (CS). A smaller number were taken
blindly at vaginal delivery. They found that, in pregnancy,
basal arteries showed no changes but spiral arteries were invaded
by cytotrophoblast and underwent marked changes to Dbecome
uteroplacental arteries. These utercplacental arteries have a
dilated and tortuous lumen, a complete absence of muscular and
elastic tissue, no continuous endothelial lining, mural thrombi
and fibrinoid deposition. Large cytotrophoblast cells were seen
in the walls. Although the authors postulated that the changes
in the vessel wall were a consequence of trophoblast invasion,
the study was purely descriptive and no gestation related
sequence was described. The diameter of these vessels increased
from 15-20 to 300-500 (Brosens et al 1972) suggesting that this
conversion of spiral arteries to ﬁteroplacental arteries allows a

great volume of blood to flow to the uterus.

Pijnenborg et al (1980) studied trophoblastic invasion of decidua
in 48 intact uteri removed for therapeutic reasons from normal
women at eight - 18 weeks’ gestation. Cytotrophoblast invades
both the distal ends of the spiral arteries and the decidual
interstitium. The invasion and conversion of spiral arteries had

started before eight weeks and although the study was not
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continued beyond 18 weeks the conversion to uteroplacental

arteries seemed to have been completed by that time.

1.2.3.1.2 Electron microscopy

De Wolf et al (1973) examined placental bed biopsies taken from
six normal women at or near term having CS for obstetric reasons
and made the same observations as Brosens et al (1967). The fine
structure of fetal and maternal cells in the placental bed
corresponded to their ultrastructure. This study confirmed the
presence of trophoblast cells in the vessel wall and gives strong
support to the view that they cause the normal physiological

changes rather than appear there as a consequence.
.2 2 normal findings in complicated pregnancies

There has been dispute as to whether the lesions found in PET and

pa

IUGR are distinct from one another. - - |

1.2.3.2.1 Qualitative studies: Pre-eclampsia

Robertson et al (1967) examined "more than 100" placental bed
biopsies from hypertensive women at CS. 1In those with PET they
found acute necrosis of the small vessel wall, most clearly seen
in the basal arteries, with foam cells or ’acute atherosis’. The

most severe changes were seen in the decidual segments and
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although the same changes were observed in the spiral arteries,
they were complicated by the normal physiological changes. In
contrast, in essential hypertension hyperplastic 1lesions,
fibroblast and smooth muscle proliferation in the intima and
media were seen most clearly in the basal arteries, but‘also in
the spiral arteries, which assumed the appearance of longstanding
arteriosclerosis. In cases of essential hypertension with
superimposed PET, a combination of necrotising and hyperplastic
lesions were found. This study suggests that there is different
pathology in different types of hypertension and emphasizes the
heterogeneity of the wunderlying causes of this particular

abnormal sign in pregnancy.

1.2.3.,2.2 Oualitative studies: Growth retardation

Sheppard and Bonnar (1981) challenged the view that there was a
specific lesion in hypertension when they performed light and
electron microscopy on placentae and placehtal bed biopsies taken
from 80 women at CS. 45 women had hypertension and 30 IUGR
(<10th centile). Normal physiological changes were found when
the birthweight was >10th centile in normotensive women (23/24)
and when the birthweight was >50th centile in pre-eclamptic women
(11/11). In contrast, in pregnancies with IUGR babies,
atheromatous-like lesions with complete or partial occlusion,
lipid 1laden cells and fibrin deposition were seen in decidual

spiral arteries whether there was pre-eclampsia ("majority"/11)
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or not (8/11). There were no babies in this study weighing
between the 25th and 50th centiles and the results were presented
differently in each subgroup. These findings did not agree with
Brosens et al (1977) where an absence of normal physiological
changes was seen in all cases of PET, whether accompanied by
appropriate-for-gestational-age (AGA) (8/8) or small-for-
gestational-age (SGA) (15/15) babies, all cases of essential
hypertension with SGA Dbabies (10/10) and most cases of
normotensive SGA (10/18). Acute atherosis was only seen in
patients with  proteinuric hypertension. Whatever the
discrepancies, it would appear that there is an overlap of

histopathology in PET and IUGR.
titativ udie

Gerretsen et al (1981) tried to resolve the controversy by
examining 277 placental biopsies taken at CS and transcervically
without knowledge of the clinical condition. Only ’93 specimens
contained a portion of the spiral artery at the site of the
decidual-myometrial junction, and the' rest were rejected. Even
with the assumption that one spiral artery represented the whole
uteroplacental bed they found a strong association between PET
and the absence of physiological changes. Thus, in 22 of 23
normal pregnancies there were physiological changes. In
contrast, 29 of 30 pre-eclamptic women had absent physiological

changes. In a mixed group of 40 women with other complications,
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17 of 19 with AGA babies had normal changes, and 13 of 21 with
SGA babies had normal changes. Furthermore, increasing absence
of physiological changes was associated with increasing severity
of TIUGR. This more carefully selected work resolves the
discrepancy, in that there 1is not a specific lesion for PET.
There is a strong association of absence of physiological changes

and PET and a less constant association with IUGR.

Khong et al (1986) reviewed some of the archived biopsies of
Brosens et al. Without clinical information, they assessed the
proportion of spiral arteries converted to uteroplacental
arteries in 94 central zone placental bed biopsies and 65
placentae. There was no evidence of trophoblast induced
physiological change in the myometrial segments of all cases of
PET (Blood pressure [BP] > 140/90mm Hg and >500mg proteinuria)
and 2/3 of the SGA, but they also noted an absence of
trophoblastic invasion in the decidual segments in about half the

cases of PET and SGA.

Spiral arteries were also be seen in some basal plates. Among 50
such placentae, 18 showed either no change or a mixture of
altered and unaltered spiral arteries and all these pregnancies
were abnormal. This suggests that there is an inadequate
physiological response both qualitatively and quantitatively in

PET and SGA.
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e2.3.2.4 Feto cent nges

Using latex injection and corrosion cast techniques, Lee and Yeh
(1986) examined the placentae from seven women delivered, all but
one at term, of SGA fetuses (<10th centile) and compared light
microscopy and electron microscopy of the capillary network.
They found a dense capillary network, ‘H’ shaped anastomoses,
budding projections and less branching of the arteries and veins.
Light microscopy showed numerous syncytial knots in the chorionic
villi with fibrinoid deposits. The diminished branching was
postulated to represent an arrest of development and the
neovascularization a compensatory response. This 1lends support
to the view that an interrupting event occurring early in blood
vessel development leads to alterations in both the macro and

microcirculation.

1.2.4 Summary

In pregnancies complicated by PET and IUGR there are
characteristic pathological findings in the placental bed
vasculature. However, the changes are not specific for these

diseases.
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1.3. UTERINE BLOOD FLOW

1.3.1 Techniques of assessment

A variety of experimental techniques have been employed to study

the uteroplacental circulation in the pregnant human.

Winkelbauer and Tatum (1960) described a technique of
auscultation for placental 1localization and noted two distinct
uterine artery and placental souffle sounds (the 'bruit
placentaire'). The uterine artery could be heard all along the
uterine borders and was modified by dextrorotation of the uterus.
Bercovici and Palti (1967) used a reflected 1light and a
photoelectric cell attached to a speculum and obtained pulse
waves from vaginal and uterine arteries. It was supposed that a
more triangular shape and lack of a dicrotic notch might indicate
a vessel supplying a vascular bed rich in terminal arterioles.
This study is of interest as it raised the possibility that the

shape of the supplying waveform reflects pathology downstream.

Most other early work was more invasive. Browne and Veall (1953)
described a method for determining placental blood flow. In term
patients with anterior placentae, a needle was injected directly
into the chorio-decidual space, determined by withdrawal of
blood. 2%Na was injected and a Geiger counter used to draw decay

curves as the blood removed the radioactivity. There were many
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technical failures and only 25 blood-flow curves were obtained
from 274 women. Of these, ten were rejected for being too fast

or too slow and therefore thought to be in the wrong space.

Aséali et al (1960) measured uterine and umbilical blood flow
directly using electromagnetic flowmeters in 12 women undergoing
termination by hysterotomy. 20 other cases were discarded as the
studies were complicated by excessive blood loss during
dissection of the uterine blood vessels. Oxygen consumption was
calculated using arterio-venous differences in blood gas samples
from the uterine artery and vein. Even peri-operative sampling
of the intervillous space (IVS) with direct vision during
hysterotomy and €S proved extremely difficult. Fuchs et al
(1963) found that there was liable to be a confusion of vessels
when withdrawing blood from the supposed 1IVS, packed with
chorionic wvilli, and blood gas samples were very variable,
casting doubt on the correct placement of needles and injected

isotopes by other workers.

Borell et al (1965) used an arteriographic method to study the
uteroplacental circulation. In women with fetuses with lethal
malformations, a catheter was passed into the aorta via a
percutaneous puncture of the femoral artery and urografin was
injected before serial radiographs were taken. Only small

numbers of women could be studied by this technique.
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Direct injection of isotope was replaced by peripheral
intravenous injection of a variety of labelled isotopes, such as
1131pn (Lunell et al 1979) and °2Tc (Suonio et al 1976). These
are nondiffusible tracers and the accumulation of radioactivity
over the placenta was measured with gamma cameras to produce a
time-activity curve. Blood flow was only measured qualitatively
with a relafive 'blood flow index', which 1s maximum
activity/rise time and proportional to uteroplacental blood flow.
Another technique that could be used repetitively involved
peripheral injection of !13Xe, the woman holding her breath for
20 seconds while the bolus reached the placenta, and then
measurement of the clearance of the isotope using a scintillation
detector (Rekonen et al 1976). This gave flow per unit volume of
IVS, not total placental flow, but provided quantification of
intervillous blood flow (IVBF). All these techniques were
confined to cases with anterior placentae and exposed mother and

fetus to radioactivity.

1.3.2 Normal pregnancy

Using the above techniques, much useful information on uterine
blood flow has been collected. Uterine blood flow in the term
pregnant human uterus is estimated to be 600ml/min (Browne &
Veall 1953). Assali et al (1960) showed that uterine and
umbilical blood flow and oxygen consumptions increase with

gestation. The increased flow in both the uterine and umbilical
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arteries suggests improved vascularization on both sides of the

placenta.

Angiography has shown that the spiral arteries supply the 1IVS.
During uterine contractions their diameter decreases, or the
blood flow stops in an irregular pattern (Borell et al 1965). A
decrease 1in blood flow precedes contractions and recovers over
half a minute while the uterine veins empty. Flow then falls and
recovers again with the peak and completion of contractions

(Brotanek et al 1969).

Ultrasonic measurements of placental 1length and thickness made
during contractions showed that they both increase (Bleker et al
1975). These findings support the idea that the IVS becomes
distended during contractions. First maternal venous outflow is
halted and eventually arterial inflow. Using a °°%mrTc
accumulation method and special tilting table, a non-significant
fall in placental blood flow was found when changing from the
left lateral to supine positions, but a there was a significant
fall from the left lateral to upright position (Suonio et al
1976)

1.3.3 Complicated pregnancy

Browne and Veall (1953) injected 2%4Na tracer directly into the

choriodecidual space, and found a decreased placental blood flow
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in the intervillous space in 15 third trimester hypertensive
women (both PET and chronic hypertension); in three of the cases
the maximum BP was only 140/80mm Hg. Nevertheless, this was a

direct demonstration of ’‘placental insufficiency’.

IVBF was reduced in pregnancies complicated by severe PET,
diabetes, cholestasis, and some cases of IUGR (Kaar et al 1980).
Lumbar extradural block had no effect on IVBF of nine normal
women undergoing CS (Jouppila et al 1978), but markedly increased
the reduced IVBF of nine women with severe PET (Jouppila et al
1982). In labour, IVBF was significantly lower in PET than
essential hypertension but the difference disappeared after
segmental epidural analgesia (Jouppila et al 1979). Caffeine
ingestion by drinking two cups of coffee 1led to a non-
significant fall in IVBF in eight normal and 12 complicated
pregnancies (Kirkinen et al 1983Db). Increases and decreases in
IVBF (but not absolute values) were significantly correlated with
long term measureé of fetal heart rate variability after smoking
a cigarette (Raumaro et al 1983). Oxygen inhalation in a group
of 22 women with hypertension and IUGR 1led to a significant
decrease in 1IVBF (Jouppila et al 1983). This may have been due
to vasoconstriction. Labetolol infusion had no effect on IVBF in

pre-eclamptic women despite a fall in BP (Jouppila et al 1986).

Sub-maximal exercise (six minutes on a cycle ergometer) has been

found to have no effect on IVBF in normal women (Raumaro and
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Forss 1988a). In pregnancies complicated by PET, diabetes and
cholestasis, initially low levels of IVBF are markedly decreased
by exercise (Raumaro and Forss 1988b). IVBF measured by 1'!3Xe
techniques is significantly correlated with maternal weight
(Raumaro et al 1988a) but no investigators have made corrections

or allowances for this finding.

The blood flow index was found to be lower in eight cases of IUGR
(Lunnell et al 1979) than 11 normals, although with a great range
of variation and overlap which makes it less reliable. The blood
flow index increases with gestation and is lower in the supine
than left lateral positions (Nylund et al 1982). It has been
found to be higher in diabetic pregnancies and is unrelated to
fetal weight (Nylund et al 1982). It was significantly reduced
by 50% in 25 hypertensive pregnancies compared with 20 normals,
and this reduction was more marked for severe hypertension than
mild (Lunnell et al 1984). Nylund et al (1983) also found it to
be reduced by about 50% in a group of IUGR fetuses (six with, and
24 without fetal malformations), although the controls were not

normal pregnancies.

1.3.4 Relation of intervillous blood flow and histology

In one of the few papers to compare blood flow and
histopathology, prelabour 133Xe clearances in 23 normal

pregnancies and 21 pregnancies with fetal distress or stillbirth
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were compared with placental histometry, wusing this as an
approximate measure of villous surface area (Clavero et al 1973).
All the distressed fetuses fell outside the normal range of blood
flows, with either the 1IVBF being much greater than the fetal
blood flow or vice versa. Distressed fetuses had hypermature or
senescent placentae (with grouping or crowding of wvilli). Those
with high flows had hypermature placentae, suggesting that the
increased flow might represent a compensatory mechanism before
the development of 1low . flow placentae, which had similar

histology and histometry but a poorer prognosis.

Animal work has been beset by the two problems of interspecies
variation in placentation and the lack of good animal models for
PET and IUGR. No 1laboratory species spontaneously develops
hypertension in pregnancy (Ahokas et al 1987). A condition with
similar haemodynamic changes to PET, with increased BP and
peripheral resistance and decreased uterine blood flow and
glomerular filtration rate, has been induced by carbohydrate
withdrawal in sheep (Thatcher and Keith 1986). Carbohydrate
overfeeding of the spontaneously hypertensive rat prevented the
normal fall in BP at term (although this may only be a model for
nonproteinuric pregnancy induced hypertension [PIH] or

’‘essential’ hypertension).
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Repetitive embolization of the uterine circulation of ewes, using
radio~labelled microspheres, provided a model of growth
retardation (Clapp et al 1980). There was generalised
destruction of the vasculature which is similar to PET, but no
oiher features of PET were mimicked. The insult was late in
pregnancy and relatively acute compared to another animal model
for IUGR which was provided by pre-pregnancy removal of
endometrial caruncles in sheep (Owens et al 1986). Nevertheless,

animal work has provided important data complementing the human.

In Rhesus monkeys, who have a haemochorial placenta like humans;
the contribution of ovarian blood flow to uteroplacental
perfusion was minimal. Acute and chronic aortic occlusion led to
a dramatic fall in uterine blood flow and no change in the
ovarian component (Abitol et al 1980). This suggests that an
increase from the ovarian supply cannot compensate for impaired

uterine blood flow.

In the gravid ewe, Griess (1966) found a straight 1line
relationship between uterine blood flow and the arterio-venous
pressure gradient, suggesting that the uterine vascular bed is
normally vasodilated with no tendency to autoregulate when BP
falls. However there was no data about the change with a rise in
BP. Oxygen consumption fose with gestation in goats, and was
high in relation to the blood flow during early gestation (Cotter

et al 1969).
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Repetitive embolization of the uterine circulation of ewes led to
some lambs becoming growth retarded. In those that did, a
persistent increase in wumbilical vascular resistance and a
decrease in umbilical blood flow was observed without significant
changes inr fetal blood gases (Clapp et al 1980). This suggests
that 1limitation of absolute Dblood flow can cause growth
retardation, but not in all cases, and that the fetal growth rate
is 1limited by factors other than gas exchange. After
embolization the uterine blood flow was decreased, uterine
vascular resistance increased and the weight of the uterus and
its contents decreased (Clapp et al 1982). Reduction of blood
flow using a compression balloon around the cord led to a marked
increase in oxygen extraction (Iskovitz et al 1983). This
demonstrates that the fetus has a capacity to withstand some

reduction in umbilical blood flow.

After pre-pregnancy removal of endometrial caruncles in sheep,
all experimental animals showed a decrease in placental weight,
number of placental cotyledons and fetal brain weight. All
fetuses were hypoxaemic, hypercapnicaemic and acidotic. The
fetuses were then divided into normal and small by birth weight.
Small fetuses had a disproportionately smaller fall in brain
weight compared to body and liver weights and a marked decrease
in uterine blood flow and normal umbilical blood flow (Owens et
al 1986). These results would suggest that the restriction of

placental growth 1limits umbilical and uterine blood flow.
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Alternatively, the uterine blood supply is crucial and the small
fetuses were compensating more for their shortage of substrate by
maintaining umbilical blood flow and redistributing it around
different fetal organ beds. However, sheep have a

syndesmochorial placenta, unlike the human.

Rats have haemochorial placentae and have also been used as
models. In rats, hexoprenaline has been shown to increase
placental blood flow, probably by vasodilatation (Lipshitz et al
1986). After carbohydrate overfeeding of spontaneously
hypertensive rats, placental blood flow was reduced and systemic
vascular resistance increased. There was a negative correlation
between placental blood flow, litter size and mean arterial
pressure, although the lack of growth retardation may indicate a

functional overcapacity (Ahokas et al 1987).

Rat mesenteric artery has shown a decrease in vessel wall
stiffness and 1loss of vascular contractility in pregnancy
(Mclaughlin and Keve 1986), so the fall in resistance seen during
pregnancy may hot only be mediated by vasodilation. Bell
reviewed animal evidence and found that two mechanisms for the
increased blood flow in pregnancy existed: a dilator action of
oestrogen on uterine vessels and depression of the capacity of

uterine vasculature to be constricted (Bell 1974).

42



1.3.6 cental ion studies

Perfusion pressure changes of placentae or isolated cotyledons in
vitro can reflect changes in vascular resistance. Angiotensin II
infusion increases placental §ascular resistance and this can be
reversed by terbutaline and isoprenaline (Soares de Moura 1981).
The vasodilation induced when there is basal tonus is mediated
through beta-adrenoreceptors as it 1is blocked by propranolol
(Soares de Moura 1981). In isolated human cotyledons there was a
reversibleAfetoplacental vasoconstriction in response to hypoxic
perfusate, and the cotyledons that were most sensitive to
maternal hypoxia transferred oxygen most effectively (Howard et
al 1987). These findings suggest that there is a potential for

local redistribution of placental blood flow.

1.3.7 Summary

All the techniqﬁes described are imperfect measures of uterine
blood flow in humans, as they are invasive or unreliable.
However, they do suggest that an increase in uteroplacental blood
flow parallels fetal growth. Although there is a margin of
placental reserve, chronic underperfusion appears to be
associated with PET and some cases of IUGR. What is required is
an improved non-invasive method of assessing placental blood flow
that is accurate, reliable and cheap and can be wused

repetitively.
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Animal and in vitro work support the model of a normally
vasodilated uterine circulation that has overcapacity. Decreased
blood flow leads to an increased vascular resistance and eventual
IUGR, with later development of hypoxia. There 1is also some

suggestion of autoregulation within the uteroplacental unit.
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l1.4. DOPP
.1. Historical siderations

Johann Christian Doppler (Figure 2) was born in Salzburg in 1805,
the son of a stone mason. He graduated from the Polytechnic
Institute of Vienna and was appointed Professor of Elementary
Mathematics and Practical Geometry at the State Technical Academy
in Prague in 1841. He published his paper "On the Coloured Light
of Double Stars and Some other Heavenly Bodies"™ (Doppler 1843)
and received an honorary doctorate in 1847. He eventually
returned to Vienna to receive the prestigious appointment of
Professor of Experimental Physics at the Royal Imperial
University of Vienna in 1850 but died only three years later of a

pulmonary illness (White 1982).

Doppler suggested that the frequency of 1light and sound can
change with movement. Experimentai proof was provided by Buys
Ballot in 1845. Musicians with perfect pitch compared the
trumpet note played by a stationary horn player and one on a
moving train, playing before and after passing a station. The
musicians scored the tones in eighths of a note and the results
compared well with those expected on theoretical grounds (Jonkman

1980).
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The erroneous conclusion of Doppler’s original paper was that
blue and red stars were moving towards and away from the earth
respectively. Although the effect he described was correct, he
made a false assumption that every star emitted white light. In
his 1lifetime his work was generally discredited. It was not
until 1929, when Hubble discovered that the more distant a galaxy
the greater the Doppler spectral shift towards the red, that the
belief in the expanding universe was cemented and the value of

the Doppler effect in astronomy confirmed (White 1982).

l.4.2 The Doppler shift effect

When a sound wave, with frequency £, strikes an object moving
with velocity v, and is backscattered, the reflected wave will
have undergone a shift in frequency, f£fd, known as the Doppler

shift: fd = 2 £ v _cos®

c
where © is the angle between the direction of travel of the
object and the incident sound wave, c is the speed of the wave in

the medium, and the source and receiver are very close.

The Doppler effect has been employed to measure blood flow in
vessels using ultrasound. The graphical presentation of Doppler
shifted frequencies by time over a cardiac cycle is called a flow

velocity waveform (FVW) (see Figure 3).
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Satomura (1958) was the first to apply Doppler techniques to
describe movements of the cornea and blood vessels and progressed

to obtaining Doppler signals from blood vessels.

1.4.3 The difference between pulsed and continuous wave

Continuous wave ultrasound (CW) is emitted continuously at a
constant frequency from a ceramic crystal. A second crystal
receives the ultrasound which is backscattered by moving blood.
Thus, Doppler shifted frequencies can be received from several
vessels at once and the waveforms superimposed. A number of
vessels in the pathway of the ©beam cannot therefore be
distinguished. In addition, the location, or depth, from which
signals are received is not known, even if an imaging systenm is

used concurrently.

Pulsed wave ultrasound (PW} is emitted in short bursts from one
crYstal which is also used to receive signals. A delayed time
gate sets constraints on the reception of echoes, whereby the
time delay determines the depth from which echoes will be
received. Thus, the depth of the Yessel from which the echo
originates can be calculated. As the £ime (range) gate can be
superimposed upon the screen of a real-time imaging (duplex
ultrasound) system, the vessel producing the Doppler shifted
waveform 1is known precisely. The disadvantage of duplex, PW

Doppler equipment is that it is expensive and has limited

49



resolution because of the time needed to 1listen for echoes.
There is a tradeoff in depth selectivity and resolution. Some PW
equipment emits much higher levels of ultrasound and great care
must be taken to ensure that the recommendations for obstetric

ultrasound are not exceeded.

Using a duplex system, the angle © can be measured and velocity
calculated. However there is a compromise between the best angle
for an adequate real-time imaging signal (ideally at 90° to a
vessel) and the best angle for a maximal Doppler signal (ideally
at 0° to the vessel). In practice, angles less than 60° give
adequate Doppler signals (cos © = 0.5). Higher angles cause the
Doppler shift frequencies to fall markedly with consequent risk

of losing end-diastolic flow signals.

Colour flow mapping (Switzer and Nanda 1985) is based on sampling
the Doppler shifts at multiple levels from each radial 1line in
the sector plane. The signal is written into a digital scan
converter and then a colour converter. A moving colour image is
superimposed on the conventional scan picture and shows the
direction of flow, velocity and turbulence. Vessels that are too
small for visualization using real-time ultrasound may be seen as
a colour flash on colour flow mapping (Figure 4). It has similar
limitations to pulsed wave but is much more expensive and

irequires extensive validation.
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1.4.4 Flow velocity waveforms versus blood flow

If the mean velocity of blood (v) is known then the flow (Q) can

be calculated from the formula:

v X Area

v X xr?

where r = radius of the internal diameter of the vessels. Vv can
be estimated as half the maximum velocity but this only holds for
parabolic flow in a circular tube which probably only exists in
vivo in long non-branching vessels (McDonald 1974). Adding the
problems of measuring a non-circular, pulsating vessel diameter
to the estimation of mean velocity when flow is spiralling or
turbulent leads to large combined errors (Eik-Nes et al 1982).
Any error in measurement of vessel radius (usually only
millimetres in the uterine and fetal circulations) is magnified

as the measurement is squared.

There are a variety of ways to process Doppler shifted signals.
Spectrum analysers utilise the entire Doppler spectrum and
perform a fast-Fourier analysis on samples of the signal. A
three-dimensional picture is constructed. The sonogram

represents time (on the x-axis), frequency (on the y-axis) and

intensity (shown as grey or colour scaling in place of the z-

‘axis) (Figure 3). A 'thump' filter is generally added to remove
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low frequency high amplitude Doppler signals from tissue
movement, particularly from the vessel walls. These are
generally set at 150 Hz but, if higher, can result in the loss of

end-diastolic frequencies and errors in velocity calculation.

Theoretically, even assuming that blood flow . is laminar and
axisymmetrical and that the ultrasound beam is rectangular, the
only way to obtain velocities proportional to instantaneous
volumetric flow is with a mean frequency processor and an
ultrasound beam uniform over the whole vessel (Evans 1982a). 1In
practice, spectrum analysers with this capacity produce maximum
velocity waveforms with overall agreement with mean velocity
waveforms from electromagnetic flow meters in pulsatile arteries
(Evans 1982b). Spectrum analysers, although more complex and

expensive, have replaced zero-crossing detectors.

Doppler ultrasound is a wuseful non-invasive technique for
assessingbblood flow. It has been found to compare well with
angiography in assessment of arteriosclerosis obliterans in the
extremities (Strandness et al 1966) and the carotid artery (Hames
et al 1985). There is a high correlation between electromagnetic
flow meters and Doppler calculated flow in pig aorta (Eik-Nes et

al 1984).

Four main sources of error in the measurement of flow have been

identified: measurement of vessel diameter (increased to the
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power 2) which worsens as the vessel gets smaller because scanner
calipers only resolve to 1mm; the high pass filter, which
eliminates vessel wall thump and overestimates mean velocity by
excluding 1low velocities; inclusion of other vessels if the
sample volume is too high; and a high angle subtended to the
vessel will increase errors when it is over 45° (Eik-Nes 1984).
The overriding 1limitation is, however, the difficulty of
measuring cross-sectional area of the vessel and investigators
have therefore been driven to analysing the gqualitative
information contained within the frequency waveform which has

also allowed a much wider use of the cheaper, CW, systems.

1.4.5 Indices

A variety of indices that characterise the maximum frequency

outline have been developed to describe the waveform. They all
essentially relate one part of the waveform to another and are

therefore independent of the angle of insonation.

The maximum frequency5 envelope is the outline drawn from the
maximum Doppler shifted frequencies at each point of time in the

' cardiac cycle. The maximum systolic peak (S or A) and the end-

diastolic frequency (D or B) are shown in Figure 5, along with

ithe commonly used indices. The y-axis represents frequency and

|
'the x-axis time.
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Figure 5 Flow velocity waveform (FVW) indices

Flow Velocity Waveform

A
FREQUENCY
A

Mean
B
> TIME
Resistance Index Rl = A-B/A
S/D or A/B ratio = A/B (Baskett 1977, Stuart & Drumm 1980)
Resistance Index, RI = A-B/A (Pourcelot 1974)
Pulsatility Index, PI = A-B/Mean (Gosling & King 1975)
Impedance Index, ImI = AxMean/B2 (Erskine and Ritchie 1985Db)
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PI is actually defined as (Fmax - Fmin)/Mean = (Peak to
Peak)/Mean. It is only equivalent to (A - B)/Mean when B is the
minimum of the cardiac cycle, which is usually the case in the
uterine and umbilical circulations. Baskett’s A/B ratio (1977)
defined B as the secondary peak rather than the end-diastolic

value.

As the waveform shape becomes more pulsatile then all the indices
increase. If the end-diastolic value is zero then RI becomes O
and S/D and ImI become infinity, and they 1lose any usefulness.
RI varies 1linearly between O and 1. It is connected to S/D by
the equation S/D = 1/(1-RI). The pulsatility index requires the
ability to calculate the mean Doppler shifted frequency, or
rather, the mean of the maximum envelope. PI was described
largely for bi- and tri- phasic waveforms and has value when end-

diastolic flow (EDF) is lost.

Waveforms have been analysed using a "frequency index profile’
(FIP) (Campbell et al 1983) which normalised waveforms for heart
rate, and other information is contained in further indices such
as R (relative flow index) and RS (average rising slope)
(Thompson et al 1985), but these are generally laborious to
calculate and have not been taken up by other workers. As a
variety of different umbilical artery FVW indices had similar
detection of fetal compromise, it has been suggested that there

should be standardisation to one of the simpler indices such as
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RI or PI (Hoskins et al 1989). There is no consensus yet as to

the FVW index of preference.
4.6 o s with wavefo a si

In practice, the indices are all crudely assessing the waveforn
shape and are closely correlated (Thompson et al 1988a). For any
particular set of waveforms the indices cannot all be normally
distributed at the same time (Thompson et al 1988a). A study of
6 European centres analysing identical taped FVWs found that
different methods for determining the maximum frequency envelope
and mean fd were being used with consequent variability in the
measurement of PI (Ruissen et al 1988). Doppler flow signals can
be tape recorded with minimal loss of signal provided the forward

and reverse components are recorded separately (Smallwood 1985).

Erskine and Ritchie (1985b) compared the percentage error for RI,
PI, A/B and ImI as the number of umbilical vartery waveforms
sampled increased from one to 100. They found that the error was
markedly less for RI than the other indices (5.5% when n = 1, as
compared with 8.3% for PI, 7.5% for A/B and 18.2% for ImI) and

did not decrease greatly after five waveforms.

In the umbilical artery (UA) there is a slight tendency for A/B
to increase with a 1long cycle but 11 other indices were not

significantly affected by variations in heart rate (Thompson et
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al 1986a). Poor waveform quality is more critical in the
classification of waveforms than the type of waveform (maximum
velocity, minimum velocity or first moment), and there is a
serious loss of data when the power spectra are low or there is
little EDF (Thompson et al 1986b). For the Doptek spectrum
analyser (as used in the studies reported in this thesis) the
smallest errors in calculation were when the maximum frequency
envelope was traced with a light pen by hand (Gilbert et al 1988)
rather than when calculated by an inbuilt computer which was
affected markedly by artefactual errors from dropout, background

noise and an uneven outline.

In order to validate vessel patterns, Taylor et al (1985a)
performed PW Doppler examinations in 20 nonpregnant women
undergoing diagnostic laparotomy and ten volunteers. Signals
were taken from many abdominal and pelvic arteries; thelaorta,
bifurcation, comnon iliac, internal iliac, coeliac trunk,
hepatic, renal, ovarian and uterine arteries. The uterine
arteries were sampled in the paracervical region and, by moving
the gate, flow in two directions could be found. Each vessel had
a different and characteristic Doppler signature. This work was
extended to include pregnant women and a study of 45 women having
PW Doppler studies of the iliac, ovarian and uterine arteries

validated at laparotomy and vaginal termination of pregnancy
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again showed that each had a typical pattern and pulsatility
index (Taylor et al 1985b). The internal iliac artery in the
nonpregnant woman is of high pulsatility with a dicrotic notch

and low flow throughout diastole (Taylor et al 1985a).

1.4.8 siologic i of Do er wa o

That Doppler shifted waveforms reflect downstream pathology has
been investigated for both umbilical (Giles et al 1985a, McCowan

et al 1987b) and uteroplacental circulations (Pearce 1987).

Histopathological associations with umbilical artery (UA) Doppler
waveforms have been found. Placentae from normal pregnancies,
conplicated pregnancies with normal UA FVWs and matched
complicated pregnancies with abnormal FVWs were compared, blind
to clinical details. A significant decrease was found in small
arterial counts in the third group with similar tertiary sten
villi counts (Giles et al 1985a). This suggests that the
increased A/B ratio was due to occlusion of these resistance
vessels. A highly significant difference in uteroplacental RI
was found between patients with pathological and physiological
invasion assessed from placental bed biopsies (McParland and

Pearce 1988).

FVWs are also affected by cardiac output, blood viscosity and the

elasticity of vessel walls (MacDonald 1974). From a study of
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three fetuses with arrhythmias, the PI varied inversely with
heart rate and changed from beat to beat showing that a raised PI
need not only be due to increased impedance to flow (Erskine
1987). Maternal blood viscosity variables explained only a small
variation in the uteroplacental RI in a group of normal and
complicated pregnancies (Steel et al 1988c). Babies with
abnormal UA FVWs also have a higher haematocrit and whole blood
viscosity but this is probably an effect following hypoxaemia
rather than causal (Giles et al 1986b) as clinical outcome was
not predicted by the blood viscosity. It is assumed that, in the
presence of a regular heart beat, changes and differences in FVWs

reflect downstream resistance and pathology.

This is confirmed theoretically by a computer model of uterine
artery waveforms which suggested that the FVW shape abnormalities
found in PIH were caused by high vascular resistance and

decreased arterial diameter (Adamson et al 1989)

1.4.9 Safety

There 1is a 1large body of 1literature on the bio-effects of
ultrasound. The American Institute of Ultrasound in Medicine
(AIUM 1982) and the Royal College of Obstetricians and
Gynaecologists (RCOG 1984) have reviewed the potential mechanisnms
and the evidence of possible hazards. They concluded that the

present benefits are great, no adverse effects have been proven
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and the chance of long term hazard is remote considering the lack
of effect on the genetic material of somatic or maternal or fetal

germ cells.

Ultrasonic energy is propagated as a pressure wave and the energy
crossing a unit per second is called the intensity, expressed as
watts/cm?. A major problem with the investigation of possible
harm from Doppler ultrasound is that a variety of measures of
intensity exist, especially for PW, and there is no agreed
international definition of exposure conditions (Meire 1987).
The American Institute of Ultrasound in Medicine (AIUM) advises
an upper 1limit for obstetric ultrasound of 100mW/cm? SPTA

(spatial peak temporal average) (Wells 1987).

The biological effects of ultrasound demonstrable in vitro that
would be relevant to its safe use in vivo include inherited
changes, increased sister chromatid changes and membrane
permeability changes (Dyson 1986). Ultrasound does not seem to
damage DNA of somatic cells which might lead to chromosome
aberrations, cell death or mutagenesis. Although Macintosh and
.Davey (1970,1972) reported that diagnostic ultrasound was capable
of causing chromosome aberrations under experimental conditions
others have failed to confirm their findings under more rigorous
‘conditions in vitro (Buckton and Baker 1972, Abdulla et al 1972)

!

‘:;and in vivo (Abdulla et al 1971, Lucas et al 1972).
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Ultrasound could exert a biological effect by heating tissue due
to absorption of sound in the mediun. The temperature rise
depends on the heat generation at a particular site (related to
the absorption coefficient) and the heat conduction away from it
(related to the tissue vascularity). Ultrasound of diagnostic
intensity did not significantly raise the temperature of
mammalian tissue (Nyborg et al 1983). In vivo exposure of a
thermocouple with Doppler ultrasound during a second trimester
termination did not increase amniotic fluid temperature (Soothill

et al 1987Db).

Ultrasound can cause mechanical effects on tissue, including
cavitation (the oscillation of gaseous bubbles due to the
pressure of the acoustic wave), microstreaming (an eddying
motion) or radiation force (a steady force on cells that moves
them, seen with standing waves) (RCOG 1984). These do not seem
to occur to a significant degree in human tissues with diagnostic
ultrasound (Kremkau 1983). However, pre- and post- delivery
erythrocyte osmotic fragility testing showed a marginal increase
in fragility in women exposed to continuous heart monitoring for

over seven hours with Doppler ultrasound (Bause et al 1983).

Ultrasound exposure during pregnancy of 1114 women did not lead
to an increase in fetal abnormalities (Hellman et al 1970). One
year follow-up of 297 fetuses exposed in utero to ultrasound and

amniocentesis revealed no difference in neurological or physical
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examination compared to groups having amniocentesis alone or no
testing (Scheidt et al 1978). A study of 381 exposed fetuses and
unexposed matched controls found no difference in a variety of
birth and behavioural variables (Stark et al 1983). Although no
adverse effects arising from the use of diagnostic ultrasound
have been identified in practice, epidemiological investigations
are not able to give a clear reassurance. This is because they
have had difficulty matching exposed and non-exposed controls and
they may not pick up small changes in the rate of occurrence of a
common abnormality. It would be possible to miss subtle effects

such as minor behavioural change or long term delayed effects.

The fetus is certainly aware of insonation as ultrasound
increases fetal movement compared with sham exposure (David et al
1975), although there is no way of knowing if this is perceived
as a painful stimulus (Richards 1985). It 1is important to
remember that the fetus is exposed to ultrasound for only a short
time during a PW examination and that actual patient exposure
time is much 1less than the consultation time (Andrews et al

1987).

In obstetrics, the awareness of the vulnerability of the fetus
and the potential for effects to be delayed makes caution in
introducing new treatments particularly trenchant. Constant
checks should be Kkept on the ultrasound equipment in use.

Despite the paucity of evidence of harm, with the advent of much
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higher power machines and the use of serial scanning and blood
flow, it would seem prudent to use minimum power levels and to

keep exposure as short as possible.

Doppler offers an exiting, non-invasive method of assessing the
circulation. Although volume flow can be measured, it is beset
by problems of errors, especially in small vessels, such as those
found in the pregnant uterus and fetus. Colour flow mapping has
not yet found a role. CW is cheap, easy and lower power but only
provides a FVW. Pattern recognition has been validated and a
variety of indices described that analyse the FVW. RI is simple,
varies linearly and has small errors. We should continue to be

wary about safety.

64



5 FE

1.5.1. Introduction

The first investigators used a combination of imaging, PW and CW
ultrasound to obtain waveforms from the umbilical artery and
found a clear difference in the reproducible signals obtained
from the artery and vein (Fitzgerald & Drumm 1977). High UA PI,
indicating greater placental impedance, was noted 1in some
complicated pregnancies (McCallum et al 1978). In the first
description of non-invasively measuring human fetal blood flow
(Eik-Nes et al 1980), the investigators measured velocity and
flow using PW in the fetal aorta and intra-abdominal portion of
the umbilical vein. Later, realtime scanners were interlaced
with PW Doppler and real-time spectral analysers (Griffin et al

1984, Teague et al 1985).

Technical difficulties‘have prevented measurement of UA flow as
the two arteries are highly coiled and of small diameter. Flow
measurements in the aorta and umbilical vein are prone to
considerable errors (Erskine and Ritchie 1985a, Griffin et al
1985) and have largely been replaced by velocity measurements and
qualitative analysis of the FVWus. Now colour flow mapping
(Kurjak et al 1987) can show the two umbilical arteries clearly
and it 1is theoretically possible to measure the diameter and

angle of the arteries. Although flow measurements may becone
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possible in the future, at present UA FVWs are universally used.

1.5.2 Normal pregnancy

.1 Norma a ference ranges

The shape of the UA FVW changes during pregnancy with an
increasing diastolic component and falling A/B ratio (Stuart et
al 1980). Longitudinal and cross-sectional normal ranges for
umbilical artery parameters have been established (Schulman et al
1984, Trudinger and Cook 1985, Trudinger et al 1985b, Gerson et
al 1987b, Thompson et al 1988b, Al-Ghazali et al 1988, Pearce et

al 1988).

All investigators have used essentially the same technigue to
obtain UA FVWs. The probe is placed on the abdomen (with or
without prior 1location of the cord using real-time ultrasound)
and the UA FVW is recognized usiﬁg visual recognition (see Figure
6). It is important when measuring UA FVWs to specify that
readings were taken during fetal apnoea and that the umbilical
vein was seen in the opposite channel to confirm it. Few of the

investigators have provided ranges below 28 weeks.

Schulman et al (1984) described a group of 89 women who had 162
examinations between 15 and 41 weeks. It was not specified that

readings were taken during apnoea, nor with umbilical vein in the
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opposite channel. Indeed, one of the figures (on p 986) shows an
umbilical vein FVW superimposed on the UA FVW. No outcomes were
available for the 56 readings from under 25 weeks, whereas the
others delivered AGA babies. A regression line was drawn from 25
weeks to give a normal range. This was neither a clear cross-
sectional nor 1longitudinal range. The mean error between
successive measurements was 6% (SD 5). The authors did not use
this normal range for subsequent definitions of normality

(Fleischer et al 1985).

The same workers produced another reference range based on the UA
S/D values of 110 women in a monthly screening study from 20
weeks’ gestation onwards who had normal perinatal outcomes and no

significant maternal disease (Schulman et al 1989).

Trudinger et al (1985b) provided a normal range from 28 weeks’
gestation based on serial two-weekly studies of 15 women with a
normal outcome and delivery of AGA babies at term. The intra-

observer error was quoted as <15% (Trudinger and Cook 1985).

Gerson et al (1987b) used PW duplex Doppler equipment to locate
the range gate in a section of umbilical cord and provided mean
values of S/D ratios for four weekly gestation periods for a
sample of 209 retrospectively defined normal women at 19 to 43
weeks’ gestation. The mean error between successive measurements

was 7.5% (intra-observer 9.3%)
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Thompson et al (1988) reported a series of 35 normal patients
studied serially at two-week intervals. 15 and 18 women had
studies at 20 and 24 weeks respectively. They noted that A/B
ratios were not normally distributed although RI values were, but
still plotted centiles assuming a normal distribution, justifying

this on the basis of the error being small (<10%).

Al-Ghazali et al (1988) defined a normal range from 271 normal
pregnant women between 16 and 42 weeks’ gestation recruited from
the antenatal and fetal echocardiography clinics. The umbilical
artery was 1insonated using duplex Doppler equipment during fetal
apnoea (Al-Ghazali et al 1987). No error estimation was

described.

Pearce et al (1988) studied 34 women longitudinally at four
weekly intervals who were retrospectively defined as normal.
Waveforms were normalized by dividing into 256 points to overcome
the dependence on the cardiac cycle length before the indices
were calculated. All their reference ranges are lower than other
published ranges, probably because of this correction for heart
rate, but are not comparable unless other workers also use the
'frequency index profile’ (FIP) computer programme. There was no
significant difference between the readings taken by three

observers.
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Table 1 Normal ranges for umbilical artery RI

Author Year Index Doppler RI equivalent Error

(20 weeks) %
Schulman 1984 S/D CW 0.72 (approx) 6 (SD 5)
Schulman 1989 s/D CW 0.77 (approx)
Gerson 1987 S/b PW 0.76 7.5
Thompson 1988 A/B,RI cw 0.75 not given
Al-Ghazali 1988 A/B PW 0.76 (approx) not given
Pearce 1088 RI PW 0.68 "no diff"

(Values are approximate if extrapolated from dgraphs in the

publication rather than from supplied formulae)

2 Facto ectin flow v city waveform

1.5.2.2.1 Fetal behavioural state

Umbilical artery Doppler measurements are influenced by fetal
behavioural states. During apnoea there is regqular pulsatile
flow while complicated patterns are found during breathing.
Umbilical vein velocity changes with movement of the fetal
abdominal wall (Chiba et al 1985) and thus the flat venous
pattern is used to define apnoea. There was no significant

change in UA PI, in 37 normal fetuses, between the fetal
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behavioural states of quiescence and frequent movements (Van-Eyck

et al 1987).

In normal pregnancies a negative correlation between UA RI and
fetal heart rate (FHR) has been established (Mires et al 1987),
although correction for heart rate is thought to be unnecessary
(Kofinas et al 1989). External vibratory acoustic stimulation
was followed by a decrease in S/D in 12 term fetuses compared
with controls and this was related to fetal tachycardia (Gagnon

et al 1988)

In a group of 20 normal primigravidae in labour the UA A/B ratio
waé lower in the semilateral than supine position (Marx et al
1986). There was a drop of 14% in A/B ratio with a maximum error
between readings of 16%. A percentage change in A/B has no
mathematical significance as the ratio varies non-linearly but
nevertheless, this work suggests that there is a significantly

higher resistance when the mother is supine.
.5 . ugs

A moderate dose of ethanol (weight adjusted equivalent to
17.5gms/70kg) had no effect on the PI of six normal fetuses
(Erskine and Ritchie 1986). Caffeine had no effect on the
umbilical vein blood flow in a group of normal and complicated
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pregnancies (Kirkinen et al 1983b). Smoking one cigarette led to
an increase in FHR and increased S/D ratio in a group of 15
normal smokers (Morrow et al 1988). The effect had disappeared
by 30 minutes. This suggests a change in placental vascular
resistance. Treatment of hypertensive women with atenolol had no
effect on umbilical volume flow or PI but the FHR decreased at

the same time (Montan et al 1987)

1.5.2.2.4 Labour

The UA A/B ratio and acceleration slope before and after
contractions were unaltered in ten normal labouring women (Stuart
et al 1981). UA S/D was unchanged in 12 normal term labours
before, during and after contractions; between the 1latent and
active phases; and after rupture of the membranes and institution
of syntocinon (Fleischer et al 1987). UA PI did not alter with
progress of labour in 103 parturients, although it did increase
during contractions only if FHR decelerated (Fairlie et al 1989).
Whatever disruption contractions cause to the uterine inflow, it
does not seem to affect the fetoplacental circulation in normal

women.

. .5 ui i and i anaesthesia

Giles et al (1987a) studied the effects of fluid loading with one

litre of Hartmann’s solution and epidural anaesthesia in eight
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women prior to elective CS. Both led separately to significant
decreases in the UA A/B ratio. Marx et al (1986) found that, in
16 labouring women, there was not a consistent decrease in UA A/B

after fluid loading and epidural anaesthesia.

1.5.2.2.6 Diurnal variation

There were neither circadian changes in UA FVWs nor differences
before and an hour after meals (Pearce et al 1988). There was no
significant variation of UA A/B with time over one week (Hastie
et al 1988). This suggests a relative stability of the fetal

circulation but small differences might not have been noticed.

1.5.2.2.7 Maternal exercise

Umbilical S/D ratios in 15 term women undergoing five minutes of
exercise on a bicycle ergometer were unchanged (Morrow et al
1989) suggesting that maternal exercise in normal pregnancies has

no effect on fetoplacental resistance.

m e c
1.5.3.1 Growth retardation and hypertension

McCallum et al (1978) first noted that some fetuses of

complicated pregnancies had high placental impedance, assessed by
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a high UA PI. Arterial waveforms in SGA pregnancies have
different characteristics suggesting increased impedance to flow
in the wumbilical artery (Griffin et al 1983, Erskine and Ritchie
1985b). Alongside a high resistance arterial circulation a low
venous flow is found. Low umbilical venous flow/kg values have
been found in complicated pregnancies and predict SGA (<10th
centile) more accurately than low biparietal diameter (BPD) (Gill
et al 1984). 1In 11 SGA babies with abnormal CTGs all had small
vein diameter and, when measurable, the flow was below the tenth

centile (Jouppila and Kirkinen 1984a).

When 189 women attending a high risk pregnancy clinic were
divided retrospectively by birthweight centiles, the sensitivity
and specificity of antenatal UA S/D estimates predicting a weight
below the 10th centile were 78 and 83% respectively (Fleischer et
al 1985). S/D ratios were higher in the groups <25th and <10th
centile. This suggests that some babies may have been growth
retarded and at risk but not appeared in the smallest birthweight

groups.

When CW assessment of the umbilical artery was compared to duplex
assessment of the aortic and umbilical vein volume flows in five
normal and 37 complicated pregnancies, the UA FVW was the most
sensitive index in the prediction of SGA fetuses (Giles et al
1986a). Umbilical vein volume blood flow/kg of fetus remained

unchanged while the percentage of the fetal aortic flow to the

74



placenta decreased. This suggests that, to maintain placental
perfusion in the face of increased resistance in the umbilical
vascular tree, fetuses increased their cardiac output rather than
increased the resistance of their other vascular beds. However,
there was a great deal of overlap between normal and small (10)
fetuses. 1In pregnancies complicated by SGA babies, morbidity was
seen 1in those with abnormal UA A/B ratio whether or not the
uterine D/S (diastolic/systolic ratio) was abnormal or not (Al-

Ghazali et al 1988).

1.5.3.2 Maternal diabetes and medical problems

Fetuses of diabetic mothers had high umbilical venous flow values
(Gill et al 1984) which conforms, as they are usually macrosomic.
A positive correlation between S/D ratios and blood sugar was
found in 43 diabetic pregnancies studied serially (Bracero et al
1986). This may reflect the influence of poor early carbohydrate
regulation on the placenta with immature chorionic villi leading
to mild hypoxaemia. A high A/B ratio has been reported in a
normal baby of a diabetic mother (Friedman et al 1985). Landon
et al (1989) longitudinally followed 35 diabetic pregnancies and
found that the UA S/D was usually normal and independent of
glycemic control. However, four out of five diabetics with
vasculopathy had SGA babies and elevated S/D ratios before
decreased ultrasound growth. Doppler may help detect at risk

fetuses of diabetic mothers.
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High UA A/B ratios have been found in two SGA fetuses whose
mothers had systemic lupus erythematosus (Friedman et al 1985).
UA FVWs have been used to monitor women with poor obstetric
histories who were positive for lupus anticoagulant in order to

decide on time of delivery (Trudinger et al 1988)

1.5.3.3 Rhesus incompatibility

Very high wumbilical venous flow rates have been found in Rhesus
affected pregnancies (Kirkinen et al 1983a, Gill et al 1984).
Flow was higher in fetuses with severe, rather than moderate or
mild, disease (Kirkinen et al 1983a, Jouppila and Kirkinen
1984b), and was inversely related to haemoglobin (Kirkinen et al
1983a). Umbilical vein diameter and mean velocity (Vm) were
increased as well (Jouppila and Kirkinen 1984b). UA PI was
inversely related to fetal haematocrit (Rightmire et al 1986).
Mean velocity in the aorta and inferior vena cava were increased
in affected fetuses, but the UA PI was only high in the hydropic
fetuses (Rightmire et al 1986). All these results suggest that

the fetoplacental circulation is hyperdynamic.

+5.3. at al b di a emia

Jouppila and Kirkinen (1984b) found no correlation between
anaemia (<10g/dl Hb) and umbilical venous flow in seven cases of

maternal anaemia. They also found high umbilical flow rates in
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13/19 cases of antepartum haemorrhage.

High UA A/B ratio has been found in an SGA fetus whose mother had
sickle cell disease (Friedman et al 1985). Significantly more
fetuses had abnormal UA S/D if their mothers had sickle cell
disease (6/10) rather than sickle cell trait (3/40) (Anyaegbunan
et al 1988). This is probably secondary to the effect of

sickling in the maternal circulation.

1.5.3.5 Fetal well-being

High A/B ratios can precede intrauterine death (IUD) (Friedman et
al 1985). Absent UA EDF and oligohydramnios were noted at 21
weeks in a fetus of a sickle cell mother, one week before fetal
death. High UA A/B ratios in a small, growing fetus of a mother
with systemic lupus erythematosis at 27 and 28 weeks preceded IUD
at 29 weeks. Abnormal UA A/B ratios preceded CTG changes in a
high risk group of in-patients and were slightly better at
predicting the abnormal outcomes of SGA and low Apgar score than

a scored antenatal CTG (Trudinger et al 1986).

Trudinger et al (1987) have reported on the only randomised
controlled trial (RCT) of the use of UA Doppler velocimetry. 1In
a group of 300 high risk pregnancies the UA FVW results were
available to clinicians in half the cases and were concealed for

the other half. They found a lower emergency CS rate for fetal
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distress in the revealed group but no other differences. More
babies in the control group were admitted to the special care
baby unit (SCBU) which, although not making a significant
difference to the mean gestation of the two groups, might
indicate more cases of severe prematurity and thus higher risk in
the control group. No range or SD was given of gestational age.

Other RCTs are awaited.

1.5.3.6 Loss of end-diastolic frequencies (EDF)

Increasing placental resistance results in loss of forward flow
in diastole, or loss of EDF. Absent EDF (AEDF) and reverse flow
are the most extreme abnormalities found in the UA (see figure
6c). 15 high risk fetuses who demonstrated AEDF had a 40%
mortality rate, and all but the four pregnancies with congenital
anomalies were accompanied by hypertension (Rochelson et al
1987). This very high perinatal mortality and morbidity was
confirmed in a study of 14 fetuses with AEDF who also had
increased volume flow on the right side of the heart and combined
cardiac output (Reed et al 1987). 12 high-risk fetuses with
reverse EDF had a 50% perinatal mortality rate (Brar and Platt
1988). Johnstone et al (1988) found 24 cases of AEDF in a group
of 320 complicated pregnancies, and no cases in 160 uncomplicated
pregnancies. Of the 24 fetuses with AEDF, there were four
deaths, 22 were <5th centile weight and 20 developed other

evidence of antenatal compromise up to 24 days later.
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AEDF can precede delivery by weeks although it was invariably
followed by IUD (3) or an operative delivery for fetal distress
(ODFD) (16) when it was found in an IUGR pregnancy (Reuwer et al
1987). 1In eight cases of congenital anomaly where UA FVWs were
obtained whilst anticipating IUD, AEDF preceded death by one to
seven days, and even reverse flow by seven days (Hsieh et al
1988). These data suggest that AEDF and reverse EDF have a poor

prognosis.

This poor outlook continues into extra-uterine life. McCowan et
al (1987a) studied 15 women being delivered electively preterm
for severe IUGR, of whom 14 had a high UA PI and eight had AEDF.
All three neonatal deaths (NND) occurred in the AEDF group. A
very high PI (>2) was strongly associated with poor neonatal
outcome (5/6), defined as NND, neurological or chromosomal

abnormality.

In SGA fetuses, UA AEDF correlates well with hypoxaemia and
acidaemia in umbilical venous blood samples obtained by
cordocentesis (Nicholaides et al 1988). However, even with
normal gases a case of AEDF has been followed by fetal distress
(Warren et al 1989). Improvement in FVWs has been seen in five
of a group of 31 fetuses with AEDF (Brar and Platt 1989). At
present, AEDF has a sinister prognosis but does not precisely
predict fetal distress or demise, or the optimal time for

delivery.
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1.5.3.7 Twins

UA FVWs have been utilized in the surveillance of twins where
conventional methods such as fetal movements, symphyseal-fundal
height (SFH) and CTGs are less easily applied. Mean UA S/D was
higher in twin pregnancies than singleton pregnancies (Farmakides

et al 1985), but no correction was made for gestational age.

In a study of 71 sets of twins the UA A/B showed close agreement
with normal singleton values where both twins were AGA. Oof 33
sets, where at least one of the twins was small, 23 had one or-
both abnormal UA A/B, which is a positive predictive value of 70%
for discordant weight (Giles et al 1985b). 1In 43 pairs of twins
an S/D difference of >0.4 was used to predict discordance of >350
grams with a sensitivity and specificity of 73% and 82%
(Farmakides et al 1985). A similar study of 71 twins found
values of 80% and 85% (Saldana et al 1987). 1In 56 multiple
pregnancies assessed monthly the S/D ratio was superior to
umbilical vein blood flow for predicting discordance in fetal
weight. When the first Doppler parameters were used in addition
to BPD and estimated fetal weight (EFW) differences the
sensitivity and specificity of detecting discordance were 82% and
98% respectively (Gerson et al 1987a). When looking at the
percentage differences of a range of Doppler parameters, AEDF and
difference in volume flow were found to be the sensitive

indicators of adverse outcome in twins (Nimrod et al 1987).
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Delta S/D was very high in two cases of twin-twin transfusion
(Farmakides et al 1985). Out of ten sets of twins where one was
SGA and both had normal UA FVWs five had twin-twin transfusion,
suggesting that normal UA FVWs in the presence of ultrasound
discrepancy in size should 1lead to the suspicion of twin-twin
transfusion (Giles et al 1985b). Cyclically changing PI, in the
smaller twin of a discordant pair that later died in utero, was
explained by postpartum proven UA-UA arterial anastomosis. The
smaller twin was ’‘giving way’ during cardiac cycles and died of a
high cardiac workload (Erskine et al 1986a). The dependence of
blood flow and Doppler parameters on the nature and number of
anastomoses has not been established. A double 1layer FVW has
been reported with different pulse rates in conjoint twins with a

single cord (Woo et al 1987).

Although Doppler ultrasound potentially provided an improved
means of monitoring twins, the picture remains confused. There
is also a technical difficulty of Kknowing which cord supplies
which fetus unless it is seen at the abdominal insertion with

duplex equipment.

1.5.3.8 Fetal anomaly

13 of 26 fetuses with a major structural (11) and/or chromosomal
(4) abnormality had abnormal UA FVWs (Trudinger et al 1985a).

The two structurally normal fetuses with chromosome anomalies had
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trisomy 21 and triploidy. 17 of 32 fetuses between 26 and 41
weeks with a major structural fetal abnormality had a high UA S/D
ratio (Meizner et al 1987). There was no obvious difference in
the anomalies that were or were not associated with abnormal UA
FVWs. A fetal mechanism may result in changes in the

fetoplacental circulation.

Al-Ghazali et al (1987) investigated 244 pregnancies for fetal
cardiac anomaly. Of the 34 with congenital heart disease 17 had
an abnormal UA FVW. In the ten cases with consistent AEDF there
was a poor immediate outcome; termination (3), IUD (5) and NND
(3) within three weeks, and three of these also had chromosomal

anomalies (trisomies 18 and 21, and XO).

In ten extremely small babies with oligohydramnios, the four with
normal UA and internal carotid PI values all had structural
anomalies including two with an abnormal karyotype (trisomy 18
and 69XXX) (Wladimiroff et al 1986). This 1leads to the
conclusion that an anomaly should be suspected in an apparently
growth retarded fetus whose UA FVW is normal, and, conversely, in

the structurally normal fetus whose UA FVW is abnormal.
5.3.9 S

No published ranges exist for normal FVW indices after 42 weeks.

Rightmire and Campbell (1987) found that the UA RI was higher in

82



eight postterm fetuses with signs of fetal compromise (operative
delivery for fetal distress or 1-min Apgar <7) than 24 fetuses
with an acceptable outcome. In contrast, Guidetti et al (1987)
found that the umbilical S/D was the same for 20 compromised
fetuses (abnormal stress test, oligohydramnios, meconium, fetal
acidosis or 5-min Apgar <7) and 26 fetuses of uncomplicated

prolonged pregnancies.

1.5.10 Summary

There has been much work on the UA FVW in health and disease.
The reference ranges are in approximate agreement although they
have largely been established using small numbers, with mixed
longitudinal and cross-sectional data and with retrospectively
defined normal pregnancies. There is no agreement as to the need
to correct indices for FHR. Biological variance of the FVW has
been studied. There is a clear increase in PI related to SGA and
other complications of pregnancy, and AEDF is a sinister sign
which can be present before other signs of fetal compromise.

Although abnormal UA FVWs are associated with a poor outcome the
exact place for the investigation in the armamentarium of

antenatal tests has not been established.
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.6 UTERO CEN OPPLER

1.6.1 Introduction

Maternal arterial sounds from outside the uterus were first heard
using Doppler ultrasound by Goodman (1980). PW was used
initially (Campbell et al 1983) to insonate the uteroplacental
circulation and then the use of CW with pattern recognition was
described (Schulman et al 1986). Colour flow mapping has been
used but not yet evaluated in the uteroplacental circulation
(Campbell et al 1987). Standardising the technique of obtaining
FVWs has proved much more difficult than in the umbilical

circulation.

.6.2 Normal egnanc

1.6.2 ormal data and referenc anges

The use of PW Doppler ultrasound to obtain ‘arcuate’ artery
waveforms was first described by Campbell et al (1983). External
and internal iliac signals were obtained after identification of
the common iliac artery and its bifurcation. Small vessels were
identified in the uterine wall from which ‘arcuate’ signals were
obtained (method 1). Although this technique is the only one
where there is exact placement of a range gate and therefore the

source of the signals is visualized (Pearce et al 1988), the
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vessel itself is not always visualized when an appropriate FVW is

obtained and indeed, some echoes considered to be arcuate

arteries may even be artefacts. Pearce et al (1988) created
reference ranges (see Section 1.5.2.1) using this method. 34
women, retrospectively defined as normal, were followed

longitudinally and measurements made on normalized FVWs using
FIP. Separate ranges were created for placental and non-

placental sides of the uterus.

Trudinger et al (1985c) described a simple method (method 2),
using CW Doppler ultrasound, where the probe was pointed at the
subplacental bed after location using realtime ultrasound. The
method was validated by wusing a PW Doppler facility directed
along the same line in 15 pregnancies and obtaining identical
waveforms from the subplacental bed. However, if the placenta
was posterior, then a reading from the edge sufficed. A normal

range was derived from serial readings from 12 normal women.

A third method (method 3) was described by Schulman et al (1986).
A CW Doppler transducer was directed into the parauterine area in
the region of the lower uterine segment and moved until a
waveform, previously described from duplex studies as the uterine
artery pattern, was identified. They started using duplex
scanning and performing studies at CS but changed to CW. They
confidently stated that all other vessels in the pelvis had no

diastolic component and that the uterine and arcuate arteries
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could easily be identified by pattern recognition. Under 28
weeks S/D ratios obtained abdominally were lower than those
obtained by the vaginal route. There was a fall in S/D ratio in
the second trimester, that continued until 26 weeks'’ gestation,
and the early diastolic notch disappeared between 20 and 26

weeks.

Baumann et al (1989) studied 21 normal pregnancies from 16 weeks’
gestation to six weeks postpartum using duplex PW. There was a

dramatic rise in RI to very high levels by one week postpartum.

The normal ranges that have been published vary considerably.
Three show a fall in impedance in the second trimester and a
levelling off in the third trimester (Schulman et al 1986,
McCowan et al 1988, Pearce et al (1988), whereas two show a
continuing fall throughout the last two trimesters (Trudinger et
al 1985c, Al-Ghazali et al 1988), and one shows a continuing fall
and then slight rise at term (Baumann et al 1989). Schulman
(1987a) stated that the resistance fell earlier on the placental
than nonplacental (or antiplacental) side, but quoted no figures

to support this.

A summary of the methods, index used and mean RI at 20 weeks are

shown in Table 2.
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Table 2 Normal ranges for uteroplacental RI

Author Year Doppler Method Index RI equivalent

(20 weeks)
Trudinger 1985c CW (2) Subplacental D/sS 0.39
Schulman 1986 CW (3) Lower uterine S/D 0.57
McCowan 1988 CW (2) and (3) S/D 0.31
Alghazali 1988 Colour °? D/S 0.41
Pearce 1988 PW (1) Arcuate RI 0.41(P) 0.46(NP)
Baumann 1989 PW ? RI 0.46

l.6.2.2.l Er:°r§

Many papers do not quote an error estimation and those that do
often do not give details as to the method. A summary of the
estimates is given in Table 3. Mulders et al (1988) carefully
analysed the intra-patient, intra-observer and inter-observer
errors from the most proximal part of the uterine artery using
PW. The errors may be even larger. For example, although Pearce
et al (1988) found no significant differences between three
observers, large intra-observer errors were present. Calculated
coefficients of variation (COV) for each observer range from
12.5% to 36%. It must be assumed that authors often quote their

best (or lowest) errors.

87



Table 3 Quoted errors in uteroplacental FVW measurement

Author Year Type Method No patients Error
Trudinger 1985c CW 2 observers 10 no d4diff
Schulman 1986 CW 'Intraobserver' ? 4% (SD 2.3)
McCowan 1988 CW Comparison 5,10,20 FVWs 5 minimal diffs
Pearce 1988 PW 3 observers, 10 FVWs 10 no sig diff
Fleischer 1986 CW 'Intraobserver' ? about 6%
Arduini 1987b PW 'Repetitive determinations'? 14.5% max
Rightmire 1987 PW 'Intrapatient variability' ? 16.9%
Steel 1988a CW RI every minute for 1/2 hr 7 9% CoV
Stabile 1988a PW 3 FVWs by 1 observer ? 15% cov

1 FVW by 4 observers ? 12% cov
Gagnon 1988 CW Separate analysis 4 FVWs 11 6.1% COV
Long 1988 CW 3 records, mean of 6 PI 20 6% cov
Mulders 1988 PW 8 consecutive FVWs, PI 21 6.4% cov

8 FVW at 2 min intervals 21 11.7% COV

8 FVW, moving probe 16 12.5% cCov

2 observers 13 11.1% cov
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1.6.2.2 Factors affecting the flow velocity waveform

1.6.2.2.1 Mat al behavioural state

Maternal heart rate (MHR) was negatively correlated to uterine PI
in 19/21 women (Mulders et al 1988). However, the large intra-
patient variance suggested that correction for MHR was
unnecessary. External vibratory acoustic stimulation did not

alter uterine S/D ratios in 12 term women (Gagnon et al 1988).

6.2 .2 Drugs

Smoking of one cigarette had no effect on uterine S/D in 15
healthy women at term despite an increase in heart rate (Morrow
et al 1988) although the number studied was small. This is not
suprising as rhesus monkey experiments have shown that maternal
smoking caused fetal hypoxia without disturbance in maternal

blood gases or haemodynamics (Socol et al 1982).

Treatment of 14 hypertensive women with 50-100mg of atenolol
increased arcuate PI but the MHR decreased at the same time
(Montan et al 1987). The increase may have been due to an
increase in resistance in the uteroplacental circulation or just
be an effect of 1lengthening the cardiac cycle. Unfortunately,
the sample was also heterogeneous containing 5 multigravidae and

only 5 women with proteinuric hypertension.
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Tocolysis with magnesium sulphate had no effect on uterine artery
S/D in the treatment of 40 women with premature labour although
ritodrine infusion in 20 women was followed by a decrease in S/D
(Brar et al 1988a). However, this may have been secondary to
increased maternal heart rate rather than an effect on

uteroplacental resistance.

Prostacyclin infusion in two cases of severe early onset IUGR had

no effect on uteroplacental FVWs (Steel and Pearce 1988)

1.6.2.2.3 Labour

In 12 normal women in labour the UA S/D remained unchanged during
contractions while the uterine FVWs showed a fall in EDF whilst
intrauterine pressure increased. Despite the rise in S/D there
was no appearance of any notching (Fleischer et al 1987). This
was confirmed in a study of 27 women in active labour where AEDF
was noted in the uterine artery during the peak amplitude of the
uterine contraction (Brar et al 1988c). Velocity in the uterine
artery has been estimated, without knowing the angle of
estimation, and found to decrease during contractions (Janbu et
al 1985) in ascending branches and branches penetrating the
myometrium, and remain constant in descending branches to the
vagina (although the identification of the different branches was
based on the velocity in the first instance). Both the PI and

velocity in the uterine artery have been shown to increase during
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contractions of eight normal women in labour and seven antenatal
women with Braxton Hicks contractions. Intrapartum intrauterine
pressure monitoring showed a 1linear inverse velocity/pressure
relationship (Janbu and Nesheim 1987). These findings and those
in Section 1.5.2.2.4 suggest that, during contractions, reduction
in uterine blood flow 1is dependent on the intensity of the

contraction whilst fetoplacental blood flow is uninterrupted.

Elevated S/D ratios in either the umbilical or uterine artery
were associated with failure of tocolysis in premature labour
(Brar et al 1988b). This finding could be explained in a number
of ways. It might be postulated that, in the more well-
established premature labours, contractions were influencing
waveforms, and the authors Qo not state that readings were made
between contractions. The other possibility is that the more
abnormal the pregnancy (as assumed by the high S/D) the more
established the 1labour and thus the failure of tocolysis. These
findings support the hypothesis that intrauterine growth

retardation leads to premature labour.

6 .4 uid loadin d epidu aesth sia

In one study of eight women undergoing elective CS a decrease in
A/B ratio was found after fluid 1loading and insertion of an
epidural with no change in maternal pulse but a fall in BP (Giles

et al 1987a). This was postulated to be due to increased
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perfusion subsequent to plasma volume expansion. A similar study
of 20 women showed no change in PI of the placental FVW (Long et
al 1988) although no change in BP was noted either, so the A/B
changes may just be related to the fall in BP. Petrikovsky et al
(1988) confirmed the stability of S/D ratios with achievement of
epidural anaesthesia in 22 women undergoing elective CS, but
extended the observations by making intraoperative recordings.
They showed a rise in S/D ratios after opening of the abdomen and

before incision of the uterus.

+ 6. iurnal variation

No significant day to day variability was found in mean A/B of
FVWs (Hastie et al 1988) when assessed by three recordings over a
week in 57 complicated and 46 normal subjects grouped into three
unequal gestation groups. There were no circadian changes or
differences before and an hour after meals (Pearce et al 1988).
However, with the small numbers of subjects any differences in
waveforms may have been hidden by the large minute to minute

variation.

6. 6 i

No changes in uterine A/B ratios were found after graded
stationary bicycle exercise of up to 20 minutes in 11 normal

women between 16-28 weeks’ gestation (Moore et al 1988).
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However, this is in contrast to another study of 15 term women
undergoing five minutes of exercise on a bicycle ergometer in
whom uterine S/D ratios became significantly elevated (Morrow et
al 1989). The studies are not comparable in subjects or type of
exercise. Another problem with both of them is that CW equipment
was used and the FVWs of great vessels supplying the exercised
legs may have been mistaken for uterine vessels. The studies
were performed on normal women without complications and the

exercise was of low intensity and short duration (Shangold 1988).

1.6.3 Complicated pregnancy

Initially mixed groups of complicated pregnancies were studied.
Campbell et al (1983) examined 30 normal and 31 complicated
pregnancies and found a significant increase in proteinuric
hypertension and decreased birthweight ratio in the 14 of 31
complicated pregnancies where the frequency index profile (FIP)
fell outside the nomogram constructed from 30 normal pregnancies
as compared to the 17 complicated pregnancies where waveforms
were normal. However the patients had a mixed group of
complications with a 1low percentage of primigravidae in both
groups. In a study of 53 women with hypertension and growth
retardation, using arcuate and umbilical Doppler studies, an
increased amount of proteinuric hypertension, and decreased
birthweight ratio, was found in the group with both circulations

abnormal, and fetal asphyxia was increased in the group with loss
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of EDF in the UA (Campbell et al 1984).

1.6.3.1 Hypertension

High resistance uterine FVWs have been found to be associated
with hypertension, especially when accompanied by proteinuria
(Griffin et al 1983, Campbell et al 1983, Trudinger et al 1985c).
In a group of 71 hypertensive women, higher S/D ratios were found
in women with PET than in those with chronic hypertension.
Higher ratios were also associated with higher CS rate, premature
delivery, stillbirth and growth retardation. The sensitivity and
specificity of an abnormal outcome to the pregnancy (delivery <37
weeks or baby <2.5kg) were 93% and 91% respectively if a notch
was also present. High S/D ratio and the presence of a notch
were found to predict outcome more accurately than BP or uric

acid level (Fleischer et al 1986).

In a further study of 136 hypertensive women, classification by
the S/D of the uterine waveform clearly separated the pre-
eclamptic from the chronically hypertensive women. All four
perinatal deaths were in the group with abnormal uterine and
umbilical FVWs. The two patients with eclampsia had normal
uterine artery FVWs (Ducey et al 1987). Severe pregnancy induced
hypertension can be found with normal uterine FVWs (Al-Ghazali et

al 1988).
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Doubt has been cast on the association of high resistance
waveforms with PET by Hanretty et al (1988) in a case-control
study of the lowest resistance waveforms found in a group of 32
women with PIH and 32 matched controls. No significant
difference was found in the PI of the two groups but the cases
were a mixed group including late onset mild nonproteinﬁric
hypertension. The search for waveforms was made from all over
the uterus and not from a consistent place in relation to the
uterine circulation or placenta (Campbell et al 1988). Internal
iliac artery and uteroplacental waveforms may also have been

confused (Pearce and McParland 1988).

Schulman et al (1987b) found a high correlation between high S/D
ratio and high delta S/D (the left-right difference). Delta S/D
is calculated by subtracting one S/D ratio from the other. High
delta S/D was also found in some poor outcome pregnancies where
S/D was normal. This was postulated as evidence for unilateral
placental blood flow as a pathophysiological event in
hypertension. However, S/D 1is a non-linear ratio that varies
between one and infinity. Identically small changes in diastolic
frequencies will lead to a larger delta S/D as the absolute value
of S/D increases. By definition, delta S/D would be expected to
be highly significantly correlated with S/D. Delta S/D is a non-
linear difference between two non-linear ratios and has no
physiological meaning. The conclusion that a large delta S/D

reflects unilateral flow is erroneous.
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Atenolol treatment in hypertension led to an increase in arcuate
PI, suggesting an increase in peripheral resistance (Montan et al
1987). However, with a concomitant fall in maternal pulse, the
change in PI might have been due to lengthening of the diastolic

portion of the FVW.

There has been one case report of a woman with Takayasu’s
aortitis and hypertension, who had stenosis of the aorta in the
lumbar region, whose uterine and femoral FVWs showed a dampened
systolic acceleration (Giles et al 1987b). There 1is one case
report of uterine velocimetry performed during cardiac surgery
when the mother was on a by-pass pump. There was still pulsatile
flow in the uterine arteries and a temporary increase in
resistance (Farmakides et al 1987). These two cases demonstrate

the influence that downstream circulation may exert on FVWs.

3.2 owth retardation

In many studies of mixed complicated pregnancies, abnormal
uteroplacental waveforms have been associated with SGA babies
(Griffin et al 1983, Campbell et al 1983, Trudinger et al

1985b,c), and a poorer neonatal outcome (Trudinger et al 1985c).

By contrast, Gudmusson and Marsal 1988 found that the arcuate
artery PI, from the subplacental bed, had no significant

relationship to fetal distress or IUGR, in a study of 129 small
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fetuses suspected of being <15th centile weight on a routine 32
week ultrasound scan. This may be because a different part of

the uteroplacental circulation was being studied.

Of 12 growth retarded pregnancies, six out of seven with PET had
abnormal FVWs, most with notching, and only one out of five when
theré was chronic hypertension or unknown cause (McCowan et al
1988). Severe SGA has been associated with normal maternal
- waveforms (Al-Ghazali et al 1988). This supports the concept of
some growth retardation being secondary to reduced uterine blood
flow, especially in PET, rather than the underlying pathology in

all cases.

6.3.3 Sick el aemoglobij t

Anyaegbunam et al (1988) compared 48 women with sickle cell
haemoglobinopathy (eight with SS and 40 with AS haemoglobin) with
48 controls. 88% of women with SS, 3% of women with AS and none
of the controls had elevated uterine S/D ratios. SGA and fetal
distress were found in pregnancies with both abnormal uterine and
UA FVWs. None of the women had hypertension. The process of
intravascular sickling, vaso-occlusion and infarction may have
taken place in the uteroplacental bed 1leading to increased
vascular resistance, with the fetoplacental response determining

growth retardation and the UA S/D.
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