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ABSTRACT

Amniotic pressure (AP) has been assumed to be raised in
both oligohydramnios and polyhydramnios, but has not previously
been measured. The aims of this thesis were (i) to characterize AP
in human pregnancies with normal amniotic fluid volume (ii) to
compare with this AP in pregnancies with abnormal amniotic fluid
volume and (iii) to investigate the relationship of abnormal AP with
the complications of disorders of amniotic fluid volume. AP was
measured during invasive procedures by a fluid manometry system
attached to a needle positioned within the amniotic cavity.

In pregnancies with normal amniotic fluid volume, AP
increased with advancing gestation, but was not related to
amniotic fluid volume. In comparison, AP was significantly higher
in pregnancies with polyhydramnios and lower in those with
oligohydramnios, the degree of abnormality in AP correlating with
the severity of derangement in amniotic fluid volume; furthermore,
AP returned towards normal with drainage and infusion of fluid
respectively.

In polyhydramnios, amniotic pressure was negatively
correlated with fetal pOg and pH, suggesting that raised AP may
impair uteroplacental perfusion. In pregnant sheep however, fetal
acid/base status was unaltered when AP was acutely elevated by
amnioinfusion.

In human pregnancies complicated by severe
oligohydramnios, restoration of amniotic fluid volume did not alter
the incidence of fetal breathing movements or Doppler indices of
umbilical artery downstream resistance; together with the finding
of low AP, these results challenge the concept of fetal compression
in oligohydramnios that has become widely accepted in the
literature. In order to determine whether lung hypoplasia in
oligohydramnios is caused by low amniotic pressure disturbing the
tracheal-amniotic pressure gradient, fetal sheep were subjected to
chronic pharyngeal drainage at subamniotic pressures, but this had
no effect on lung development.-That tracheal drainage affects lung
development was confirmed, but no evidence for this effect being
via a reduction in fetal breathing could be obtained.

It is concluded that amniotic pressure is elevated in
polyhydramnios and reduced in oligohydramnios.
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Abbreviations

AFI = amniotic fluid index

AGA= appropriate for gestational age
ANOVA = analysis of variance

AP = amniotic pressure

CI = 95% confidence interval

DNA = de-oxyribonucleic acid

EMG = electromyographic activity
FBM = fetal breathing movements
FHR =fetal heart rate

ID = inner diameter

IUGR = intrauterine growth retardation
OD = outer diameter

PG = prostaglandin

PH = pulmonary hypoplasia

PI = pulsatility index

PPROM = preterm premature rupture of the membranes
RI = resistance index

SD = standard deviation

SE = standard error

SGA = small for gestational age

Units

Means are described statistically by 95% confidence intervals for
human data and standard errors for animal data, in accordance
with convention.

SI units have been used throughout, with the exception of amniotic
pressure, which, like blood pressure, is reported in mm Hg.
Partial pressures of blood gases (pCO2 and pO2) are accordingly
reported in kPa, with the exception of animal studies, in which
mm Hg are used as per convention.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Invasive procedures in the study of human fetal physiology

The study of human fetal physiology has until recently been
limited by the relative inaccessibility of the intrauterine
environment. Experimental studies in animals have provided much
of what is known, although findings in predominantly non-primate
species are not always applicable to human fetuses. Studies in
human pregnancy have necessarily been indirect, based either on
ultrasonic observation of fetal behaviour, or on inferences made
from biochemical changes in amniotic fluid.

During the early 1980s, advances in ultrasound resolution,
together with increasing experience with invasive procedures in
continuing human pregnancies, facilitated the development of
ultrasound-guided fetal blood sampling (Daffos et al 1985). The
simplicity and relative safety of this procedure soon led to an
expansion in its usage and indications. Similar ultrasound-guided
needling procedures were applied for sampling fetal skin (Bang
1985), liver (Golbus et al 1988), urinary tract (Glick et al 1985),
and body cavities (Benacerraf et al 1986), while a limited number
of therapeutic procedures were introduced (Manning et al 1986,
Nicolaides et al 1986, Rodeck et al 1988).

Although the amniotic cavity has been accessible for several
decades, its study has been largely limited to gestations at which
older sampling procedures were performed: 16 weeks for
amniocentesis for karyotyping (Steele & Breg 1966) and alpha-
fetoprotein determination (Brock & Sutcliffe 1972), the third
trimester for amniocentesis for monitoring Rh alloimmunization
(Liley 1961) and fetal lung maturity (Gluck et al 1971), and term
for intrapartum pressure monitoring via an intrauterine catheter
(Turnbull 1957). The advent of modern ultrasound-guided invasive
procedures however, recently rendered the amniotic cavity
accessible to study over a broader range of gestation. In the second
and third trimesters, the amniotic cavity is frequently traversed en
route to the sampling site during fetal diagnostic and therapeutic
procedures, while amniocentesis for cytogenetic study is now
technically possible in the first trimester (Hanson et al 1987).
The recent recognition that oligohydramnios (Hackett et al 1987,
Gembruch & Hansmann 1988) and polyhydramnios (Landy et al
1987, Carlson et al 1990) are themselves indications for invasive
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diagnostic procedures, now permits investigation of the amniotic
cavity in pregnancies with abnormal amniotic fluid volume.

The access to the fetal and intrauterine environment
afforded by modern invasive procedures has opened up several
areas of previously unstudied physiology and medicine. This has
facilitated recent studies of fetal haematology, biochemistry,
endocrinology, immunology, etc, as reviewed elsewhere (Rodeck
& Nicolini 1988, Fisk & Rodeck 1992), and major contributions
have been made towards understanding the pathophysiology of
alloimmunization and intrauterine growth retardation (IUGR). The
pressure in the amniotic fluid surrounding the fetus, although
widely studied with reference to uterine contractility and
maternal physiology (Csapo 1970), has not been considered from a
fetal viewpoint.

1.2 Amniotic pressure

Although amniotic pressure (AP) has been extensively
investigated over the last four decades, the emphasis has been
almost exclusively on its change with uterine activity. Numerous
studies of intrauterine pressure have been performed in labouring
women at term via a needle or catheter inserted transabdominally
into the amniotic cavity (Wolf 1940, Alvarez & Caldeyro 1950,
Caldeyro-Barcia & Alvarez 1952, Hendricks et al 1959, Hendricks
et al 1962), or transcervical catheters inserted either extra-
amniotically or in patients with ruptured membranes (Williams &
Stallworthy 1952, Turnbull 1957, Csapo 1970, Steer et al 1978).
AP has also been studied in the first and second trimester prior to
or during termination of pregnancy (Bengtsson & Csapo 1962,
Wiqvist & Eriksson 1964, Turnbull & Anderson 1965, Csapo
1969). The rationale for these investigations was the
characterization of pressure changes during spontaneous and
pharmacologically-induced contractions. Resting AP has only been
studied as a baseline against which the effects of oxytocic drugs
were assessed (Hellman et al 1957, Hendricks & Gabel 1960,
Csapo & Sauvage 1968). All these reports present AP readings
graphically, with typical scales of O to 100-250 mm Hg rendering
accurate interpretation of resting AP impossible. Another problem
has been the lack of uniform reference point. Although some
standardized readings at the maternal umbilicus (Hellman et al
1957), or against maternal intraperitoneal or intravesical pressure
(Alvarez & Caldeyro 1950, Caldeyro-Barcia & Alvarez 1952), most
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deemed no reference point necessary to calculate changes in AP
with contractions.

The pattern of development of resting AP throughout
gestation has not yet been characterized. Although a variety of
geometric shapes have been used to describe the uterine cavity
(Anderson et al 1967), most authors accept that, in order to apply
Laplace's law, the uterus may be considered to be a sphere
(Reynolds 1946, Coren & Csapo 1963, Csapo 1970), a
mathematical simplification of the composite radii, which has no
consequence for AP. Pressure within the sphere is thus a function
of T/r, where T is the wall tension and r the radius. The initial
application of this law to non-living matter held that pressure fell
with increasing r, and this was the basis for an assumption that
resting AP falls in late gestation (Reynolds 1946). This simple
hydrostatic model however is complicated with a musculo-elastic
structure like the uterus, by the effects of stretch (increasing r) on
T. This in turn is modulated by wall thickness, myometrial cell
length, and the effects of pregnancy hormones (Reynolds 1965).
Furthermore, distension (implying an increase in pressure) is an
importanf stimulus for uterine growth (Reynolds & Kaminenster
1936) and thus further increase in r. Therefore the development
of AP in pregnancy reflects the relative rate of change of T/r. On
this basis it has alternatively been suggested that AP rises in late
pregnancy with tension increasing at a greater rate than radius
(Anderson et al 1967). AP has not been measured systematically in
human pregnancy, nor have measurements of T and r been made
to allow calculation of AP.

1.3 Amniotic fluid

1.3.i Source and control

The factors determining regulation of amniotic fluid volume
in normal pregnancy remain poorly understood. In early
pregnancy, amniotic fluid is considered firstly a maternal dialysate,
and then a fetal transudate, since its composition closely
resembles that of maternal and then fetal serum (Lind 1972). After
20-25 weeks with progressive impermeability of the fetal skin to
water and solutes (Parmley & Seeds 1970), amniotic fluid becomes
increasingly hypotonic with greater concentrations of urea and
creatinine, implicating fetal urine as the major contributor (Lind
1971, Benzie et al 1974). Certainly, failure of fetal urination results
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in oligohydramnios in both clinical (Perlman & Levin 1974,
Thomas & Smith 1974) and experimental studies (Minei & Suzuki
1976, Harrison et al 1983). Radioisotope studies in both human
and ovine near-term fetuses suggest that 550-650 ml/day of urine
enters the amniotic cavity (Tomoda et al 1987, Abramovich et al
1978). Extrapolation from ultrasonic studies reporting human fetal
urine production rates of up to 50 ml/hour (Rabinowitz et al 1989,
Nicolaides et al 1990) suggests a higher figure, but takes no
account of the known diurnal variation in fetal urine production
(Chamberlain et al 1984a).

Fetal swallowing has long been recognized as a major route of
clearance of amniotic fluid. Radio-opaque dye is observed in the
fetal intestines within 20 minutes of intra-amniotic injection
(McLain 1963). Human fetuses with lesions preventing swallowing
often develop polyhydramnios (Moya et al 1960, Pritchard 1966),
although the same does not occur in experimental animals (Minei
& Suzuki 1976, Wintour et al 1978). However, radio-tracer studies
indicate that near-term human fetuses swallow 234-326 ml less
per day than they void (Gitlin et al 1972, Abramovich et al 1979),
this discrepancy suggesting additional pathways of clearance. The
respiratory tract is not a site of net resorption of significant
amounts of amniotic fluid (Abramovich 1970); indeed there is a
net outflow of lung liquid from the fetal trachea, calculated as a
200-345 ml/24 hours in the late gestation sheep (Harding et al
1984a, Harding et al 1986a), although swallowing may prevent
much of this reaching the amniotic cavity (Adams et al 1967,
Harding et al 1984b).

The membranes are permeable to water and low molecular
weight solutes (Seeds 1970, Abramovich et al 1976), and
significant bulk flow occurs between the maternal, fetal and
amniotic compartments (Hutchinson et al 1959, Seeds 1980),
primarily in response to osmotic and hydrostatic gradients
(Battaglia et al 1960, Schruefer et al 1972, Kerenyi & Musnai
1975, Basso et al 1977, Ross et al 1983). Consistent with this is
the strong correlation between maternal plasma volume and
amniotic fluid volume observed in human pregnancies with both
normal and abnormal quantities of amniotic fluid (Goodlin et al
1983). Following intra-amniotic isotonic infusion, Tomoda et al
(1987) calculated that bulk flow across the membranes was
responsible for more than half the clearance of infused fluid.
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Gilbert and Brace (1989) demonstrated in sheep that distilled
water infused intra-amniotically was rapidly absorbed into the fetal
circulation; this was later followed by a small decrease in maternal
osmolality, which was not present in those animals in which the
fetus had been killed beforehand. They therefore proposed that
the transmembranous pathway from the amniotic cavity to the
maternal circulation was not a major route for fluid flow, but that
the intramembranous route from the amniotic cavity via
vascularized membranes into the fetal circulation was. In a similar
experiment involving dehydrated fetuses, Ross et al (1991)
similarly considered that the rapid absorption of intra-amniotically
administered saline was via the intramembranous route, since
swallowing rates remained depressed. This suggests that
alterations in amniotic fluid volume in response to alterations in
maternal fluid balance (Bell et al 1984, Stevens & Lumbers 1987)
may occur via their effect on fetal fluid balance.

Current evidence points to the fetus having considerable
autonomy in fluid homeostasis. In this regard, the fetus is able to
decrease its urine production by releasing vasopressin in response
to fetal hypovolaemia (Schroeder et al 1984), maternal
hypertonicity (Lumbers & Stevens 1983), and maternal water
deprivation (Bell et al 1984, Stevens & Lumbers 1985), and
increase it in response to hypervolaemia, eliminating water and
electrolytes infused on a long-term basis through its kidneys
rather than across the placenta (Brace 1989). Fetal swallowing and
voiding rates seem tightly coupled within individual studies (Gitlin
et al 1972, Abramovich 1970, Tomoda et al 1987), suggesting that,
despite our lack of understanding of the factors determining fetal
swallowing (Ross et al 1989), their control may be related.
Furthermore, fetal swallowing and voiding rates have been shown
to increase in concert in response to intra-amniotic and
intravascular fluid loads (Gilbert & Brace 1988, Brace 1989).

The relative constancy of amniotic fluid volume at any one
stage during pregnancy, in the presence of a high turnover rate
and a large number of potential pathways of exchange, indicates
remarkable coordination in its control. The literature suggests that
such control may be mainly determined by the state of fetal
hydration.

1.3.ii Normal volume
Amniotic fluid volume has been measured in normal human
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pregnancy, by direct collection at hysterotomy (Wagner & Fuchs
1962, Abramovich 1968), and by a variety of indicator-dye dilution
techniques in continuing pregnancies (Marsden & Huntingford
1965, Queenan et al 1972). As the variance in amniotic fluid
volume throughout gestation could not be characterized from any
single study, Brace et al (1989) recently pooled data on 705
amniotic fluid volumes from 12 publications. Mean amniotic fluid
volume increased rapidly to 630 ml at 22 weeks, and then more
slowly to a peak of 817 ml at 33 weeks, declining thereafter to
715 ml at 40 weeks. The 95% reference range, derived around a
log transformed fourth degree polynomial, indicated a wide range
of normal volumes, encompassing values within the range 1/2.57
to 2.57 times the mean volume at any given gestational age (for
example 318-2100 ml at 30 weeks).

1.4 Abnormal amniotic fluid volume

1.4.i Measurement

An abnormal amount of amniotic fluid could simply be
defined as an amniotic fluid volume outside the reference range
(Brace 1989). However, quanititation of amniotic fluid volume is
not performed in clinical practice, since it necessitates two
amniocenteses with attendant risks (Queenan et al 1972, Kirshon
et al 1990), and relies on the dubious supposition that complete
mixing of the indicator-dye occurs within a 15-30 minute interval
(Charles & Jacoby 1966, Queenan et al 1972). Accordingly,
definitions of increased and decreased amniotic fluid volume are
based on non-invasive criteria. Clinical assessment is considered
inaccurate, while calculation of total intrauterine volume is
cumbersome, poorly reproducible, and requires an outmoded
static scanner (Gohari et al 1977, Grosman et al 1982). Using real
time ultrasound, subjective assessment of amniotic fluid volume as
normal, increased, or decreased is in widespread usage. Several
semi-quantitative scoring systems have been proposed, based on
the dimensions of the largest pocket of amniotic fluid (Crowley
1980, Manning et al 1981). Although their reproducibilty is little
better than that of subjective classifications (Halperin et al 1985,
Goldstein & Filly 1988) and they make no reference to gestational
age (Bottoms et al 1986), these semi-quantitative systems have
provided the objective criteria by which abnormalities of amniotic
fluid volume have until recently been classified and graded.
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1.4.ii Definition
Polyhydramnios has been arbitrarily defined as a deepest
vertical pool measuring > 8 cm (Chamberlain et al 1984b, Hill et
al 1987), while oligohydramnios has been variously defined as a
deepest pool devoid of cord or limbs measuring <3, 2, or 1 cm
(Crowley 1980, Manning et al 1981, Chamberlain et al 1984c),
the more stringent of these indicating moderate to severe
oligohydramnios (Hoddick et al 1984). The amniotic fluid index
(AFI), the sum of the deepest vertical pool in each of 4 quadrants,
was initially developed for use in late pregnancy to increase the
sensitivity of detection of oligophydramnios (Phelan et al 1987), but
a recent modification allows it to be used throughout pregnancy
with good reproducibility (Moore & Cayle 1990). The regression
curve between AFI and gestational age is similar in shape to that
between amniotic fluid volume and gestational age (Brace 1989),
and has been used to derive a reference range for normal AFI from
16-42 weeks (Moore & Cayle 1990). The AFI appears superior to
the deepest pool in diagnosis and classification of severity of both
oligohydramnios and polyhydramnios (Moore 1990, Carlson et al
1990).

1.5 Polyhydramnios

1.5.i. Prevalence

The prevalence of polyhydramnios varies depending on the
diagnostic criteria employed. Older studies, which used the
subjective finding of > 2 litres of amniotic fluid at delivery (Moya
et al 1960, Queenan & Gadow 1970), report prevalences of 0.25-
0.7% (Barry 1958, Murray 1964, Jacoby & Charles 1966, Queenan
& Gadow 1970). Ultrasound studies, seem more sensitive, with
prevalences of 1.0-3.2% reported using the 8 cm pool definition
(Chamberlain et al 1984b, Hill et al 1987). Indeed, Moore et al
(1990) found an AFI >95th centile in 6.5% of a high-risk
population scanned for various indications. Polyhydramnios
complicates 9-13% of twin pregnancies assessed on ultrasound
(Hashimoto et al 1984, Schneider et al 1985). As all these figures
may be influenced by referral bias, Hill et al (1987) have estimated
that polyhydramnios occurs in 0.9% of their non-referred patients,
and Hashimoto et al (1984) in 3.6% of non-referred twin
prégnancfes.
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1.5.ii. Aetiology
Congenital anomalies were found in 20-27% of pregnancies
with polyhydramnios in older studies (Moya et al 1960, Murray
1964, Jacoby & Charles 1966, Queenan & Gadow 1972) and 9-
13% in more recent ultrasonic studies (Zamah et al 1982, Hill et
al 1987). The largest category is central nervous system defects,
mostly anencephaly, followed by gastrointestinal and
musculoskeletal abnormalities (Jacoby & Charles 1966, Queenan &
Gadow 1970, Desmedt et al 1990a). Impairment of fetal
swallowing has been suggested as the predominant mechanism
(Moya et al 1960). Although most anencephalic fetuses do not
swallow (Abramovich 1970), only 65% develop polyhydramnios
(Nichols & Schrepfer 1966), suggesting that alternative
mechanisms may contribute to polyhydramnios such as
transudation across meninges, or vasopressin deficiency resulting
in fetal polyuria (Naeye et al 1970). The high frequency of
polyhydramnios in fetuses with upper gastrointestinal obstruction
(Lloyd & Clatworthy 1958), with intrathoracic space-occupying
lesions such as diaphragmatic hernia (Adzick et al 1985) and
pleural effusions (Rodeck et al 1988), strongly implicates
impairment of swallowing in the aetiology of their polyhydramnios.
Increased amniotic fluid volume can be similarly explained in
fetuses with skeletal dystrophies affecting the thorax, or with
neurological deficits such as myotonic dystrophy (Cardwell 1987,
Phelan & Martin 1989). Nevertheless, not all fetuses so affected
develop polyhydramnios, and oesophageal ligation in animals does
not produce chronic polyhydramnios, as mentioned earlier.
Maternal diabetes is the second most commonly identified

aetiological factor. The likely explanation for its recent decline in
frequency to 5-13% (Hill et al 1987, Desmedt et al 1990a) from
22-26% in older series (Murray 1964, Jacoby & Charles 1966,
Queenan & Gadow 1972) is tighter euglycaemic control, since the
incidence of polyhydramnios amongst diabetics is least in those
with the lowest mean glucose levels (Kitzmiller at al 1978).
Although fetal polyuria secondary to an osmotic diuresis might
seem an obvious mechanism, Van Otterlo et al (1977) found
normal fetal urine production rates in 12 of 13 diabetic
pregnancies with mild polyhydramnios. Their measurement
technique is now recognised to underestimate hourly fetal urine
production rates by approximately 50% (Rabinowitz et al 1989).
Nevertheless, using this technique, polyuria has been
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demonstrated in a fetus with diabetes insipidus and severe
polyhydramnios (Kirshon 1989), and this is presumably also the
cause of polyhydramnios in fetuses with Bartter syndrome (Sieck
& Ohlsson 1984) or nephrogenic diabetes insipidus secondary to
maternal lithium therapy (Krause et al 1990, Ang et al 1990).
Similarly recipient fetuses in monochorial twin pregnancies
complicated by feto-fetal transfusion syndrome have been shown to
be polyuric by Kirshon (1989), who suggested increased cardiac
output as the mechanism. Excessive urination as a cause of
polyhydramnios is further supported by histological findings of
enlarged glomeruli and dilated distal collecting tubules in
recipient twins (Naeye et al 1970, Achiron et al 1987). This would
also explain polyhydramnios in Rh alloimmunized fetuses and in
some cases of hydrops (Phelan & Martin 1989). No evidence of
increased urine output was found in two studies of patients with
idiopathic polyhydramnios (Abramovich et al 1979, Kirshon 1989).

Sixty per cent of cases are idiopathic (Alexander et al 1982,
Hill et al 1987), although this figure varies with the severity of
polyhydramnios. Hill et al (1987) identified a cause for
polyhydramnios in 91% when the deepest pool exceeded 12 cm,
but in only 17% between 8-12 cm. Similarly, among 191 singleton
fetuses with polyhydramnios, anomalies were identified in 75%
when the polyhydramnios was subjectively classified as severe, as
opposed to 29% in the remainder (Barkin et al 1987).

The term acute polyhydramnios has been used to indicate
the rapid increase in amniotic fluid volume associated with uterine
distension and severe maternal symptoms (Queenan & Gadow
1970, Weir et al 1979), which occurs approximately once in every
4000 pregnancies (Weir et al 1979, Steinberg et al 1990).
Although there is some argument about this definition and its
application to singleton pregnancies (Queenan & Gadow 1970,
Desmedt et al 1990b), most cases occur before 24-26 weeks in
one sac of multiple pregnancies as a florid manifestation of feto-
fetal transfusion (Queenan & Gadow 1970, Weir et al 1979), a
syndrome complicating 4-26% of monochorial twin pregnancies
(Galea 1982, Robertson et al 1983).

1.5.iii. Maternal complications
Polyhydramnios may produce symptoms of abdominal
discomfort, respiratory embarrassment, and uterine irritability
(Cardwell 1987). These can be marked, especially in the presence
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of severe or acute polyhydramnios. Preterm delivery occurs more
frequently (Barry 1953, Hashimoto et al 1984, Hill et al 1987),
although the high incidence of congenital anomalies and multiple
pregnancy makes derivation of an exact relative risk for
spontaneous preterm labour difficult. In this regard, Hill et al
(1987) reported a preterm delivery rate of 22% corrected for
congenital anomalies. In many cases, premature rupture of the
membranes precedes the onset of preterm labour (Barry 1953,
Boylan & Parisi 1986, Cardwell 1987). The incidence of pre-
eclampsia is increased, to 17% in singleton pregnancies (Desmedt
1990a) and 21% overall (Kirkinen & Joupilla 1978). Similarly
there is an increased incidence of postpartum haemorrhage,
attributed to uterine atony (Cardwell 1987). Gross enlargement of
the uterus in polyhydramnios may rarely result in ureteric
obstruction (Seeds et al 1984, Vintzileos et al 1985a), which can
be relieved by restoration of normal amniotic fluid volume (Seeds
et al 1984). The above maternal complications are similar to those
encountered in high-order multiple pregnancies, and many
authors have attributed them to uterine distension (Caldeyro-
Barcia et al 1957, Powers 1973, Boylan & Parisi 1986, Cardwell
1987, Steinberg et al 1990).

The incidence of caesarean section is also increased in
polyhydramnios (Jacoby & Charles 1966, Zamah et al 1982), due
largely to unstable fetal lie. A further risk is abruption, which has
been associated with rapid decompression of the uterus at
amniotomy (Pritchard et al 1970, Green-Thompson 1982).

1.5.iv. Fetal complications

Perinatal mortality rates of 13-29% have been reported in
association with polyhydramnios (Moya et al 1960, Queenan &
Gadow 1970, Hill et al 1987, Carlson et al 1990), reflecting the
high incidence of congenital malformations, preterm labour, and
asphyxial complications such as abruption, cord prolapse and
placental insufficiency. In a series of 537 singletons with
polyhydramnios, perinatal mortality was 61% in the presence of
fetal or placental malformations, and 10% in the presence of
maternal complications such as diabetes or pre-eclampsia,
compared to only 2.4% when neither of these factors was present
(Desmedt et al 1990a). Queenan & Gadow (1970) similarly noted a
much higher rate in anomalous compared to structurally normal
fetuses (87 vs 30%), while Hill et al's rate (1987) fell from 13 to
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6% when corrected for lethal congenital anomalies. Perinatal
mortality was much higher in singletons with acute as opposed to
chronic polyhydramnios in Desmedt et al's review (1990b),
although delivery occurred almost 7 weeks earlier in the acute
group. Among 112 pregnancies with ultrasonic evidence of
polyhydramnios, Carlson et al (1990) found that all 14 perinatal
deaths occurred in the 49 pregnancies whose AFI exceeded 24
cm. Thus it appears that 3 main variables influence the chance of
perinatal survival in polyhydramnios: presence of congenital
anomalies, gestational age at delivery, and severity of
polyhydramnios. It is likely that they are interrelated, although
the extent to which this is so is not clear from the above studies.

Perinatal mortality exceeds 50% in feto-fetal transfusion
syndrome (Pretorius et a 1988, Bebbington & Wittman 1989),
when polyhydramnios is present and the diagnosis made in utero
(Brown et al 1989). When detected prior to 28 weeks, mortality
rates of up to 100% have been reported (Weir et al 1979, Urig
1990), although these have fallen to 56-72% in recent series
employing aggressive management (Schneider et al 1985, Urig
1990). Steinberg et al (1990) in reporting only 2 post-neonatal
survivors among 26 infants, suggested that acute polyhydramnios
complicating feto-fetal transfusion syndrome, accounted for 17%
of overall perinatal mortality in twins. Approximately one third of
the losses are intrauterine deaths (Steinberg et al 1990), and in
this regard fetal hypoxaemia and acidaemia have recently been
demonstrated in 4 of 6 affected pregnancies investigated by fetal
blood sampling (Fisk et al 1990). The remainder are due to
prematurity, and consequently much attention has recently
focussed on developing therapies against polyhydramnios.

1.5.v. Treatment

Treatment of polyhydramnios has two aims: firstly relief of
maternal symptoms, and secondly prolongation of gestation. As
many pregnancies with polyhydramnios are not at risk of either
complication, treatment is usually only considered in severe or
acute polyhydramnios in the mid or early third-trimester.
Polyhydramnios secondary to feto-fetal transfusion syndrome is the
most frequent indication.

Since the first description of therapeutic drainage of
amniotic fluid (Rivett 1933), numerous case reports have been
published attributing relief of maternal symptoms and
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prolongation of gestation to this procedure in both singleton
(Queenan & Gadow 1970) and twin pregnancies (Erskine 1944,
Danziger 1948, Brown 1958, Brandt & Bates 1961, Brown &
Macaskill 1961, Feingold et al 1986). Although some authors have
found that rapid reaccumulation of amniotic fluid renders this
procedure of little benefit (Weiner 1987, Chescheir & Seeds
1988), recent series of polyhydramnios secondary to feto-fetal
transfusion syndrome suggest that it may be beneficial in
prolonging gestation. In 9 pregnancies each drained a mean of
1300 ml in 1-17 procedures, Schneider et al (1985) observed that
the median diagnosis to delivery interval of 43 days was greater
than the 10.5 day interval reported in 18 published cases not
subjected to drainage. Mahoney et al (1990) noted a significantly
improved perinatal survival rate in 8 pregnancies managed by
serial amniocentesis compared to those managed conservatively
(69 vs 20%), despite similar mean gestational ages at diagnosis.
Combining their figures with those in the literature, they
confirmed a significant difference in survival between 29
pregnancies managed with, and 48 without, serial amniocenteses
(69 vs 16%). The small number of such patients seen in any one
centre renders it unlikely that the efficacy of this procedure,
known as amnioreduction, or therapeutic or decompression
amniocentesis, can be evaluated without a multicentre randomized
trial. Notwithstanding this, Elliott et al (1991), in reporting a
79% perinatal survival in 17 pregnancies with feto-fetal transfusion
syndrome diagnosed <28 weeks, recently noted that serial
therapeutic amniocenteses were followed not only by ultrasonic
restitution of amniotic fluid volume in the sac with polyhydramnios
but also in the sac with oligohydramnios; in addition fetal hydrops
resolved in 3 of 5 cases.

There is some controversy over the amount of fluid which
should be removed. On the basis of their experience withdrawing
300-1200 ml in two cases, Feingold et al (1986) recommend the
amount be "enough to relieve symptoms, but not enough to induce
uncontrolled uterine activity”. Most authors have been conservative
in selecting volumes, in view of concerns regarding precipitation
of abruption or preterm labour (Cabrera-Ramirez & Harris 1976).
On the other hand Urig et al (1990), who drained a mean of 1826
ml (range 900-5000 ml) in 29 procedures, consider restitution of
normal amniotic fluid volume the more important therapeutic goal,
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and the same group's promising results in terms of reversal of
hydrops in the recipient and oligohydramnios in the donor
support their claim (Elliott et al 1991). Certainly patients having
contractions at the time of amnioreduction are known to have a
greater risk of preterm delivery following the procedure
(Caldeyro-Barcia et al 1957), and in this light Urig et al (1990)
reported a median procedure to delivery interval of 3.5 days in
those in whom amniocentesis was performed after, compared to
80 days in those before, the onset of preterm labour.

Following recognition of decreased urinary flow rates in
neonates given indomethacin for pharmacological closure of the
ductus arteriosus (Cifuentes et al 1979), maternally administered
indomethacin has been shown in human studies to reduce hourly
fetal urine production (Kirshon et al 1988) and amniotic fluid
volume as measured by para-amino hippuric acid dilution (Kirshon
et a 1990). It crosses the placenta freely (Moise et al 1990), and is
believed to act by either a renovascular effect (Millard et al 1979)
or by reduced prostaglandin E inhibition of antidiuretic hormone
(Seyberth et al 1983). In 8 singleton pregnancies with
symptomatic polyhydramnios between 21-34 weeks, Cabrol et al
{(1987) found that indomethacin reduced fundal height, umbilical
perimeter and qualitative amniotic fluid volume, all of which
increased after cessation of therapy near term. Similarly
Mamopoulos et al (1990) reported that the deepest pool
measurement fell by almost 50% from a mean of 10.7 cm in 15
symptomatic women treated prior to 32 weeks, all of whom
subsequently delivered at term. In 6 twin pregnancies with
threatened preterm labour before 32 weeks, Lange et al (1989)
reported a coincidental reduction with therapy in deepest pool
measurement. This initial clinical experience suggests that
indomethacin appears a promising drug for treatment of
polyhydramnios, although there remains considerable concern
regarding potential side effects of oligohydramnios (Hendricks et
al 1990), premature closure of the ductus (Moise et al 1988), and
cerebral vasoconstriction in the fetus (Cowan et al 1986). A further
disadvantage is that amelioration in amniotic fluid volume is not
rapid, one study reporting a median time to achieve normal
volume of 12.5 days. Accordingly, one group advocates initial
decompression amniocentesis followed by maternal indomethacin
(Kirshon et al 1990).
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1.5.vi. Amniotic pressure
Almost all authors attribute the complications of
polyhydramnios to uterine distension. Implicit in the concept of
distension of a sealed container, is a rise in internal pressure.
Csapo et al (1963) incrementally increased intrauterine volume in
postpartum rabbits, and although there was little initial change in
resting pressure, an exponential increase accompanied further
increase in volume. There has however been no scientific study of
resting amniotic pressure in polyhydramnios. Rivett (1933) in his
series of 10 cases treated by amniocentesis observed that the
amniotic fluid "did not appear to be under pressure" in that it had
to be sucked out with an aspirating syringe. Wieloch (1927)
measured AP in 3 cases of polyhydramnios, finding that in 2 it
exceeded that in controls by approximately 10 cm HoO, whereas
in the other it was similar to that of the 3 controls. Uranga Imaz &
Gascon (1950) found pressures of 22 and 15 cm H20 in 2 cases of
polyhydramnios, but provided no details of measurements in
controls. Caldeyro-Barcia et al (1957) in studying uterine
contractility in 25 patients with polyhydramnios, reported on
resting tonus, defined as the lowest intrauterine-intraperitoneal
pressure between contractions. Notwithstanding the difficulties
discerning exact details from such observational reports
characteristic of the older literature, it appears that some cases of
polyhydramnios had normal pressure, while in others it was
markedly raised to ¢.25 mm Hg. However many patients in this
latter study appeared to be in labour (Caldeyro-Barcia et al 1957),
suggesting that these findings should not simply be extrapolated to
reflect resting AP in non-labouring patients with polyhydramnios.

1.6 Oligohydramnios

1.6.i. Prevalence

The literature contains few exact estimates of the prevalence
of oligohydramnios, which, as with polyhydramnios, varies with the
diagnostic criteria used. Hill et al (1983) found oligohydramnios in
0.4% of 1,408 patients scanned routinely in the early third
trimester, using the deepest pool <1 cm definition. In contrast,
Philipson et al (1983) used a less stringent, qualitative definition
to report an incidence of 3.9% in singleton pregnancies with
intact membranes at a mean of 32 weeks; although all were
referred, the main reason for this was uncertain dates, and thus
the authors considered their estimate applicable to hospital
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populations. However, the incidence of oligohydramnios is known
to be higher in referral populations, reflecting the underlying
indication for ultrasound. In this regard, Mercer et al (1984) found
5.5% of 8626 women undergoing indicated scans had a deepest
pool <1 cm on one or more occasions. Similarly Chamberlain et al
(1984c) found the deepest pool measurement to be <2 cm in 3.0%
of 7562 high risk patients referred for biophysical profiles. The
chance of detecting oligohydramnios increases with gestational
age, from 0.2% in the second trimester (Barss et al 1984) to 19%
at 42 weeks (Crowley et al 1984).

1.6.ii. Aetiology

Premature rupture of the membranes complicates 3-17% of
pregnancies (Gunn et al 1970, Grant & Keirse 1989), and was
considered the aetiology of oligohydramnios in 27% in Mercer et
al's series (1984). The earlier the gestation, the lower is the
incidence of prematurely ruptured membranes, with one series
reporting a frequency < 25 weeks of only 0.7% (Taylor & Garite
1984). Reports of reaccumulation of amniotic fluid after occlusion
of the cervix with a fibrin gel (Baumgarten & Moser 1986), and of
fetal urine production being unaltered in the presence of ruptured
membranes (Watson et al 1991), support the mechanism of
oligohydramnios in amniorrhexis being the obvious physical one of
leakage through the membranous defect (Thibeault et al 1985,
Nimrod et al 1984). Nevertheless, only 5-44% of patients with
prematurely ruptured membranes have ultrasonic evidence of
oligohydramnios (Gonik et al 1985, Vintzileos et al 1985b, Robson
et al 1990). Amniorrhexis is usually obvious from the history and
physical examination, except in a few very early in gestation in
whom the small quantities of fluid lost vaginally go unnoticed (Fisk
et al 1991). Since the latent period to onset of labour exceeds a
week in only 2-5% of those with term (Kappy et al 1979, Kappy et
al 1982), and 20-40% with preterm, premature rupture of the
membranes (PPROM) (Taylor & Garite 1984, Johnson et al 1981,
Moretti & Sibai 1988), oligohydramnios from this cause is usually
short-lived.

Oligohydramnios is associated with IUGR (Manning et al
1981, Philipson et al 1983, Chamberlain et al 1984c, Patterson et
al 1987). The deepest vertical pool measurement has been shown
to be significantly lower throughout the third trimester in small
for gestational age (SGA) compared to appropriate for gestational
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age (AGA) fetuses (Bottoms et al 1986). Two studies report
identical incidences, of 83%, of SGA births being preceded by
oligohydramnios (Manning et al 1981, Philipson et al 1983). When
oligohydramnios was detected on the last scan before delivery, 40-
90% of infants born were SGA, compared to 5-8% when amniotic
fluid was assessed as normal (Manning et al 1981, Philipson et al
1983, Chamberlain et al 1984c). Evidence from human studies
suggests that oligohydramnios in IUGR is secondary to fetal
oliguria. Wladimiroff & Campbell (1974), using intermittent
sonographic observations of bladder size, found reduced hourly
fetal urine production rates in all 9 fetuses studied with
birthweight <5th centile, but these were also reduced in 28% of
those >10th centile. Using the same method, Kurjak et al (1981)
found low urine production rates in 70% of SGA fetuses <10th
centile. A recent study measuring changes in bladder size at more
frequent intervals, found that hourly fetal urine production rates
were one standard deviation lower in severely growth retarded
fetuses (mean abdominal circumference 5 standard deviations [SD]
below mean for gestation) compared to controls (Nicolaides et al
1990). Fetal oliguria in IUGR probably reflects a renovascular
response to hypoxia. Acute hypoxia in sheep experiments is known
to produce reflex redistribution of blood flow away from viscera
and kidneys towards the brain, heart and adrenals (Cohn et al
1974, Peeters et al 1979). Recent Doppler studies confirm that
these circulatory adaptive changes are present in human IUGR
fetuses (Wladimiroff et al 1987, Ardiuni et al 1987), and appear
related to the degree of hypoxaemia (Bilardo et al 1990).
Downstream resistance indices are elevated in renal artery
Doppler waveforms (Vyas et al 1989, Ardiuni & Rizzo 1991),
consistent with fetal lamb data showing a rise in renal vascular
resistance and a fall in perfusion in response to hypoxia (Cohen et
al 1974, Millard et al 1979). Significant correlations between the
pulsatility index in the renal artery and semi-quantitative amniotic
fluid volume (Ardiuni & Rizzo 1991) and between the reduction in
urine production and the degree of fetal hypoxaemia (Nicolaides et
al 1990) further support renal hypoperfusion being the
mechanism. The extent to which hypoxia-induced vasopressin
release (Robillard et al 1981) also contributes to fetal oliguria is
not known.

Amniotic fluid volume declines rapidly after 40 weeks
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(Elliott & Inman 1961, Beischer et al 1969). Crowley et al (1984)
assessed amniotic fluid volume ultrasonically in 335 singleton
pregnancies at 242 weeks, to find 19% with a deepest pool
measurement <3 cm within 4 days of delivery. This figure is
similar to the frequency with which postmaturity occurs in post-
term pregnancies (Clifford et al 1954, Beischer et al 1969), and
oligohydramnios has been significantly associated with other
manifestations of the postmaturity syndrome (Crowley et al 1984,
Phelan et al 1985, Pearce & McParland 1991). Many authors have
attributed postmaturity to uteroplacental insufficiency and thus
late onset IUGR (Vorherr 1975, Rayburn et al 1982). The
mechanism of oligohydramnios in postmaturity has thus been
suggested as being similar to that in other forms of IUGR (Vorherr
1975, Rightmire et al 1987), and in this regard fetal urine
production is known to decrease after 40 weeks (Campbell et al
1973, Trimmer et al 1990). Such a renovascular mechanism for
oligohydramnios in postmaturity has recently been challenged by
the finding of normal renal artery pulsatility indices in post-term
pregnancies with oligohydramnios, in contrast to elevated indices
in SGA fetuses with oligohydramnios (Arduini & Rizzo 1991).
Pregnancies with oligohydramnios have an increased chance
of a major congenital abnormality being present. Seven per cent of
339 pregnancies with oligohydramnios were associated with
malformations in one study (Mercer et al 1984), and in another
study (Chamberlain et al 1984c), malformations were found in 4%
of 223 pregnancies with oligohydramnios compared to 0.5% of
7096 with normal amniotic fluid volume. This figure rises to 26-
35% if oligohydramnios is detected in the second trimester
(Mercer & Brown 1986, Moore et al 1989a). The frequency of
anomalies is also greater if oligohydramnios is severe (52% vs 14%
if mild/moderate) (Moore et al 1989a). Nevertheless, only 15% of
congenital anomalies occur in association with oligohydramnios
(Manchester et al 1988, Rosendahl & Kivinen 1989). Between 33-
57% of these will be urinary tract anomalies (Mercer et al 1984,
Mercer & Brown 1986, Rosendahl & Kivinen (1989), either
bilateral fetal renal pathologies such as agenesis and
multicystic/polycystic disease, or lower urinary tract obstruction.
Gembruch & Hansmann (1988) detected such urinary
abnormalities after amnioinfusion in 20 of 50 pregnancies with
severe oligohydramnios. Lack of the urinary contribution to
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amniotic fluid volume being the mechanism for oligohydramnios in
urinary tract anomalies is supported by experimental animal
studies (Minei & Suzuki 1976, Harrison et al 1983), and
observation in humans of restoration of amniotic fluid volume in
some fetuses with lower urinary tract obstruction after vesico-
amniotic shunting (Harrison et al 1982a, Nicolini et al 1987).
Some fetuses with non-urinary malformations will also be growth
retarded (Nicolaides et al 1990), although in the remainder there
is no obvious explanation for oligohydramnios.

The aetiology of oligohydramnios in pregnancies not
complicated by IUGR, ruptured membranes or fetal urinary
disorders is considered idiopathic. Moore et al (1989a) have
shown that oligohydramnios in this group, when assessed
qualitatively in a blind fashion by 3 independent observers, is
significantly less severe than in the three other aetiological groups.
With modern diagnostic techniques including transvaginal
ultrasound (Benacceraf 1990) and amnioinfusion (Gembruch &
Hansmann 1988), the aetiology remains unexplained in less than
10% (Fisk et al 1991).

1.6.1ii. Maternal complications

Oligohydramnios per se does not lead to maternal
complications, although its aetiological conditions may do.
Premature rupture of the membranes is associated with an
increased risk of infectious morbidity (Lanier et al 1965), which is
greatest at early gestations and in severe oligohydramnios (Gonik
et al 1985, Vintzileos et al 1985b). Series of mid-trimester PPROM
managed conservatively yield risks of clinical amnionitis as high as
39-58%, and of endomyometritis of 11-17% (Taylor & Garite
1984, Beydoun & Yasin 1986, Moretti & Sibai 1988). Irrespective
of aetiology, the mother has a significantly increased chance of
being delivered by caesarean section for fetal distress (Manning et
al 1981, Crowley et al 1984, Moberg et al 1984). IUGR and PPROM
are both associated with increased risks of spontaneous preterm
labour (Perry et al 1976, Taylor & Garite 1984, Johnson et al
1981). Other maternal morbidity may occur secondary to high
rates of induction of labour and termination of pregnancy. A 25%
incidence  of pre-eclampsia in one study of 339 pregnancies with
reduced amniotic fluid presumably reflects the underlying cause
for IUGR and thus oligohydramnios (Mercer et al 1984).
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1.6.iv. Perinatal mortality

Perinatal mortality is significantly increased in
oligohydramnios, as a result of the underlying aetiology such as
congenital malformations and IUGR, of preterm delivery, and of
oligohydramnios-sequelae such as pulmonary hypoplasia (PH). In
Manning et al's (1981) study of suspected IUGR, there were,
among 29 pregnancies with oligohydramnios, 4 deaths, compared
to none in those with normal amniotic fluid volume. Similarly in
Chamberlain et al 's (1984c) report of 52 perinatal deaths in 7562
high risk pregnancies, the perinatal mortality rate was
significantly higher in those with compared to those without
oligohydramnios (18.8 and 0.5% respectively), even after exclusion
of the 31 with congenital abnormalities (10.9% and 0.2%
respectively). Perinatal mortality seems infrequent in milder
degrees of oligohydramnios in the third trimester or post term,
indeed no deaths being reported in 151 patients in 2 such series
(Philipson et al 1983, Crowley 1984). In contrast, 43 and 88% of
fetuses/infants succumbed in two series of 62 and 34 mid-
trimester cases respectively of oligohydramnios (Mercer & Brown
1986, Moore et al 1989a). The poor prognosis of mid-trimester
oligohydramnios seems even worse if associated with elevated
maternal serum alpha-fetoprotein (Dyer et al 1987, Richards et al
1988). The severity of oligohydramnios also influences prognosis,
with a mortality rate of 88% in severe compared to 11% in
mild/moderate mid-trimester oligohydramnios (Moore et al
1989a). Similarly Gembruch and Hansmann (1988) reported only
3 surviving infants among 50 pregnancies with severe
oligohydramnios.

Poor perinatal outcome in premature rupture of the
membranes seems largely confined to preterm pregnancies with
rupture prior to 29 weeks, in which mortality rates of 37-76%
have been reported (Taylor & Garite 1984, Beydoun & Yasin 1986,
Bengtson et al 1988, Moretti & Sibai 1988, Major & Kitzmiller
1990). Gestational age at delivery seems the most important
variable, with little chance of survival before 24-25 weeks
(Beydoun & Yasin 1986, Moretti & Sibai 1988, Major & Kitzmiller
1990). It is therefore not surprising that the vast majority of
losses, 58-80% in these series of mid-trimester PPROM, are not
stillbirths but neonatal deaths, attributable to respiratory distress
syndrome and other complications of prematurity (Taylor & Garite
1984, Beydoun & Yasin 1986, Moretti & Sibai 1988, Major &
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Kitzmiller 1990). Some of the deaths classified as stillbirths may
also be due to extreme prematurity, although in others underlying
causes are identified (Major & Kitzmiller 1990) such as
intrauterine infection or abruption, the latter occurring more
frequently in PPROM (Nelson et al 1986, Vintzileos et al 1987).
The steady improvement in perinatal survival in reported series
over the last decade has been attributed to improvements in
neonatal intensive care (Major & Kitzmiller 1990). In PPROM
pregnancies, perinatal death is significantly more common in
association with oligohydramnios than with normal amniotic fluid
volume (Vintzileos et al 1985b), although reduced amniotic fluid
volume is found more frequently at earlier gestations (Gonik et al
1985). Early gestational age at rupture is also associated with poor
outcome (Beydoun & Yasin 1986, Moretti & Sibai 1988). While this
association may in part be mediated through gestational age at
delivery, early gestation at membrane rupture significantly
increases the likelihood of PH, and a recent study of prolonged
preterm ruptured membranes noted more deaths in fetuses with,
compared to those without, lung hypoplasia (10 of 14 vs 8 of 74
respectively) (Rotschild et al 1990).

1.6.v. Perinatal morbidity

Some of the fetal complications in oligohydramnios may be
attributed to reduced amniotic fluid volume, such as PH and
skeletal deformities (see next section), while others result from
the underlying condition such as IUGR or PPROM. In this latter
regard, series of spontaneous membrane rupture in the mid-
trimester are characterized by neonatal complications of
prematurity, including respiratory distress syndrome in 45-70%,
intraventricular haemorrhage in 29-50%, and long term
neurological sequelae in 32-71% (Beydoun & Yasin 1986, Moretti
& Sibai 1988, Major & Kitzmiller 1990). Proven neonatal sepsis
occurs less frequently, in 17-29%, confirming that prematurity
rather than infection is the greater cause of perinatal morbidity as
well as mortality in PPROM (Moretti & Sibai 1988, Major &
Kitzmiller 1990). Vintzileos et al (1985b) have shown in PPROM,
that pregnancies with oligohydramnios lead to a higher frequency
of proven neonatal sepsis than those with normal amniotic fluid
volume (1 of 54 vs 7 of 36 respectively). This difference may in
partly be a gestational age effect (Gonik et al 1985), as marked
reduction in bacteriostatic amniotic fluid is less likely after 32
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weeks when fetal urine output increases and the frequency of
chorioamnionitis declines (Russell 1979). Another explanation
would be that amniotic fluid volume distinguishes those with
definite PPROM and oligohydramnios from "high leaks" with
preserved liquor volume, which might have a lower risk of
infection due to more minor disruption in membrane integrity
(Fisk 1988).

Oligohydramnios is associated with an increased risk of fetal
distress and birth asphyxia. In Manning et al's study (1981), 44%
of those with oligohydramnios, all associated with IUGR, required
abdominal delivery for fetal distress compared to 1 of 86 with
normal amniotic fluid volume. In reporting an increased frequency
of meconium staining of the liquor and intrapartum fetal heart rate
(FHR) decelerations in 339 pregnancies complicated by
oligohydramnios, Mercer et al (1984) noted lower Apgar scores in
those with severe as opposed to moderate oligohydramnios. In
post-term pregnancies, Crowley et al (1984) noted significantly
higher incidences of meconium staining (29% vs 2%) and
abdominal delivery for fetal distress (11% vs 1%) in those with a
deepest pool <3 cm compared to those with normal amniotic fluid
volume. As IUGR and postmaturity are both known predisposing
factors to fetal compromise, it is unclear from the above studies
the extent to which these associations reflect the oligohydramnios,
rather than the underlying condition. Although Hackett et al
(1987) found abnormal aortic Doppler waveforms in 32 fetuses
with severe mid-trimester oligohydramnios to be to be confined to
those with IUGR, the high frequency of FHR decelerations in
patients with ruptured membranes suggests that oligohydramnios
per se may adversely affect fetal wellbeing. In this regard,
Vintzileos et al (1985b) documented severe FHR decelerations in
58% of 36 patients with premature rupture of the membranes and
oligohydr'amnios compared to 17% of 54 with ruptured
membranes and normal amniotic fluid volume. There were similar
differences in 1 and 5 minute Apgar scores, although not in cord
pH. Moberg et al (1984) in reporting a significantly higher
incidence of caesarean section for fetal distress in preterm
patients with ruptured as opposed to intact membranes (8% vs 2%
respectively), considered that 16 of these 21 PPROM patients with
fetal distress had FHR patterns indicative of umbilical cord
compression. Variable FHR decelerations in human pregnancy
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were first attributed to cord compression by Hon in 1959, who
observed them during contractions in a fetus with a prolapsed
cord. Cord constriction/compression in a variety of animal species
is known to produce a deceleration in FHR (Assali et al 1962, Yeh
et al 1975, James et al 1976) although when the fetus is well-
oxygenated or the umbilical vein alone occluded, this may be
preceded by an acceleration (James et al 1976). Variable FHR
decelerations have been described in a majority of human fetuses
with abnormal cord position (Goldkrand & Speichinger 1975).
The widely accepted concept that variable decelerations in
oligohydramnios are the result of umbilical cord compression is
supported by work in rhesus monkeys, in which acute drainage of
amniotic fluid resulted in variable decelerations which in turn
were eliminated by restoration of amniotic fluid volume (Gabbe et
al 1976). Similarly in human pregnancy, the frequency of FHR
decelerations is known to be increased when the membranes
rupture prior to, or early in, labour compared to rupture in the
second stage (Martell et al 1976, Schwarz et al 1973, Cibils 1978).
Furthermore restoration of amniotic fluid volume has recently
been shown to reduce the frequency of FHR deceleration patterns
attributed to cord compression. In a randomized study of 96
labouring patients with repetitive variable decelerations, the FHR
pattern returned to normal in 51% receiving intrapartum
amnioinfusion via an intrauterine pressure catheter compared to
2% in the no-infusion control group (Miyazaki et al 1985).
Nageotte et al (1985) randomly allocated 61 patients with PPROM
to intrapartum transcervical amnioinfusion or no-infusion groups,
to report significantly lower incidences of FHR decelerations in
the first and second stage of labour, with higher umbilical venous
and arterial cord pHs at delivery. Similarly Strong et al (1990a)
randomized 60 women with oligohydramnios from a variety of
causes to find significantly lower rates not only of variable
decelerations, but also of meconium passage, end-stage
bradycardia and operative delivery for fetal distress in the
amnioinfusion group. Intrapartum amnioinfusion has been shown
to increase quantitative ultrasonic estimates of amniotic fluid
volume (Owen et al 1990), in particular in pregnancies with
oligohydramnios (Strong et al 1990b). Antepartum amnioinfusion
has also been reported to improve fetal condition. Imanaka et al
(1989) noted the disappearance of variable decelerations with an
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increase in deepest pdol measurement following transcervical
amnioinfusion in a patient with PPROM. Van den Wjingaard et al
(1987) attributed the normalization of a highly resistant umbilical
artery waveform after amnioinfusion in a patient with severe
oligohydramnios to relief of cord compression, documenting
recurrence of the Doppler abnormality with return of
oligohydramnios five days later. An alternative explanation to cord
compression for these cardiovascular changes might be fetal head
compression, which, in fetal :lambs, is also followed by bradycardia
(O'Brien 1984). In this light, Van den Wjingaard et al (1988) have
shown increased peripheral resistance in Doppler studies of the
cerebral arteries in human fetuses with oligohydramnios. Although
considered to be the result of fetal head compression in that study,
these changes can also be induced by excessive transducer
pressure (Vyas et al 1990), an unwitting possibility in any study
requiring high ultrasonic resolution in the presence of severe
oligohydramnios.

1.6.vi. Oligohydramnios-sequelae

Prolonged oligohydramnios is associated with a variety of
fetal manifestations including PH, characteristically flattened
facies, and postural deformities such as contractures and talipes
equinovarus. These phenomena were first considered with
bilateral renal agenesis to be part of a specific syndrome (Potter
1946a, Potter 1946b), but reports of their presence in association
with reduced amniotic fluid volume from other causes, and their
absence in fetuses with bilateral renal agenesis and normal
amniotic fluid volume, led to their recognition as oligohydramnios-
sequelae (Perlman & Levin 1974, Thomas & Smith 1974, Fantel &
Shephard 1975, Perlman et al 1976). Drainage of amniotic fluid in
a variety of animal species has been shown to reproduce both the
pulmonary (Moessinger et al 1983, Adzick et al 1984, Hislop et al
1984, Moessinger et al 1985, Collins et al 1986, Moessinger et al
1986, King et al 1986, Dickson & Harding 1989) and soft
tissue/skeletal abnormalities (Kendrick & Field 1967, DeMyer &
Baird 1969, Persaud 1973, Symchych & Winchester 1978).
Accordingly many authors have attributed oligohydramnios-
sequelae to compression of the fetus by the uterine walls in the
absence of amniotic fluid (Gruenwald 1957, Thomas & Smith
1974, Perlman & Levin 1974, Fantel & Shephard 1975,
Wigglesworth et al 1977, Nakayama et al 1983, Thibeault et al
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1985, Rotschild et al 1990).

PH is a disorder of impaired lung growth, characterized by
diminished size, generational branching and vasculature. It is
found in 10-15% of perinatal autopsies, the commonest aetiology
being oligohydramnios (Wigglesworth & Desai 1982, Knox &
Barson 1986). Hypoplastic lungs associated with oligohydramnios
show predominantly evidence of delayed growth, as evidenced by
reduced lung de-oxyribonucleic acid (DNA) content and
elaboration of airspaces (Wigglesworth & Desai 1981), but also
have features of arrested respiratory epithelial maturation such as
diminished alveolar elastic tissue and phospholipid concentration
(Wigglesworth et al 1981). The undersized lungs have normal
lobation consistent with PH being due to impaired lung growth
rather than a defect in organogenesis. Human and animal studies
suggest that the most vulnerable period of lung development to
lack of amniotic fluid occurs during the canalicular phase (Nimrod
et al 1984, Moessinger et al 1985, Moessinger et al 1986,
Rotschild et al 1990), when the lung changes from being a gland-
like secretory organ to a network of vascularized epithelial airway
spaces capable of gas exchange. In man, the canalicular period
extends from 17-26 weeks (Burri 1984), during which time lung
DNA, an index of cell number (Enesco & LeBlond 1962), trebles
(Wigglesworth & Desai 1981). Consistent with this are the findings
in lungs of anuric near-term human fetuses of a reduced number of
bronchial generations, suggesting that the pulmonary insult may
commence as early as 16 weeks (Hislop et al 1979), and of low
lung DNA contents equivalent to those normally found at 20-22
weeks (Wigglesworth & Desai 1981).

In severe pulmonary hypoplasia death occurs at or soon after
birth, and the diagnosis based on necropsy demonstration of
reduced lung:body weight ratio (Askenazi & Perlman 1979,
Wigglesworth & Desai 1981), radial alveolar count (Emery &
Mithal 1960, Cooney & Thurlbeck 1982), or lung DNA content
(Wigglesworth & Desai 1981). In milder cases infants survive after
recovering from respiratory insufficiency characterized by high
ventilatory pressures (Thibeault et al 1985, Bhutani et al 1986)
and radiographic evidence of reduced lung size (Leonidas et al
1982); in these the diagnosis is necessarily based on less exact
clinical criteria.

Cliqical studies indicate that the likelihood of PH after
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oligohydramnios depends on three variables: gestation at onset,
duration and severity of oligohydramnios (Harrison et al 1982a,
Nimrod et al 1984, Moore et al 1989a, Rotschild et al 1990). Thus
almost all infants with renal agenesis die from respiratory
insufficiency (Potter 1946a), having had virtually no amniotic fluid
present from 14-16 weeks (Hislop et al 1979, Ratten et al 1973,
Moore et al 1989a). The most severe degrees of PH at necropsy
are found in fetuses with renal agenesis (Reale & Esterly 1973),
suggesting that oligohydramnios due to other renal pathologies
such as incomplete lower urinary tract obstruction, may be less
severe or occur later in gestation and thus for a shorter duration.
In contrast, amniorrhexis is unlikely to result in PH when
membrane rupture occurs after the second trimester (Nimrod et
al 1984, 'Rotschild et al 1990). Among 100 pregnancies with
PPROM for 21 week, Nimrod et al (1984) found that 8 of 9 with
PH were <25 weeks at membrane rupture, with only 1 of these 9
leaking fluid for <5 weeks. Rotschild et al (1990) confirmed
gestational age at rupture statistically to be the most important
variable determining PH. Even with membrane rupture prior to 26
weeks, the majority of fetuses will not develop pulmonary
hypoplasia, which occurred in only 8 of 30 in Nimrod et al's series
(1984). Rotschild et al's (1990) regression equation of the
probability of PH based on gestational age at rupture, indicates that
this risk exceeds 50% only before 19 weeks, declining steeply
thereafter. The severity of oligohydramnios also seems important
(Thibeault et al 1985, Glick et al 1985), with 9 of 15 of fetuses
with severe, compared to 1 of 18 with mild/moderate
oligohydramnios, developing PH in one mid-trimester series
(Moore et al 1989a). However, at least in patients with ruptured
membranes, severity as well as duration of oligohydramnios are
related to gestation (Johnson et al 1981, Gonik et al 1985), and in
this regard Rotschild et al (1990) used logistic regression analysis
on 88 mid-trimester cases of prolonged PPROM to show that
severity and duration were not significantly associated with PH
after correction for gestational age. These findings should be
interpreted with caution, as they were based on only 14 cases of
PH, and severity was assessed on retrospective review of films
from a single ultrasound examination. In utero decompression of
experimentally induced urethral obstruction in fetal lambs
produced larger lungs and less respiratory insufficiency than in
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non-decompressed controls (Harrison et al 1982b), providing
evidence ' that duration is an important variable in PH.
Nevertheless, a small but significant increase in neonatal
respiratory morbidity has been reported in some (MRC Working
Party 1978, Tabor et al 1986) but not all studies (National Institute
of Child Health & Human Development 1976, Hunter 1987) after
amniocentesis, consistent with a study in monkeys showing
decreased alveolar number after a single amniocentesis (Hislop et
al 1984). However, the fact that these changes were also seen
when the membranes were punctured with no fluid removed, that
single needle puncture in rats causes chronic leakage and
oligohydramnios (Moessinger et al 1983), and that up to 2% of
amniocenteses in humans are complicated by chronic leakage of
fluid (Tabor et al 1986), raises the possibility that any respiratory
sequelae which follow a single amniocentesis may be due to
chronic oligohydramnios.

Inhibition of fetal breathing movements (FBM) is known to
cause PH, both from animal studies (Wigglesworth & Desai 1979,
Alcorn et al 1980, Liggins et al 1981, Fewell et al 1981) and from
reports of human fetuses with neurological deficit (Cunningham &
Stocks 1978, Goldstein & Reid 1980, Dornan et al 1984).
Compression by intrathoracic space occupying lesions such as
viscera in diaphragmatic hernia (Campanale & Rowland 1955,
Pringle et al 1984), pleural effusions (Castillo et al 1987), tumours
(Reece et al 1987), or balloon inflation in experimental studies
(Harrison et al 1980), is also known to impair fetal lung growth. As
discussed earlier, the fetus is widely held to be compressed in
prolonged oligohydramnios, and thus extrathoracic compression
has been assumed as the mechanism for oligohydramnios-related
PH (Thomas & Smith 1974, Fantel & Shephard 1975, Nakayama
et al 1983, Thibeault et al 1985, King et al 1986). Normally, the
upper airways produce resistance to the egress of lung liquid,
creating a standing tracheal pressure of 1.5-3.0 mm Hg above
amniotic pressure (Vilos & Liggins 1982, Fewell & Johnson 1983,
Moessinger et al 1985). As lung development is impaired when
this resistance is bypassed in tracheostomy experiments (Alcorn et
al 1977, Fewell et al 1983), it has been suggested that lung liquid
acts as an internal stent around which the lung grows (Alcorn et al
1977, Adzick et al 1984). If fetal lungs are compressed in
oligohydramnios, this might be expected to facilitate lung liquid
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escape. Loss of lung liquid from the airways into the amniotic
cavity is implicated in oligohydramnios-related PH by the
following: (i) lung volume is reduced in chronic oligohydramnios
(Dickson & Harding 1989), (ii) tracheal ligation in experimental
studies prevents the adverse pulmonary effects of oligohydramnios
(Adzick et al 1984), and (iii) human fetuses with renal agenesis
do not develop PH if laryngeal atresia is also present, as in Fraser
syndrome (Wigglesworth et al 1987, Scurry et al 1989).
Extrathoracic compression in oligohydramnios might also
produce PH by inhibiting fetal breathing movements (Gruenwald
1957, Wigglesworth et al 1977). In this regard, Blott et al (1987,
1990, Blott & Greenough 1988) recently noted in oligohydramnios
secondary to preterm premature rupture of the membranes that
FBM were absent in fetuses subsequently shown to have PH, and
present in those which survived the neonatal period. These
findings were directly contradicted by another group who found
the incidence of FBM in fetuses with oligohydramnios and PH to be
the same as in controls, and greater than those with
oligohydramnios and no PH (Fox & Moessinger 1985, Moessinger
et al 1987). This disparity has been suggested as simply due to
different definitions of FBM (Greenough et al 1988). Whether FBM
are inhibited in oligohydramnios remains controversial. In animals,
the incidence of FBM is reported to be unaltered by either acute
(Moessinger et al 1985) or chronic (Harding et al 1990)
oligohydramnios. In humans, numerous cases have been reported
of FBM continuing in the presence of oligohydramnios-related PH
(Kilbride et al 1988, Van Eyck et al 1990). Even if FBM are
inhibited in oligohydramnios, the fact that experimental inhibition
of FBM in addition to oligohydramnios produces more severe PH
than oligohydramnios alone, suggests that the mechanism for
oligohydramnios-related PH is not simply a lack of FBM (Adzick et
al 1984).

Lack of understanding of the pathogenesis of
oligohydramnios-related PH, hampers the development of
preventative/therapeutic strategies against PH other than simple
restitution of amniotic fluid volume. In this regard, there are
currently no controlled data to support the use in human
oligohydramnios of the novel practices of serial amnioinfusion
(Imanaka et al 1989, Fisk et al 1991) or vesico-amniotic shunting
(Manning et al 1985), although in animal studies, restoration of
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amniotic fluid volume in fetuses with bladder outlet obstruction
has been shown to have significant beneficial effects on lung
development (Harrison et al 1982b, Nakayama et al 1983).

The soft tissue/skeletal deformities found after
oligohydramnios include chin recession, a flattened nose, a
prominent inner canthal fold, aberrant folding of the ears, spade-
like hands, flexion contractures of the knees, elbows and feet, and
talipes equinovarus (Potter et al 1946b, Thomas et al 1974). Their
relationship to oligohydramnios seems different from that of PH.
In pregnancies complicated by PPROM, Thibeault et al (1985)
found deformities largely confined to those with severe PH, while
in contrast two other studies noted that 33-50% of deformities
occurred in fetuses without evidence of PH. Applying multiple
regression analysis to 18 cases of deformities among 88 infants
born after mid-trimester PPROM, Rotschild et al (1990) showed
that the presence of deformities, in contrast to PH, was
significantly related to the severity and duration of
oligohydramnios, but not to gestation at membrane rupture. Severe
degrees of deformity however, defined as Potter facies with limb
abnormalities, were only found in association with PH.

1.6.vii. Amniotic pressure
The. complications of oligohydramnios have been widely
attributed to compression of the fetus and umbilical cord. Implicit
in this concept is a rise in amniotic pressure. There has however
been no study in either animals or man, of amniotic pressure in
pregnancies complicated by oligohydramnios.



1.7 Aims
As outlined in this introduction, it has been previously been
speculated that AP is raised in both polyhydramnios and
oligohydramnios. This is in contrast to the theoretical situation
within an inelastic container, where one would expect a rise in
pressure with increase in volume, and fall in pressure with
decrease in volume. As discussed earlier, this simple hydrostatic
model is not necessarily applicable to AP within a musculo-elastic
structure like the uterus.
The aims of this work were:
i. to measure amniotic pressure (AP) throughout gestation
in normal human pregnancy
ii. to determine the clinical variables influencing AP
ifii. to compare AP in pregnancies complicated by abnormal
amniotic fluid volume with that in pregnancies with
normal amniotic fluid volume
iv. to determine in pregnancies with abnormal amniotic fluid
volumes the effects on AP of restoration of amniotic fluid
volume
v. to investigate the relationship between raised AP and fetal
blood gas status in human pregnancy, and to determine
experimentally in sheep the effect of raising AP on fetal
blood gas status
vi. to investigate the presumed compressive effects of
oligohydramnios by restoring amniotic fluid volume
vii. to examine in fetal sheep the contribution of low AP in
oligohydramnios to impairment of lung development.

Although this was predominantly a pathophysiological study
of human pregnancy, animal models were used where it was not
possible for ethical and practical reasons to test in humans the
hypotheses generated above. The work is presented in logical
order, which is not necessarily the chronological order in which it
was undertaken.
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CHAPTER 2: MANOMETRIC TECHNIGQUE IN HUMAN
PREGNANCY

2.1 Method

2.1.i. Apparatus

Amniotic pressure was measured during invasive procedures
by means of a fluid-filled line attached at one end to a needle
positioned within the amniotic cavity, and at the other to a silicon
strain gauge transducer. Needles were 20G and either 10 or 15 cm
in length (Vygon, Ecouen France). After removal of the stylet, the
hub was connected via a Luer lock to 25 cm of polyvinyl tubing, 2.5
mm in inner diameter, and in turn via a 3-way tap to 150 cm of
polyvinyl tubing, 1 mm in internal diameter. After connection to
the dome of one of two pressure transducers (EM 750, Elcomatic
Ltd, Glasgow), the system was filled with normal saline via a
syringe attached to the 3-way tap. New sterile equipment was used
for each procedure, with the exception of the transducer dome
which was sterilized by soaking in aqueous hibitane and then
cleansed with sterile saline. After amplification and conversion of
pressure readings to analogue direct current signals, the output
was displayed both on a meter, and on a chart recorder run at 0.5
cm/sec. Each of these devices had adjustable zero and gain
controls. The electrically isolated electronic circuits were
powered by a nickel-cadmium battery recharged prior to each
recording session; fully charged its operating time exceeds 5
hours.

2.1.ii. Reference point

Amniotic pressure (AP) was defined as the pressure within
the amniotic cavity over and above that exerted gravitationally by
the height of the amniotic fluid column. Ideally therefore the
reference point for zeroing AP should be the top of the amniotic
cavity. Using this reference point, the pressure measured by a
fluid-filled system will in addition to the pressure due to uterine
tone, reflect the sum of the gravitational pressure in the the
column of fluid above the needle (shown as Y in Figure 2.1) plus
the gravitational pressure in the tubing between the needle and
transducer (shown as Z). Thus variation in position of the needle
within the amniotic cavity will not alter the pressure recorded at
the transducer. Referencing at the top of the amniotic cavity was
considered impractical, and potentially inaccurate; this point
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would need to be determined ultrasonically, and then somehow
translated laterally to reference the transducer. However, as the
maternal soft tissue overlying the top of the amniotic cavity
comprises both muscle (more dense than water) and fat (less
dense), their combination was considered to approximate the
density of water. Accordingly the skin surface was chosen as the
reference point (Figure 2.1), and considered to be the highest
point of a virtual amniotic cavity whose vertical dimension was
larger by the overlying soft tissue thickness.

maternal
abdomen

uterine wall

pressure
transducer

Figure 2.1: Fluid-filled manometry system for AP measurement in human
pregnancies undergoing invasive procedures. For ease of interpretation
of the components of measured AP, this example shows the transducer
positioned beneath the amniotic cavity: the pressure recorded at the
level of the transducer equals, in addition to that due due to uterine tone
(AP), the sum of the height of the fluid column in the catheter below the
needle (Z) and the height of the fluid column within the amniotic cavity
above the needle (Y). Given that the density of overlying fat and muscle
approximates that of water, fluid pressure at the transducer equals
AP+X+Y+Z. When the transducer is elevated on the sliding attachment
pole to be level with, and thus referenced to the maternal skin, X+Y+Z=0
and the recorded pressure will equal AP. Referencing the apparatus at
the maternal skin surface thus eliminates the gravitational component.

2.1.iii. Recordings
The electrical system and chart recorder were calibrated
prior to each procedure by raising a fluid-filled line connected to

the manometer vertically in 6.8 cm (corresponding to 5 mm Hg)
increments, which had been marked on a ruler fixed to the
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attachment pole. Prior to recording, the entire system was again
flushed to ensure the absence of bubbles. Using sterile technique,
the needle was guided into the amniotic cavity under ultrasound
control. After removal of the stylet, the intra-amniotic position of
the needle was confirmed by aspirating 0.3 ml of amniotic fluid.
The connecting end of the tubing was then positioned at the
uppermost level of the skin overlying the uterus, and the vertical
position of the pressure transducer altered on its attachment pole
to zero the recording. Prior to connection, this end of the tubing
was gently squeezed to remove any air trapped within it. Similarly,
if amniotic fluid did not emerge spontaneously from the needle
hub, gentle pressure on the maternal abdomen was applied so as
to prevent introduction of air bubbles during connection. Pressure
readings were accepted if stable for 15 seconds; in the presence of
a contraction or maternal distress resulting in excessive
respiratory activity, recording was abandoned after 30-45 seconds
if a stable reading could not be obtained. All readings were made to
the nearest 0.5 mm Hg.

2.2 Validation

2.2.ii. Reference point

In order to validate the above assumptions regarding the
reference point, pressure recordings were made via multiple
needles inserted at different vertical positions into sealed
containers. As shown in Figure 2.2, two plastic sealed containers
containing 1 litre of normal saline (Viaflex, Baxter, Norfolk) and
measuring approximately 26 cm in height were suspended
vertically. Ten 21 G needles were than introduced horizontally into
each container at a vertical spacing of 1.4 cm (corresponding
approximately to 1 mm Hg increments). The hub of each needle
was then occluded with a plug, and the manometry system
referenced to the fluid level within each container. A further
needle was inserted into the top of the container above the fluid
level, and the pressure within the container allowed to equilibrate
passively with atmospheric pressure. The plugs at the hub of each
of the needles (except the 2 at the top) were then removed in
turn, and. pressure recordings made (n=20). A sphygmomanometry
cuff was next placed around the top of each container and inflated
to a pressure of 10 mm Hg. Manometry readings were then
repeated at each of 20 sites. Readings were similarly obtained after
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further cuff inflation to 20, 30, and 40 mm Hg. Results are shown
in Table 2.1. Essentially, readings were independent of the
position of the needle tip, and all observed pressures were within
+ 0.5 mm Hg of expected, which was the limit of resolution of

readings on the apparatus.

Figure 2.2: System for validation of lack of effect of needle position on
measured pressure (not to scale). After allowing the inside of the
container to equilibrate with atmospheric pressure, the hub of the top
needle was sealed. Pressure readings were made via each needle in turn
by removing the plug and connecting the manometry tubing, before
resealing each hub. This was repeated with the sphygmomanometry cuff

inflated to 10, 20, 30 and 40 mm Hg.

Table 2.1: Range of pressure recordings measured via different needle
positions at various baseline pressures as illustrated in Figure 2.1.
Inexact readings were those not exactly equal to (i.e. within 0.5 mm Hg

of) the cuff pressure.

Cuff pressure

(mm Hg)
0
10
20
30
40

No. of exact readings
(out of 20)

17
14
16
13
14

Range of recorded

pressures
(mm Hg)

-0.5 to +0.5
9.5 to 10.5
20.0 to 20.5
29.5 to 30.5
39.5 to 40.5
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2.2.ii. Sources of error

Fluid-filled transducers, in contrast to pressure tip
transducers, may produce damping if the tubing is of excessive
length. This however is only a problem with respect to pulse
pressures, and is not considered to affect stable pressures
(Rudolph & Heyman 1985). Another disadvantage of fluid-filled
systems is the potential for inaccuracy in the presence of bubbles.
Accordingly great care was taken to avoid this potential source of
error by repeated flushing and visual inspection of both transducer
dome and pressure lines.

The calibration of pressure readings in mm Hg was
referenced against a fluid column of known height. The conversion
factor used (1 mm Hg=1.354 cm H20) was based on the reference
value for density of mercury measured in atmospheric pressure at
20°C (Kaye & Laby 1973), the approximate ambient temperature
under which recordings were made. In order to quantify the
degree of error introduced by calibrating with 0.9% sodium
chloride instead of distilled water, the specific gravity of normal
saline at 20°C was measured with a hygrometer to be 1006. This
would account for an error of <1%, which for the range of AP
readings reported in the thesis, was well below the resolution of
the measurement technique.

A further potential source of error was electrical drift. This
was beneath the level of resolution of the apparatus for readings
made within 15 minutes of each other, but increased over 2 hours
to +0.5 and -2.0 mm Hg for the two transducers used. Accordingly
great care was taken to rezero the system before each reading and
recalibrate before each new patient. The manufacturers
specifications indicate thermal drifts of <1% for both zero and
sensitivity.

The reproducibility of the manometry system was
ascertained by each of 3 observers making 4 readings each of
pressures generated by raising a column of fluid to 2 separate fixed
vertical heights (corresponding to 5 and 10 mm Hg) above the
same reference point. The apparatus was re-zeroed before each
reading. For each set of 4 readings, the column of fluid in the
tubing was positioned 8 times, with the observer making the
reading unaware as to which were correct (n=4) and incorrect
(n=4) positionings. Recordings at each height were identical
indicating that for readings made within a short time interval,
inter and intraobserver variability was within the resolution of the
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apparatus.

2.3 Discussion

The ideal system for measuring AP would involve subtraction
of amniotic fluid pressure from surrounding maternal
intraperiténeal pressure. Although suitable for animal studies, the
additional insertion of a paracentesis needle (Caldeyro et al 1950)
in women is now considered unethical. Caldeyro et al (1950,
Caldeyro-Barcia & Alvarez 1952, Caldeyro-Barcia et al 1957)
circumvented this problem by measuring intravesical pressure via
a urethral catheter, considering this to reflect maternal intra-
abdominal pressure when intravesical volume was <20 ml.
Subtraction of intra-abdominal from intrauterine pressure was
deemed important in these older studies of uterine activity during
labour, to distinguish contractions from maternal straining and
respiratory effort. In the non-labouring patient at rest, it seems
unlikely that maternal intra-abdominal pressure comprises a
significant component of measurements of stable AP, especially in
view of the low APs found in normal human pregnancy (see
Chapter 3.3). In a recent report by another group on human AP
measurement during invasive procedures (Weiner et al 1989),
which appeared after work on this thesis commenced, a similar
assumption was made.

Pressure recordings made through a single needle system
however, require a reproducible reference point. The accuracy of
readings zeroed at the level of anatomical landmarks in the fetus is
likely to be impaired by variations in maternal and fetal position,
and by changes in uterine and fetal size with gestation. Accordingly
a simple referencing system (Figure 2.1) has been adopted in this
work, using the top of the maternal abdomen over the uterus as
the zero. Fluid-filled rather than pressure-tip catheters were used
to remove any error due to the varying position of the needle tip
within the amniotic cavity. Although it might be argued that AP as a
reflection of uterine tone should be distributed uniformly within
the uterine cavity, the gravitational effect of the fluid column on a
pressure tip transducer is likely to be substantial in the presence
of the small amniotic pressures found in early gestation and in
oligohydramnios (see Chapters 3.3 and 6.3 respectively). Fluid-
filled systems have been widely used in studies of uterine and fetal
physiology in both animals and man.

With the precautions described to minimize potential
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sources of error such as electrical drift and bubbles, the
reproducibility of measurements obtained in the laboratory with
this simple manometry system was within its 0.5 mm Hg limit of
resolution. The slightly greater variation in the readings found
within the container shown in Figure 2.2, is thus more likely to be
a reflection of the accuracy of the sphygmomanometer. It was not
possible to test reproducip,ility in vivo, in view of the ethical
difficulties that multiplei rlle-‘edle insertions, and/or multiple
recordings would have engendered. Furthermore, any change in
measured AP in vivo over repeated readings, may have reflected
alteration in uterine topé, rather than poor reproducibility.
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CHAPTER 3: AMNIOTIC PRESSURE IN PREGNANCIES
WITH NORMAL AMNIOTIC FLUID VOLUME

3.1 Aims
This chapter reports the results of measurement of basal AP
in human pregnancies with normal amniotic fluid volume, using
the technique described: in Chapter 2.1. The majority of
recordings were made @fur’jng clinically-indicated invasive
procedures in the second and. third trimesters. Due to the lack of
clinical indication for amniocentesis procedures in the first
trimester, recordings at this gestation were instead made on
patients undergoing termination of pregnancy.
The aims of this;' study of human pregnancies with normal
amniotic fluid volume were:
i. to characterize AP throughout gestation
ii. to examine the extent to which clinical variables influence
AP
iii. to construct a reference range for AP throughout gestation
iv. to determine the effect on AP of removal of small
quantities of amniotic fluid, as- performed for diagnostic
purposes.

3.2 Methods

The study population comprised patients scheduled to
undergo a transamniotic invasive procedure, either for diagnostic
reasons, or during termination of pregnancy in patients who
consented to participation in a institutionally-sanctioned trial of
early-pregnancy sampling techniques. Each had (i) certain
menstrual dates confirmed by ultrasound either at the routine 18-
20 week examination, or at the time of the procedure if prior to
this, and (ii) amniotic fluid volume subjectively assessed as normal
on ultrasound immediately prior to the procedure. Patients were
excluded for any of the following findings on the pre-procedure
scan: (i) fetal death (ii) a deepest vertical pool measurement
devoid of cord or limbs either <3.0 or >8.0 cm in those 217 weeks
(iii) a fetal abdominal circumference measurement< 5th centile in
those >18 weeks (iv) absence of end-diastolic frequencies on
pulsed-wave Doppler waveforms (Acuson, Mountain View,
California) of the umbilical artery in those 218 weeks.

One hundred and ninety four women were enrolled in the
study, 186 with singleton, and 8 with twin pregnancies. In
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> 10 weeks, the amniotic fluid index was also determined using
the modification described by Moore & Cayle (1990) to divide the
pre-third trimester uterus into 4 equal quadrants.

All procedures were performed under ultrasound guidance,
and pressure measurements obtained on entry of the needle into
the amniotic cavity prior to the clinical procedure. In those
undergoing termination, cervical priming agents were not used,
and transabdominal amniocentesis was performed after induction
of general anaesthesia with 1.0-1.5 mg/kg propofolol, 0.5-1.0%
isoflurane, and a 2:1 nitrous oxide/oxygen mixture. Sedation was
not used in the remainder. As the amniotic membrane does not
usually fuse with the chorionic membrane until the early second
trimester, care was taken in first trimester pregnancies to
visualize the amniotic membrane separately so as to ensure that
the needle tip was placed within the amniotic cavity rather than
the extra-embryonic coelom (Figure 3.1).

A saline manometry technique was used as described in
Chapter 2.1 in all except those undergoing cytogenetic
amniocentesis. In these patients a water manometry system was
used for two reasons: firstly, the simpler apparatus was considered
less intimidating for these often highly anxious women, and
secondly these procedures were done at a different location.
When amniotic fluid emerged freely from the needle hub, a 25 cm
sterile plastic line, 2.5 mm in inner diameter was attached via a
Luer lock, and the patient's own amniotic fluid aspirated by means
of a 20 ml syringe to a height of 15 cm. The 3-way tap at the distal
end was then opened to the atmosphere, and the tubing held
vertically against a ruler positioned on the most vertical point of
the abdomen overlying the gravid uterus. The reciprocal of the
conversion factor in Chapter 2.2 (1/1.354=0.739) was used to
convert readings in cm Ho0 to mm Hg. As per Chapter 2.2.ii, the
specific gfavity of amniotic fluid was measured at 37°C in pooled
specimens from 10 patients at 16 weeks, which had been stored
frozen at -70°C for 1-4 weeks since collection. As with normal
saline, the reading of 1003 was very close to that of water,
suggesting an error engendered in pressure measurement based
on the height of a column of amniotic fluid rather than water of
considerably less than 1%, well below the resolution of the
measurement technique. Readings made with this system were
similarly referenced at the top of the maternal abdomen, as
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previously validated and readings made to the nearest 0.5 cm of
H7O.

Measurements were repeated after removal of 20-23 ml of
amniotic fluid in 22 patients undergoing cytogenetic
amniocentesis. Serial readings were made on 2-4 occasions in 27
patients being monitored for Rh alloimmunization at 1-12 weekly
intervals.

After delivery, details of outcome were obtained from the
case notes or from the referring hospital. These were not available
in 22 lost to follow up or in 14 continuing pregnancies. Procedure
related complications were defined as those occurring within a
week of the procedure.

A reference range for singleton pregnancies was calculated
from a single reading from 171 patients, after exclusion of 7 with
unstable recordings and 6 with fetal aneuploidy. Two further
pregnancies at 36 and 38 weeks were also excluded in view of the
potential for such outliers on the x axis to skew the regression
curve. The last reading was used in those with serial recordings in
order to optimize scatter over the 3 trimesters. The reference
range was derived using standard polynomial regression
techniques with least squares analysis. The Shapiro Francia W test
was used to check normality of distribution and determine the
optimal transformation required (Royston 1991). A shifted loge
transformation was required to ensure a normal distribution at
each week of gestational age (Royston 1991). After exclusion of
heteroscedasticity, the reference range was constructed as 95%
data intervals (estimated mean + 1.96 x standard deviation [SD])
and confidence intervals (CI) for the upper and lower limits
determined.

Relationships were assessed from the data used in the
reference range between amniotic pressure expressed both in mm
Hg and z scores (no. of SDs from the mean), and other variables
using Pearson and Spearman correlation coefficients for normally
and non-normally distributed data as appropriate. Statistical
comparisons were made by paired or unpaired t -testing as
indicated.

3.3 Results

Although AP increased significantly with gestational age
(y=2.8 + 0.11x where y=AP in mm Hg and x=gestational age in
weeks, R2=0.17, p<0.001) in the singleton pregnancies, the



56

residuals from this equation were not normally distributed (W’
test=0.884, p<0.001). Loge/constant transformation corrected this
(W’ test=0.994, p>0.9), and the resulting cubic equation produced
a significantly better fit than lower order polynomials
(loge(y+1)=0.12 + 0.23x - 0.010x2 + 0.00015x3, R2=0.19, p<0.001).
There was no significant variation in the standard deviation of the
residuals (heteroscedasticity) over gestational age tertiles.
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Figure 3.2: Amniotic pressure in 171 singleton pregnancies with
normal amniotic fluid volume between 7-34 weeks. The line represents
the estimated mean (loge(y+1)=0.12 + 0.23x - 0.010x2 + 0.00015x3,

R2=0.19, p<0.001 where y=amniotic pressure in mm Hg and x=gestation
in weeks) and the shaded area the 95% reference range.

The reference range together with the raw values are shown
in Figure 3.2. Eight values (4.7%) lay outside the 95% reference
range. At the mean gestational age of 20.5 weeks, the 95%
confidence intervals (CIs) of the lower and upper limits of the
reference range were 2.1 to 2.5 and 8.9 to 10.5 respectively. Data
points for the upper and lower limits of the reference range are
shown in Table 3.1.

Among patients with serial readings (Figure 3.3), there was
no significant difference between the last AP and the mean of the
earlier readings corrected for gestational age (mean difference -
0.2 z scores, CI=-0.8 to +0.3, p=0.4). The use of the last rather
than first serial AP reading in constructing the reference range
was further vindicated by the lack of correlation between serial
APs expressed as z scores and the order of reading (Spearman r=-
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0.10, p=0.4).

In singleton gestations, there was no significant correlation
between AP expressed as z scores and maternal age (Pearson
r=0.02), gravidity (Spearman r=0.11) or parity (Spearman r=0.20).
There was no significant difference in AP between nulliparous
(mean z score +0.2, CI -0.04 to +0.4) and parous women (mean z
score 0.0, CI -0.2 to +0.2). Similarly, there was no significant
difference between primigravidae (mean z score 0.1 CI -0.2 to
+0.4) and multigravidae (mean z score 0.0, CI -0.1 to +0.2). Figure
3.4 shows mean AP as a function of parity. AP was similar in
pregnancies with male (mean z score 0.3, CI -0.1 to +0.5)
compared to those with female fetuses (mean z score -0.1, CI -0.3
to+ 0.2).

Table 3.I: Upper and lower limits of the reference range for amniotic
pressure in mm Hg and cm H20 between 8-34 weeks.

Weeks Lower limit Upper limit
mm Hg cm H20 mm Hg cm H20

8 1.1 1.5 6.1 8.2

10 1.5 2.0 7.2 9.7

12 1.8 2.4 8.1 11.0
14 2.0 2.7 8.8 11.9
16 2.2 2.9 9.3 12.6
18 2.2 3.0 9.5 12.9
20 2.3 3.1 9.6 138.1
22 | 2.3 3.1 9.7 13.1
24 2.3 3.1 9.7 13.1
26 2.3 3.1 9.8 13.3
28 2.4 3.2 10.1 13.6
30 25 3.4 10.6 14.3
32 2.8 3.8 11.5 15.6
34 3.2 4.4 13.1 17.7

Although raw AP was correlated with both amniotic fluid
index (r=0.24, p=0.01) and the deepest pool (r=0.22, p=0.02),
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these relations were not significant when AP was expressed in z
scores (p>0.5 for both). Multiple regression of raw AP on
gestational age and amniotic fluid index (AFI or deepest pool
confirmed that only gestational age had any significant effect on AP
(p=0.01).
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Figure 3.3: Amniotic pressure readings in 27 patients with singleton

pregnancies in whom serial readings were made. The shaded area
represents the 95% reference range.
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Figure 3.4: Mean and 95% confidence intervals for amniotic pressure z
scores (SDs from the mean) in relation to maternal parity.

Amniotic pressure was not significantly elevated in twin
pregnancies (mean z score 0.4 CI -0.5 to 1.2, p=0.4), as shown in
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were sometimes observed in anxious women who tensed their
abdominal muscles. Isoflurane was chosen as the inhalational
anaesthetic agent in those undergoing termination rather than the
more conventional halothane, as it has significantly less effect on
gravid uterine muscle both in-vivo (Tjeuw et al 1986) and in-vitro
(Ghaly et al 1988). Although it remains theoretically possible that
the anaesthetic agents used may have affected uterine tone,
halogenated anaesthetics have only been shown to diminish
uterine contractility, not resting tone.

Although serial longitudinal observations are preferred for
determining time-specific changes in a variable, the paucity of
clinical indications for serial transamniotic invasive procedures
necessitated the use of cross-sectional data. In deriving a cross-
sectional reference range, it may methodologically be preferable to
use the first rather than last value in those with serial observations
(Royston 1991); however in this study the lack of difference
between the last and earlier readings, and the lack of correlation
between AP and the order of reading suggest that this did not
materially affect the results. Use of the later gestation readings was
necessitated by the relative lack of invasive procedures in third
trimester, now that amniocentesis for fetal lung maturity is rarely
performed (James et al 1983).

These results for AP are consistent with a preliminary report
published since this study was commenced, of AP measured over
the last half of pregnancy, showing a linear increase with
advancing gestation (Weiner et al 1989). Values obtained in the
late third trimester are in accord with older data obtained of basal
AP in the mid-trimester (6-10 mm Hg) (Bengsston & Csapo 1962)
and in early labour at term (8-12 mm Hg) (Caldeyro-Barcia &
Alvarez 1952). However, they are only half as high as those of
Weiner et al (1989), who recorded AP after fetal blood sampling,
and used a variable reference point, the fetal heart. In contrast,
AP was measured in this work prior to other procedures to avoid
stimulating contractions, and a fixed reference point used,
comparable between patients. There are two components to AP:
firstly that due to uterine tension, which according to Pascal’'s Law
is equal and uniform within the uterus (Coren & Csapo 1963), and
secondly a gravitational component that varies vertically. AP
referenced to a variable point will thus vary with the position of
that point within the cavity, as discussed in Chapter 2.1.ii.
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After this study was completed, a paper appeared purporting
to document amniotic pressure in 200 pregnancies between 10-38
weeks gestation (Sideris & Nicolaides 1990*). However, the
methodology involved a pressure-tip transducer attached to the
needle hub with measurements referenced to its tip, and
consequently measured pressure at the variable position of the
needle tip, rather than gravity-independent pressure within the
amniotic cavity attributable to uterine tone. Thus it is not
surprising that these workers found a decline in pressure with
gestation, given that it is likely that an increasingly larger
proportion of the needle would be introduced with advancing
gestation beneath the reference point used in this thesis.

The characterization of the pattern of AP development with
gestation, and the mathematical equation so derived allows
comparison of AP measurements in various conditions with those
obtained in singleton pregnancies with normal amniotic fluid
volume. Such comparisons can be done at differing gestations by
expressing AP values from pregnancies of interest as standard
deviations around the reference mean. Alternatively, the 95%
reference range may be used to determine whether AP readings in
pregnancies of interest lie outside what may be considered a
normal or reference range. Both these techniques will be used
later in evaluating pregnancies with abnormal amniotic fluid
volumes and in monitoring pressure changes during amniotic fluid
fluid infusion and drainage procedures. The mathematical
modelling employed in construction of the reference range
correctly resulted in 5% of values being outside the 95% limits.
The numbers used were considered sufficient, as the error for the
lower limit of the reference range lay within, and that for the
upper limit was only 3 times higher than, the minimum resolution
of the technique. This range is independent of maternal age, parity
and gravidity, and allowing for limited numbers studied, may also
be applicable to twin pregnancies.

The lack of influence of amniotic fluid index, which reflects
amniotic fluid volume (Moore & Cayle 1990), on AP suggests that
intrauterine volume is not a primary determinant of AP. Indeed,
the lack of effect of drainage on AP in singletons together with the
absence of raised pressure in twin gestations supports this
contention. Instead it seems that gestational age is the main factor

* Published June 1991



62

influencing AP. Furthermore the relationship of AP to increasing
gestation is different from that of amniotic volume, which
increases to 22 weeks and does not change significantly thereafter
(Brace & Wolf 1989). Our results demonstrate that AP rises in late
pregnancy, whereas it had previously been assumed to fall, due to a
stable uterine radius and thus volume (Reynolds 1965). As
discussed in Chapter 1.2, pressure within the uterine cavity is a
function of T/r, where T is the uterine wall tension and r the
radius. Tension is affected by increasing stretch with uterine
growth, and modulated by myometrial thickness and cell length,
and the effects of pregnancy hormones. If the development of AP
with advancing gestation is assumed to reflect the relative change
of T/r, the weakly sigmoid-shaped curve found in this study
suggests that P, and thus T relative to r, increases more rapidly in
the first and third trimesters than in mid-pregnancy. It was not
possible to deduce T, since uterine radius was not measured.
However, a planimetric ultrasound study has suggested that
uterine radii increase in a near-linear fashion throughout
pregnancy (Gohari et al 1977). It is speculated that AP is
mediated by gestation-specific anatomical and hormonal influences
on gravid uterine musculature.

As uterine distension may be implicated in some causes of
preterm labour such as multiple pregnancy and polyhydramnios,
AP in pregnancies complicated by spontaneous preterm labour was
compared with that of pregnancies progressing to term. The lack
of difference suggests that chronic elevation in AP does not
precede spontaneous preterm labour, although these findings need
to be interpreted with caution in view of the high frequency of
multiple procedures and fetal abnormality encountered in this
study.

3.5 Summary
Amniotic pressure was measured on 232 occasions in 194

pregnancies with normal amniotic fluid volume undergoing
invasive procedures. In singleton pregnancies between 7-34
weeks, AP increased with advancing gestation (R2=0.19, p<0.001,
loge(y+1)=0.12 + 0.23x - 0.010x2 + 0.00015x3, where y=AP in mm
Hg and x=gestation). However, the sigmoid shaped curve
indicated a tendency for AP, unlike volume, to plateau in the mid-
trimester. Volume-related phenomena such as twin gestation, the
deepest vertical pool or amniotic fluid index did not influence AP.
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Furthermore AP was not affected by parity, gravidity, maternal age,
fetal sex, or subsequent spontaneous preterm delivery. These
findings suggest that AP is not primarily determined by
intrauterine volume. It may be speculated that AP, which reflects
change in uterine tension as function of radius, is instead
determined by gestation-specific anatomical and hormonal
influences on gravid uterine musculature. A reference range for AP
was constructed.
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CHAPTER 4: AMNIOTIC PRESSURE IN
POLYHYDRAMNIOS

4.1 Aims
This chapter reports the results of measurement of basal AP
in human pregnancies with increased amniotic fluid volume, using
the technique described in Chapter 2.1. Recordings were made in
the second and third trimesters; their number, frequency and
clinical circumstance were necessarily limited by the need for a
clinical indication for amniocentesis or other transamniotic
procedure.
The aims of this study were:
i. to compare AP in pregnancies with polyhydramnios with
AP in those with normal amniotic fluid volume
ii. to examine the extent to which clinical variables influence
AP in pregnancies with polyhydramnios
ili. to determine in pregnancies with polyhydramnios the
effect on AP of removal of quantities of amniotic fluid, as
performed for therapeutic purposes.

4.2 Methods

The study population comprised patients with increased
amniotic fluid volume scheduled to undergo a transamniotic
invasive procedure, either for diagnostic or therapeutic reasons.
Each had (i) certain menstrual dates confirmed by ultrasound at
18-20 weeks, and (ii) amniotic fluid volume subjectively assessed
as increased on ultrasound immediately prior to the procedure.
Patients were excluded for either of the following findings on the
pre-procedure scan: (i) fetal death (ii) a deepest vertical pool
measurement devoid of either cord or limbs <8.0 cm.

Thirty six women between 17-34 weeks were enrolled in
the study. Of 27 singletons, 16 were associated with fetal
structural anomalies, and 3 with Rh alloimmunization; hydrops was
present in 8 and 2 of these respectively. Polyhydramnios in the
remaining 7 was unassociated with hydrops, fetal abnormality or
alloimmunization. AP was measured at the time of transamniotic
fetal blood sampling, the indications being rapid karyotyping alone
(n=16), rapid karyotyping plus investigation of hydrops (n=8), and
suspected fetal anaemia (n=3). AP was also measured in 7 di-
amniotic twin (6 monochorial) and 2 tri-amniotic triplet
pregnancies (both monochorial); fetal structural abnormalities
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were present in 2, and hydrops in 3. The indications for fetal
blood sampling in the 9 multiple pregnancies were rapid
karyotyping in all cases in addition to investigation of feto-fetal
transfusion syndrome in 7. All gave informed consent in
accordance with institutional ethics committee requirements.

The deepest vertical pool of amniotic fluid was recorded in
all patients, and in the last 15 cases, the amniotic fluid index (AFI)
was also determined. Fetal blood sampling was performed via a
transamniotic approach, either because of a posterior or lateral
placental cord insertion or because the fetal intrahepatic vein was
sampled. All procedures were performed under ultrasound
guidance, and pressure measurements made on entry of the
needle into the amniotic cavity, as described in Chapter 2.
Sedation was not used. In multiple pregnancies, pressure was
measured in the sac with polyhydramnios.

In 17 cases, after the initial pressure reading, a quantity of
fluid was removed. A 25 cm long portion of polyvinyl tubing, 2.5
mm in inner diameter, was connected to the needle hub at one
end, and a 50 ml syringe, which was attached to a three-way tap at
the other end, was used serially to remove 100-1100 ml of
amniotic fluid. This was done for clinical reasons in order to
reduce the risk of uterine activity and/or amniorrhexis;
accordingly the volume drained was selected by the operator with
regard to minimizing the potential for complications associated
with removal of excessive quantities of fluid as discussed in
Chapter 1.5.v. After drainage of fluid, the manometry apparatus was
flushed to ensure the absence of bubbles, re-referenced and then
reconnected to the needle hub and a further reading made.

Serial readings were made on 2-3 occasions in 7 patients at
1-4 weekly intervals, the indication for subsequent procedures
being further drainage of fluid (n=6), determination of fetal lung
maturity (n=1), and fetal blood sampling for direct administration
of antiarrythmic drugs (n=1).

Data on basal AP and the effect of drainage were analysed
with respect to the first procedure only. To remove the effect of
gestational age, suggested in Chapter 3 to be the primary variable
determining AP, comparisons of APs between groups were made
using z scores (no. of SDs from the mean). Changes in variables
with drainage are expressed as A variable (=post-drainage value
minus pre-drainage value). Relationships were assessed between
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AP and other variables using Pearson and Spearman correlation
coefficients for normally and non-normally distributed data as
appropriate. Statistical comparisons were made parametrically by
paired or unpaired t -testing as indicated, or non parametrically by
the Mann-Whitney test.

4.3 Results

As shown in Figure 4.1, amniotic pressure was elevated in
polyhydramnios (mean z score 2.7, CI 2.1 to 3.4, p<0.001). AP
exceeded the upper limit of the reference range in 20 (56%),
while in the remainder it lay on (within 0.2 mm Hg), or above, the
mean for gestational age in pregnancies with normal amniotic fluid
volume.
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Figure 4.1: Amniotic pressure in 36 pregnancies complicated by
polyhydramnios shown against the reference range (=shaded area,
continuous line=mean) for pregnancies with normal amniotic fluid
volume.

Unlike pregnancies with normal amniotic fluid volume, AP in
those with polyhydramnios correlated positively with both the
deepest vertical pool measurement (y=-4.2 + 0.5x, where y=AP z
score and x=deepest pool in cm, r=0.76, p< 0.001, Figure 4.2) and
the AFI (y=-3.9 + 0.13x, where y=AP z score and x=amniotic fluid
index in cm, r=0.88, p<0.001, Figure 4.3). These semi-quantitative
indices of amniotic fluid volume were both significantly greater in
polyhydramnios pregnancies with raised (defined as above the
reference range) AP (mean deepest pool 14.6 cm CI 12.7 to 16.4,
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and mean AFI 53.2 cm, CI 43.9 to 62.4) compared to
polyhydramnios pregnancies with normal (defined as within the
reference range) AP (mean deepest pool 11.9 cm, CI=10.9 to 13.0,
p=0.02, and mean AFI 35.1 cm, CI=28.5 to 41.6, p=0.007).
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Figure 4.2: The relationship in pregnancies with polyhydramnios
between amniotic pressure in z scores and semi-quantitative amniotic
fluid volume expressed as the deepest vertical pool measurement. y=-4.2
+ 0.5x, where y=AP z score and x=deepest pool in cm, r=0.76, p< 0.001.

In pregnancies with polyhydramnios, there was no
significant correlation between gestational age and the degree of
elevation in AP (i.e. z scores): furthermore gestational age in those
with raised AP was similar to those with normal AP (mean 28.3
weeks, CI 26.3 to 30.3, and 29.8 weeks, CI 27.2 to 32.6,
respectively). Although recordings were made significantly earlier
in gestation in the multiple compared to singleton pregnancies
(mean 24.3 weeks, CI 22.3 to 26.3, and 30.6 weeks CI 28.9 to
32.3, p=0.001), it was thus not surprising that there was no
significant difference in AP between multiple and singleton
pregnancies (mean z scores 3.8, CI 2.3 to 5.3 and 2.4, CI 1.7 to 3.0
respectively). Similarly, there was no significant correlation
between AP z scores and fetal number (=number of fetuses per
pregnancy). The deepest pool measurement was similar in
singleton (mean 12.7 cm, CI 11.7 to 13.8) and multiple
pregnancies (14.7 cm, CI=11.5 to 18.0), as was the AFI (median
3.9 cm, range 2.2 to 5.6 and 5.9 cm, range 3.8 to 7.7 respectively).
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Figure 4.3: The relationship in pregnancies with polyhydramnios
between amniotic pressure in z scores and semi-quantitative amniotic
fluid volume expressed as the amniotic fluid index. y=-3.9 + 0.13x,
where y=AP z score and x=AFI in cm, r=0.88, p< 0.001.
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Figure 4.4: The acute effect of drainage of 100-1100 ml of amniotic fluid
on amniotic pressure. (filled circles=pre-drainage, open circles=post-
drainage, shaded area=reference range).
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AP fell significantly with drainage of fluid as shown in Figure
4.4 (mean A AP in mm Hg=-8.9, CI -14.0 to -3.4, p=0.004, and
mean A AP in z scores=-1.4, CI -2.1 to -0.8, p<0.001). Amniotic
pressure did not change with drainage in the normal pressure
group (mean A AP -0.3 z scores, CI -0.6 to +0.8, p=0.23), in
contrast to the fall in AP in the high pressure group (mean A AP -
1.8 z scores, CI -2.5 to -1.0, p<0.001), the difference in A AP
between these two groups being significant (p=0.048). The volume
of fluid drained however was greater in the high than in the
normal pressure group (mean 679 ml, CI 542 to 816, and mean
275, CI 59 to 490, respectively, p=0.01). In addition, there was a
clear difference in the degree of polyhydramnios between these
groups as mentioned previously, which may have influenced
selection of volume. Although volume drained was significantly
higher in multiple (819 ml, CI 673 to 1492) than singleton
pregnancies (376 ml, CI 256 to 496, p<0.001), there was no
significant difference in A AP (-1.9 z scores, CI -3.1 to -0.8, and -
1.0, CI -1.5 to -0.4, respectively, p=0.13).

A Amniotic pressure
(z scores)

Pre-drainage AP (z scores)

Figure 4.5: The relationship between the change in amniotic pressure
with fluid drainage and the initial amniotic pressure, when both are
expressed in z scores. (y=0.38 - 0.47x, r=0.70 p=0.002, where y=A AP z
score and x=pre-drainage AP z score).

There was no significant correlation between A AP in z
scores and gestational age or fetal number. A AP expressed in z
scores showed significant negative correlations with volume



70

(y=0.032 - 0.0025x, r=0.55, p=0.02, where y=A AP z score and
x=volume in ml), and with the deepest pool measurement (y=1.7 -
0.22x, 0.61, p=0.03, where y=A AP z score and x=volume in ml).
The fall in amniotic pressure z score was also significantly related
to the pre-drainage AP z score (y=0.38 - 0.47x, r=0.70 p=0.002,
where y=A AP z score and x=pre-drainage AP z score, Figure 4.5),
but not to the post-drainage AP z score. Multiple regression
indicated that this association remained significant (p=0.002),
after accounting for volume and the deepest pool measurement,
which themselves were not independently significantly correlated
with A AP.

The pattern of change in AP with drainage, i.e. substantial
falls in those with raised pressure prior to drainage and no change
in those with normal pressure prior to drainage, was further borne
out in the analysis of those with serial readings (Figure 4.6).
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Figure 4.6: The change in amniotic pressure in patients with

polyhydramnios who underwent serial recordings (filled circles=pre-
drainage, open circles=post-drainage).
4.4 Discussion

This study demonstrates that amniotic pressure is raised in
polyhydramnios. Since commencing this study, Weiner et al
(1989) have reported similar findings in a smaller number of
patients: mean AP in 8 cases of clinically-diagnosed
polyhydramnios was approximately 6 mm Hg higher than that in
42 with normal amniotic fluid volume, although differences in
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gestation were not taken into account, nor differences in the
position of their reference point (fetal heart), as discussed in
Chapter 3.4.

Although in this study, AP readings in polyhydramnios lay on
or above above the reference mean, they exceeded the upper limit
of the reference range in only just over half; this may explain
previous conflicting reportsw of AP in polyhydramnios (as discussed
in Chapter 1.5.vi). In contré‘éi: to Caldeyro-Barcia et al (1957), who
contended that there were two separate types of polyhydramnios
(normal and high press{xre), this work suggests that raised
pressure may instead ‘simply reflect the degree of increased
amniotic fluid volume. AP seemed a function of severity, as
assessed semi-quantitatively by both the deepest pool
measurement and the AFI. In those with mildly increased amniotic
fluid volume, AP often lay within the reference range, while gross
elevations in AP (z score >4) were found only where the deepest
pool exceeded 15 cm and the AFI 50 cm. This is consistent with
the known properties of skeletal and uterine muscle, in which
resting tension increases initially only slightly with increasing
length as the elastic and inelastic muscle fibres slide over each
other, until the resting length is exceeded producing a large rise
in tension due to stretching of the inelastic fibres. This was first
demonstrated in vitro by Hill (1953) using a frog sartorius
preparation. Csapo (1962) later reported similar findings in strips
of rabbit myometrium stretched in 2 mm increments: tension
remained below 4 g as the strip was lengthened from 12 to 30
mm, but increased exponentially to exceed 50 g when the length
was increased only a little more to 40 mm. Similarly, Csapo et al
(1963) confirmed this in vivo by incrementally infusing fluid into
parturient rabbit uteruses: there was little if any initial increase in
resting intrauterine pressure, but then an exponential rise with
further increase in uterine volume.

Thus the relationship between AP and amniotic volume,
although not measured in this study, is on theoretical grounds
unlikely to be linear. However, the relationship found between AP
and semi-quantitative assessments of amniotic fluid volume in this
study was linear. This should not be interpreted as suggesting that
AP increases linearly with increasing amniotic fluid volume, since
the relationship between such ultrasonic indices and amniotic
fluid volume has not been determined and is, in any case, unlikely
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to be linear on geometrical grounds. Figures 4.2 and 4.3 suggest
that in lesser degrees of polyhydramnios, such as when the
deepest pool measurement is <13 cm or the AFI <40 cm, there is
little if any relationship between AP and these semi-quantitative
indices of amniotic fluid volume, similar to the situation in
pregnancies with normal amniptic fluid volume (Chapter 3.3).

Elevated AP in gross polyhydramnlos is consistent with the
clinical features of this cond1t10n i.e. maternal discomfort, uterine
irritability, preterm labour and preterm premature rupture of the
membranes (Barry 1953, Caldeyro-Barcia et al 1957, Powers 1973,
Boylan & Parisi 1986, Cardwell 1987, Hill et al 1987, Steinberg et
al 1990), as discussed in Chapter 1.5.iii. It is thus speculated that
the complications of polyhydramnios may be mediated through
raised AP. It was not possible in this clinical study to examine
scientifically the relationship between the degree of elevation in
AP and the above complications, in view of the the variety of
therapies used (drainage, indomethacin, transfusion, antiarrythmic
drugs), the differing management policies employed at the various
institutions in which these referred patients were subsequently
managed, and the high incidence of confounding variables
(multiple pregnancy, fetal abnormality, hydrops etc).

In polyhydramnios pregnancies with high AP (above the
reference range), pressure was restored towards normal by
drainage of amniotic fluid. In contrast, there was no significant
change in AP with drainage in those with normal AP (within the
reference range), similar to the lack of effect of drainage of small
quantities of fluid in pregnancies with normal amniotic fluid
volume (Chapter 3.3). There were however clear differences in the
degree of polyhydramnios and the volume drained between these
two groups. Data on the effect of removing quantities of amniotic
fluid were necessarily limited by the clinical circumstances of
each procedure, thereby introducing potential bias in selection of
volume. Multiple regression analysis was thus used to control for
confounding variables, indicating that pre-drainage AP was the only
variable independently correlated with the fall in AP with drainage,
after accounting for semiquantitative amniotic fluid volume, volume
drained, and multiple pregnancy.

In this study, the drainage volumes associated with
significant reductions in AP were relatively small (mean 679 ml),
considering that amniotic fluid volumes of up to 7-10 litres have
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been reported in association with gross polyhydramnios (Caldeyro-
Barcia et al 1957, Weir et al 1978). This is in keeping with the
muscle tension experiments discussed above, whereby a small
reduction in length in a muscle strip stretched just beyond its
resting length would be expected to be accompanied by a relatively
larger reduction in tension. If the complications of polyhydramnios
are mediated through raised AP, then restoration of normal AP
rather than volume might be a more appropriate therapeutic goal.
This would have advantages in minimizing the potential for
complications such as abruption and preterm labour, attributed to
rapid removal of large volumes of amniotic fluid (Cabriera-Ramirez
& Harris 1976, Feingold et al 1986).

4.5 Summary
In 36 pregnancies with polyhydramnios undergoing invasive

procedures, amniotic pressure was elevated compared to
pregnancies with normal amniotic fluid volume (mean z score 2.7,
CI 2.1 to 3.4, p<0.001), and was significantly positively correlated
with semiquantitative amniotic fluid volume (deepest pool and
AFI). Drainage of fluid (mean 584 ml, CI 443 to 725) produced a
fall in AP (mean A z score -1.4, CI -2.1 to -0.8, p<0.001). A AP was
significantly related to the pre-drainage AP z score (y=0.38 -
0.47x, r=0.70, p=0.002), but not independently to the volume
drained. Amniotic pressure did not change with drainage in the 16
with a pre-drainage pressure within the reference range (mean A
AP -0.3 z scores, CI -0.6 to +0.8), in contrast to the fall in AP in
the 20 (56%) with a pre-drainage AP outside the reference range
(mean A AP -1.8 z scores, CI -2.5 to -1.0, p<0.001). These findings
suggest that AP is elevated in polyhydramnios, and may be
restored towards normal by drainage of amniotic fluid.
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CHAPTER 5: ASSOCIATION OF RAISED PRESSURE IN
POLYHYDRAMNIOS WITH IMPAIRED FETAL BLOOD GAS
STATUS

5.1 Background

The excess perinatal morbidity and mortality associated with
polyhydramnios is in part attributable to an increased incidence of
preterm delivery secondary to preterm labour and ruptured
membranes (Barry et al 1953, Hashimoto 1984, Boylan & Parisis
1986, Cardwell 1987, Hill et al 1987), and in part to the presence
of congenital malformations (Queenan & Gadow 1970, Hill et al
1987), as discussed in Chapter 1.5.iv. These associations however,
do not entirely account for the adverse perinatal outcome
attributed to polyhydramnios: eight (6%) of 141 perinatal deaths
in Queenan & Gadow's large series occurred antepartum in
normally formed singletons, as did 2 (9%) of 22 deaths in a more
recent series of severe polyhydramnios (Barkin et al 1987).
Similarly, Carlson et al (1990) reported that 2 (14%) of 14
perinatal deaths in 49 pregnancies with an AFI >24 cm were
normally formed antepartum stillbirths, although it was not stated
whether these were twins or singletons. Certainly feto-fetal
transfusion syndrome when diagnosed antenatally in the presence
of polyhydramnios, is associated, as discussed in Chapter 1.5.iv,
with perinatal mortality rates in excess of 50%, a substantial
proportion of which occurs antepartum in normally formed
fetuses. Eight (50%) of the 16 perinatal losses in Weir et al's
(1979) series of 8 monozygous twin pregnancies with acute
polyhydramnios were intrauterine deaths, as were 14 (61%) of 23
deaths in a later series from the same institution (Steinberg et al
1990). Some of these occurred in association with hydrops,
although the contribution of hydrops to fetal compromise in feto-
fetal transfusion syndrome and its pathophysiology remains poorly
understood.

Tabor & Maier (1987) speculated that raised amniotic
pressure impairs uteroplacental perfusion in polyhydramnios; this
was based on their observation of a case of iatrogenic
polyhydramnios during intrapartum amnioinfusion. A previously
normal cardiotocograph showed a baseline bradycardia and
decelerations as amniotic pressure rose with the development of
polyhydramnios from 10 to 50 mm Hg, these changes
disappearing with drainage of fluid and restoration of normal
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pressure. Impaired uteroplacental perfusion in polyhydramnios
might also explain the high frequency of fetal hypoxaemia and
acidaemia recently documented in utero in pregnancies
complicated by feto-fetal transfusion syndrome (Fisk et al 1990).
Indeed, it has recently been suggested that raised pressure in the
recipient's sac secondary to polyhydramnios impairs placental
perfusion in the donor twin, and that this results in further
hypovolaemia and oliguria in the donor (Urig et al 1990, Elliot et al
1991). This suggestion arose from an unexpected observation in
recent series of feto-fetal transfusion syndrome treated by serial
amniocenteses. Removal of sufficient fluid to normalize volume in
the recipient's sac was accompanied by normalization of amniotic
fluid volume in the previously anhydramniotic donor's sac
(Mahoney et al 1990, Urig et al 1990, Elliot et al 1991), and in
some cases, by resolution of hydrops. Using this technique of
"aggressive therapeutic amniocentesis", survival rates of 69-79%
have recently been reported (Mahoney et al 1990, Urig et al 1990,
Elliot et al 1991), leading one group to suggest that
decompression "effectively reverses the physiology of twin-twin
transfusion syndrome"” (Elliott et al 1991).

5.2 Aims
The aims of this part of my work were:

i to investigate the relationship between raised AP and fetal
blood gas status in human pregnancies with
polyhydramnios undergoing clinically-indicated fetal
blood sampling

ii. to investigate the relationship between raised AP and
Doppler measurements of downstream resistance in the
uteroplacental circulation in human pregnancies
complicated by polyhydramnios

iii. to determine experimentally in sheep the effect on fetal
blood gas status of increasing amniotic pressure by fluid
infusion.

5.3 Clinical data

5.3.i. Methods
Sufficient blood to allow blood gas analysis was obtained at
fetal blood sampling in 22 of the pregnancies with polyhydramnios
described in Chapter 4.2. Of 18 singletons, 9 were associated with
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fetal structural anomalies, and 1 with Rh alloimmunization;
hydrops was present in 5. All 4 multiple pregnancies had
ultrasonic signs consistent with feto-fetal transfusion syndrome; in
each case the fetus in the sac with polyhydramnios (the recipient)
underwent blood sampling, only one of these being hydropic.
Gestational age ranged from 20-34 weeks (median 30).

After recording the amniotic pressure as described
previously, fetal blood sampling was performed under ultrasound
guidance from the umbilical vein at either the placental cord
insertion (n=11), the fetal intrahepatic vein (n=9), or a free loop of
cord (n=2). After entry of the needle into the fetal vessel, 1-3 ml of
fetal blood were collected for cytogenetic and haematological
investigations. An additional 100-150 pl was placed into a
heparinized syringe, and acid-base balance determined within 10
minutes (ABL 330, Radiometer, Copenhagen, Denmark). Fetal
blood sampling was repeated for clinical reasons in one fetus
immediately following drainage of amniotic fluid, as described in
Chapter 4.2.

The purity and fetal source of the blood sample were
confirmed (i) at the time by demonstration of separate mean cell
volume peaks on a Coulter Channelyzer (Coulter Electronics,
Luton, Beds) and (ii) later by examination of the blood film stained
by the Kleihauer-Betke method. When the site of sampling was the
placental cord insertion or a free loop, 1-2 ml of saline was
injected to confirm the venous rather than arterial origin of the
sample by ultrasonic visualization of the direction of turbulent flow.

Blood gas results were compared to published reference
ranges (Soothill et al 1986). From the graphs in that publication,
regression lines and standard deviations were derived manually to
allow gestation-independent expression of pCO2 and pOg3 as z
scores (y=4.04 + 0.024x where y=pCO2 in kPa and x=gestation in
weeks, SD=0.46, and y=10.8 - 0.16x where y=pO2 in kPa and
x=gestation in weeks, SD=1.0). Although fetal venous pH does not
vary with gestation (Soothill et al 1986), z scores were similarly
calculated (SD=0.033, mean pH=7.385) so that all three variables
could be compared to reference data by means of the one sample t
test. Relationships were assessed between amniotic pressure and
other variables using Pearson correlation coefficients for normally
distributed data. Linear relationships were used only where
supported by least-squares analysis. AFI was not used in the
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analysis in view of the small number of patients in whom this
measurement was obtained (n=9).

5.3.ii. Results

Blood gas results in the fetuses with polyhydramnios are
shown in Table 5.1. Comparison of gestation-independent z scores
with published data on normal fetuses indicates that as a group,
fetuses with polyhydramnios were significantly acidaemic,
hypercapnic, and hypoxaemic. Of the 22 fetuses, 8 (36%) had a
pH value, 10 (45%) had a pCO3 value and 16 (73%) had a pO2 value
below the reference range.
Table 5.1: Mean and 95% confidence intervals for fetal blood gas
variables in 22 fetuses with polyhydramnios, expressed both in the

original units and in z scores. Significance was determined by one
sample t testing of z scores.

Mean (CIs) Units Z Scores pvalue
pH 7.32 -1.7 0.04
(7.28 to 7.38) (0.2 to 3.1)
pCO2 (kPa) 5.7 2.1 0.03
(4.9 to 6.5) (0.3 to 3.8)
pO2 (kPa) 3.2 -3.0 <0.001
(2.5 to 3.8) (-2.3 to -3.7)

As shown in Table 5.2, there were significant linear
correlations between amniotic pressure and fetal pH and pOg, but

not pCO3. Fetal pH decreased significantly with increasing AP
(y=7.43 - 0.0063x, r=0.54, p=0.01, where y=pH and x=AP in mm
Hg), and this relationship was of slightly greater significance when
AP was expressed in z scores (y=7.43 - 0.036x, r=0.56, p=0.006,
Figure 5.1). Similarly the degree of hypoxaemia was negatively
correlated with amniotic pressure (y=-1.9 - 0.069x, r=0.41,
p=0.05, where y=pOg z scores and x=AP in mm Hg), this
relationship again being of greater significance when AP was
expressed in z scores (y=-1.6 - 0.48x, r=0.54, p=0.01, Figure 5.2).
There was no significant correlation between any of the fetal
blood gas variables and the deepest pool measurement. As AP was
significantly correlated with this semi-quantitative index of
amniotic fluid volume, multiple linear regression analysis was used
to demonstrate that fetal pH and pOg z scores were both
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significantly correlated with AP z scores (p=0.04 and 0.02
respectively) independent of the deepest pool measurement.
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Figure 5.1: The relationship between fetal pH and the degree of elevation

in amniotic pressure. (y=7.43 - 0.036x, r=0.56, p=0.006, where y=pH
and x=AP z scores).
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Figure 5.2: The relationship between the degree of fetal hypoxaemia and
the degree of elevation in amniotic pressure. (y=-1.6 - 0.48x, r=0.54,
p=0.01, where y=pO2 z scores and x=AP z scores).

The variances of the regression equations in Figures 5.1 and
5.2 were only 0.31 and 0.29 respectively, suggesting that factors
other than AP explain most of the variation in fetal pH and pOa.
Accordingly blood gas status was compared between fetuses with
and without several potential confounding factors: the presence of
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hydrops, the presence of structural anomalies, and multiple
pregnancy. There was no significant difference in pH or pOs
between fetuses with (mean pH 7.30, CI 7.22 to 7.39, and mean
pO2 -3.2 z scores, CI -4.5 to -1.9) and without structural anomalies
(mean pH 7.35, CI 7.29 to 7.40, and mean pO2 -2.9 z scores, CI -
3.7 to -2.1). Similarly there was no difference in pH or pOg z score
between those with (7.27, CI 7.19 to 7.35, and -3.5, CI -4.5 to -2.5
respectively) and without (7.35, CI 7.29 to 7.41, and -2.8, CI -3.7
to -1.9) hydrops. Although fetal pH values were similar in singleton
(mean 7.35, CI 7.30 to 7.40) and multiple (7.25, CI 7.12 to 7.38)
pregnancies, pOg z scores were lower in multiple (-5.1, CI -4.2 to -
6.0) compared to singleton pregnancies (-2.5, CI -1.9 to -3.2,
p=0.002). Notwithstanding any effect of the above, the correlations
between AP z score and pH or pOg z score remained significant
after exclusion of those with anomalies (r=0.75, p=0.003, and
r=0.65, p=0.02 respectively), those with hydrops (r=0.49, p=0.05,
and r=0.58, p=0.02 respectively), and those with multiple
pregnancies (r=0.57, p=0.01, and r=0.56, p=0.02 respectively).

Table 5.2: Pearson correlation coefficients and p values for linear
regression equations between blood gas variables and amniotic pressure
in 22 fetuses with polyhydramnios. Gestation dependant variables are
also expressed as z scores.

Blood gas variable Amniotic pressure Amniotic pressure
in mm Hg in z scores

pH r=0.54, p=0.01 r=0.56, p=0.01

pCO2 (kPa) r=0.31, p=0.15 r=0.39, p=0.10

pCO2 z scores r=0.30, p=0.16 r=0.38, p=0.10

pO2 (kPa) r=0.55, p=0.008 r=0.62, p=0.002

pO2 (z scores) r=0.41, p=0.06 r=0.54, p=0.01

As these potential confounders (hydrops, anomalies and
multiple pregnancy) were dichotomous variables, it was not
possible to assess their effect on the relationship between AP and
fetal blood gas status using multiple linear regression analysis.
Accordingly fetal, pH and pO2 were expressed as dichotomous
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variables (values either within or outside the published reference
range), and entered as the outcome variable in a multiple logistic
regression model which comprised AP z score, presence or
absence of hydrops, presence or absence of congenital anomalies,
and presence or absence of multiple pregnancy. None of these
were significantly related to the presence of fetal acidaemia or
hypoxaemia; however in each model AP was the variable which
most closely approached statistical significance (p=0.07 for
acidaemia and p=0.29 for hypoxaemia).

Anecdotally, the reduction in AP (20 to 12 mm Hg) which
followed removal of 1100 ml amniotic fluid from the sac of a
hydropic triplet fetus was accompanied by correction of fetal
acidaemia (pH 7.19 to 7.36) and hypoxaemia (pO2 1.4 to 3.3 kPa).
The interval between the two samplings was 24 minutes.

5.3.1ii. Discussion

This study documents abnormal blood gas status in fetuses
with polyhydramnios, and suggests that derangement in fetal
venous pH and pOsg is at least in part, a function of the degree of
elevation in amniotic pressure.

This work provides no information on the mechanism of
abnormal fetal blood gas status in polyhydramnios, other than it is
related to raised AP, and that anecdotally it appears acutely
reversible. In the case sampled before and after removal of fluid,
the rapid amelioration in fetal pH and pO2 which accompanied
return of AP towards normal, is consistent with the hypothesis
proposed by Tabor & Maier (1987) that raised AP impairs
uteroplacental perfusion. As discussed in Chapter 5.1, the
improvement in amniotic fluid volume discordance reported in
series of feto-fetal transfusion syndrome treated by "aggressive"
amniocentesis (Urig et al 1990, Elliott et al 1991), is also
consistent with such hypothesis, although AP was not measured in
those studies.

Animal studies indicate that uteroplacental perfusion needs
to be reduced by > 50% before any major effect of fetal blood gas
status is demonstrated (Greiss 1967, Skillman et al 1985). These
latter authors used a vascular occluder placed around the maternal
internal iliac artery in sheep to achieve graded reductions in
uteroplacental blood flow. Although a 24% reduction was
accompanied by a minor change in pO2 (c.-2 mm Hg), and a 49%
reduction also by a minor change in pH (c.-0.03), fetal hypoxaemia
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and acidaemia were observed only after a reduction in
uteroplacental blood flow of 63%. If the association of abnormal
blood gas status with raised AP in human polyhydramnios is due to
impaired uteroplacental perfusion (Tabor & Maier 1987), the
greater frequency of hypoxaemia than acidaemia found in this
human study is consistent with such animal evidence that pOj is
the most sensitive of the acid/base parameters in response to
reduced uteroplacental perfusion (Skillman et al 1985). pCO2 did
not change over 1 hour in the sheep study; in contrast 45% of
these human fetuses with polyhydramnios were hypercapnic. It is
possible that a longer-lasting reduction in perfusion is needed to
produce an alteration in pCOsz. Nevertheless, the degree of
hypercapnia in the human fetuses was not related to AP,
suggesting that it may be due to causes other than reduced
uteroplacental perfusion. Another mechanism might be umbilical
venous compression; again experiments in fetal lambs suggest that
acute reductions in umbilical venous flow of <50% produce only a
slight reduction in pOgy (Itskovitz et al 1983) Reductions of 50-
75% show a fall in pO2 comparable to that found with reduced
uteroplacental perfusion (Skilman et al 1985), but no similar
change in pH rendering this an unlikely mechanism.

The significant association observed between raised AP and
fetal hypoxaemia and acidaemia is likely to have been influenced by
the presence of confounding variables such as congenital
anomalies, hydrops and multiple pregnancy. Indeed only 29-31%
of the variance in fetal pH and pOg was explained by AP. This
clinical observational study was necessarily limited by the presence
of the underlying conditions responsible for the polyhydramnios,
and it is known that such conditions are identified more
frequently in those with severe as opposed to mild polyhydramnios
(Carlson et al 1990), which in turn are more likely to be associated
with higher APs (Chapter 4.3). Although a powerful tool in
accounting for the effect of potentially confounding variables,
multiple logistic regression analyses usually require sample sizes
larger than the 22 in this study; nevertheless AP in the multiple
logistic model used was the factor most closely approaching
statistical significance in determining fetal blood gas status. Within
the constraints of this study however, it was possible to show that
the association between raised AP and fetal hypoxaemia and
acidaemig still applied in singleton fetuses, in non-hydropic
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fetuses, and in structurally normal fetuses. Determination of the
exact relationship of elevated amniotic pressure to fetal blood gas
status independent of these confounding variables requires
controlled experiments in an animal model.

5.4 Uteroplacental Doppler studies

5.4.i. Methods

Doppler studies of the uteroplacental circulation were
performed in the last 11 pregnancies with polyhydramnios
studied in Chapter 4. Amniotic pressure readings in these patients
(mean z score=2.5, CI 1.1 to 4.0) were representative of the
findings in the larger group reported in the previous chapter, lying
within the reference range in 5, and above its upper limit in 6.
Fetal pH and pOgs were measured in 8 patients as described in
Chapter 5.2.1.

Immediately prior to the invasive procedure, the patient was
studied in a recumbent position with a wedge positioned under
the right hip to achieve approximately 15° of lateral tilt. Doppler
waveforms were obtained with a continuous wave machine
(Vasoflo 4, Oxford Sonicaid, Oxford) which provides continuously
updated computations of Doppler indices, their coefficients of
variation, and maternal heart rate averaged over 5 consecutive
waveforms. Waveforms were obtained from left and right sides of
the uterus and recognized as being from the uteroplacental
circulation by their characteristic appearance and synchrony with
the maternal pulse (Pearce 1987). The angle-independent Doppler
index of downstream resistance used in this study was the
resistance index (RI=[x-y]/x where x=peak systolic velocity and
y=end-diastolic velocity), which by convention is the index used to
characterize waveforms from the uteroplacental circulation. Each
reading was obtained by "freezing" the image when the coefficient
of variation of the RI values in 5 consecutive waveforms was <5%.
Three readings were obtained on each side. In view of
considerable variation between RI values on the placental and non-
placental side of the uterus (Bewley et al 1989), and the lack of
uniformity of placental position, the RI value used in this study was
calculated as the average of the means of values from each side
(Schulman et al 1986, Steel et al 1990).

Drainage of amniotic fluid was performed in 5 patients as
described in Chapter 4.2 and the uteroplacental Doppler study
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then repeated.

Reldtionships were assessed between AP and other variables
using Pearson and Spearman correlation coefficients for normally
and non-normally distributed data respectively. Linear
relationships were used only where supported by least-squares
analysis. AP and pOg were expressed as z scores to control for the
effect of gestational age. It was not possible to express RI values as
z scores in view of the absence of an adequate published reference
range over the gestational ages of this study (22-34 weeks), based
on data obtained with continuous wave Doppler from either side of
the uterus. Although the RI is known to decline significantly with
gestational age (Pearce et al 1988), the effect is only slight,
accounting for a difference of <0.05 over the gestational ages in
this study. Similarly variation in heart rate is known to have a
slight effect on Doppler indices (Mires et al 1987), although
correction for heart rate is not considered necessary by most
authors (Kofinas et al 1989, Brar et al 1989), especially in studies
of maternal vessels (Pearce 1987). Accordingly relationships
between AP or blood gas status and the uteroplacental RI were
assessed by multiple linear regression analysis to exclude any
effect of gestational age or maternal heart rate. Several authors
have suggested that a RI value 20.58 indicates a highly resistant
waveform (Campbell 1986, Steel et al 1990), and accordingly RI
values were classified as normal or raised using this cut-off.
Changes in variables with drainage are expressed as A variable
(=post-drainage value minus pre-drainage value). Statistical
comparisons were by paired or unpaired t-testing as appropriate.

5.4.ii. Results

The mean RI in the uteroplacental circulation of patients
with polyhydramnios was 0.48, (CI 0.41 to 0.54) and was similar
on the left (0.45, CI 0.39 to 0.51) and right sides of the uterus
(0.52, CI 0.44 to 0.60, p=0.2). There was no significant correlation
between RI values and maternal heart rate or gestational age.
There was no significant linear relationship between the RI and AP
z scores (Fig 5.3, r=0.54, p=0.09), and this remained non-
significant after controlling for gestational age (p=0.13) or heart
rate (p=0.25) by multiple linear regression. Three patients had
raised RI values, each of whose AP reading lay above the reference
range (Fig 5.3). The difference in proportion of normal and raised
RI values in pregnancies with normal compared to raised APs was
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not significant (Fisher exact p=0.12). Similarly there was no
significant correlation between the RI and either fetal pH
(Spearman p=0.2) or pOg z scores (Spearman p=0.1).

Drainage of amniotic fluid reduced AP (mean A z score -4.1,
ClI - 5.7 to -2.6, p=0.006), but had no effect on RI (mean A -0.06,
CI -1.3 to +0.1, p=0.15) or maternal heart rate (mean A 6/min, CI -
2 to +14, p=0.2). Drainage of fluid in those with raised RIs
produced a fall in AP of 7.0, 3.1 and 4.2 z scores which was
accompanied by a fall in RI of 0.07, 0.07 and 0.17 respectively,
these changes not being significant at the 5% level in view of small
numbers.
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Figure 5.3: Resistance indices in the uteroplacental circulation of 11
patients with polyhydramnios shown as a function of amniotic pressure
in z scores (filled circles). Values are also shown after drainage of
amniotic fluid in 5 patients (open circles).

5.4.iii. Discussion

In order to determine the effect of elevated AP on
uteroplacental perfusion, the uteroplacental circulation was
examined non-invasively in this study to determine downstream
resistance in polyhydramnios. The hypothesis was that if raised AP
impairs uteroplacental perfusion, then this should be reflected in
increased’ Doppler indices of downstream resistance (Spencer et
al 1991). Transient elevations in AP, such as those that accompany
contractions during labour, are known to be associated temporally
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with significant increases in downstream resistance in
uteroplacental waveforms, in the absence of change in umbilical
waveforms (Fleischer et al 1987, Brar et al 1988). Although AP in
polyhydramnios is presumably chronically elevated, fetal blood gas
status changed semi-acutely with reduction in AP in Chapter 5.3.ii,
suggesting that any abnormality in uteroplacental Doppler
waveforms in polyhydramnios should return to normal relatively
soon after reduction in AP with fluid drainage.

The values found were broadly similar to those reported in
normal pregnancies (Pearce et al 1988), did not correlate
significantly with AP or fetal blood gas status, and did not change
with reduction in AP. However, the numbers in this study were
small, and the results must therefore be considered subject to
potential type 2 error, and thus, inconclusive. Three of the 11
studied did have raised RI values, which fell with reduction of AP.
Indeed the p value (=0.09) for the Pearson correlation between the
uteroplacental RI and AP, suggests that these findings may have
been significant if larger numbers were studied. There were two
reasons for the small sample size. Firstly, uteroplacental Doppler
studies of patients with polyhydramnios were not commenced
until after the preliminary analysis of the AP data had suggested
an association with impaired fetal blood gas status (Chapter 5.2.ii).
Secondly, recruitment was hampered by a decline in the
indications for invasive procedures in polyhydramnios, as a result
of (i) the recognition that fetal aneuploidy was unlikely in the
absence of structural anomalies (ii) the recognition that fetal blood
sampling had little role in the diagnosis of feto-fetal transfusion
syndrome, and (iii) the increasing use of indomethacin to reduce
amniotic fluid volume non-invasively.

Although Doppler waveforms of the uteroplacental
circulation have been extensively studied over the last 5 years,
these have been almost exclusively with reference to the chronic
changes in uteroplacental vasculature that accompany intrauterine
growth retardation and pre-eclampsia (Campbell et al 19886,
Hanretty et al 1988, Steel et al 1990). Pathologies other than
diminished trophoblastic invasion of the spiral arterioles have yet
to be studied. Although angiotensin II infusion is known to elevate
uteroplacental downstream resistance (Erkkola et al Pirhonen
1990), there is little information available on the effect of acute
alterations in downstream resistance on uteroplacental Doppler
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waveforms. In addition, there remains considerable controversy
with regard to uteroplacental Doppler studies as to the optimal
location and nature of the vessel insonated, and the variability
within each patient between high and low resistance waveforms
(Hanretty et al 1988, Campbell et al 1988, Bewley et al 1989).
Little is known of the exact relationship between uteroplacental
perfusion and Doppler indices in the uteroplacental circulation,
and it remains possible that the technique used in this study was
too insensitive to detect any change in uteroplacental perfusion.
Nevertheless, Brar et al (1988) demonstrated in labour a linear
relationship during contractions between AP, measured via a
transcervical intrauterine pressure catheter, and the
uteroplacental systolic/diastolic ratio. Peak AP in that study
however, ranged from 35-60 mm Hg, whereas in this study,
notwithstanding differences in referencing, only one patient had a
basal AP 235 mm Hg.

5.5 Animal experiments

5.5.i.Methods

Chronically-instrumented fetal sheep were prepared using
standard procedures approved by the host institution and in
accordance with UK legislation (Hanson et al 1988). Anaesthesia
was induced in 9 time-dated cross-bred ewes (Suffolk x mule) at
116-126 days gestation with thiopentone (1g intravenously) and
maintained with halothane (1.5-2.0%) and a 2:1 mixture of nitrous
oxide and oxygen. One horn of the gravid uterus was exposed at
laparotomy and the fetal head delivered through a uterine incision.
Polyvinyl catheters were implanted into a fetal carotid artery
(inner diameter (ID) 1.0 mm, outer diameter (OD) 2.0 mm), a fetal
jugular vein (ID 1.0 mm, OD 2.0 mm), and into the amniotic cavity
(ID 2.0 mm, OD 3.0 mm). An additional polyvinyl catheter of ID 2
mm was implanted for fluid infusion into the amniotic cavity in 7
ewes, and in 2 ewes, which served as controls, into the maternal
peritoneal cavity. The fetus was replaced, the uterus closed in 2
layers, and all catheters exteriorized through the ewe’s right flank.
In 3 ewes a catheter was also placed into a maternal carotid artery.
At least 5 days were allowed for postoperative recovery, during
which time antibiotics were administered daily to ewe
(dihydrostreptomycin 1g intramuscularly) and fetus (crystalline
penicillin 300 mg intravenously and 300 mg intra-amniotically),
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and the catheters kept patent by daily flushing with 2 ml 0.9%
saline with 50 units/ml heparin.

Experiments were performed between 121-133 days
gestation with the ewe in the standing position. Before starting,
200 pl of fetal arterial blood were withdrawn for blood gas analysis
(Instrumentation Laboratories IL 1302, Cheshire UK, temperature
corrected to 39.5°C), and normal fetal pH (mean + standard error
[SE] pH 7.33 £ 0.01), pCO2 (38 + 3 mm Hg), and pO2 (22 + 1.3
mm Hg) values demonstrated. Normal saline (0.9% NaCl) warmed
to 38-39°C was instilled intra-amniotically or intraperitoneally via
an infusion pump at 100 ml/min. Pressures in the fetal vascular or
amniotic compartments were measured via saline filled polyvinyl
catheters connected to standard biomedical transducers (L221,
Bell & Howell, Hants), and recorded on a polygraph run at 0.25
mm/sec. Amniotic pressure was referenced at the lowermost point
of the maternal abdomen, and vascular pressures were displayed
after electronic s&traction of amniotic pressure. Fetal heart rate
was determined electronically from arterial pressure fluctuations
and charted as above. Arterial samples for blood gas determination
were withdrawn at 10 minute intervals, and analysed within 5
minutes of collection.

As amniotic fluid volume in the sheep at this gestation
approximates 1 litre (Tomoda et al 1985), intra-amniotic infusion
of 5 litres was estimated to increase amniotic fluid volume by more
than 500%. However, in the absence of change in fetal pH and
blood gases or maternal disturbance with intra-amniotic infusion of
this volume, a further 5 litres was infused in one ewe and a further
10 litres in 3 ewes. The maternal flank was examined after each
litre for evidence of leakage around the catheters and the
perineum inspected for signs of rupture of the membranes. The
volume infused intraperitoneally in control fetuses was 15 litres.
One hour after the infusion, animals were killed with
pentobarbitone (4g intravenously) and the gross distribution of
infused fluid confirmed at necropsy. There was no evidence of
intraperitoneal leakage in the 7 ewes which underwent intra-
amniotic infusion.

Mean amniotic pressure was calculated after every litre from
point estimates made every 10 seconds over 2 minutes. In the
presence of a contraction, the point estimate was obtained after
the next return to baseline amniotic pressure. Fetal heart rate
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(FHR) and mean arterial pressure (MAP) were similarly recorded
in 5 fetuses. Two-way analysis of variance was used over 5 and 15
litres to analyse changes in the various parameters (A=postinfusion
value minus preinfusion value), after their distributions were
confirmed as normal by histograms. The non-parametric Wilcoxon
test was used for testing the significance of overall changes (post-
pre infusion) in animals undergoing infusions of varying volumes.
Linear regression analysis was used only after demonstration of
lack of residual relationship with the least squares method.

5.5.ii. Results

Amniotic pressure increased with all 7 intra-amniotic and 2
maternal intraperitoneal infusions. As evident from Figure 5.4, the
slopes of the individual regression equations were similar,
suggesting that differences in absolute AP were attributable to
differences in the pre-infusion AP, and therefore likely to be the
result of variation in the position of the reference point in relation
to the amniotic cavity. Accordingly changes in AP with infusion
were re-expressed as A AP (Figure 5.5), and the slopes of the
individual regression equations calculated assuming an intercept of
zero (Table 5.3).
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Figure 5.4: The change in amniotic pressure referenced at the
lowermost point of the maternal abdomen with infusion of normal saline
into the amniotic cavity (n=7, closed circles) or the maternal peritoneal
cavity (n=2, open circles) in sheep.

The mean slope in the intra-amniotic infusion group (1.00 +
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0.13) was similar to that in the intraperitoneal infusion group
(1.09 + 0.19). Although in the intra-amniotic infusion group the
mean slope was steeper in singleton than twin pregnancies (1.15 +
0.19 and 0.80 + O0.13 respectively), this difference was not
significant (p=0.21). In intra-amniotic infusions, the slopes were
similar in those infused to 5 litres compared to those infused to 15
litres (1.11 + 0.32 and 0.96 + 0.11 respectively). There was a
significant linear relationship in the intra-amniotic infusion group
between mean A amniotic pressure calculated after each litre, and
the volume infused (y=0.96x, r=0.96, p<0.001, where y=A AP in
mm Hg and x=volume in litres). Rupture of the membranes was
noted at 15 litres in 2 of the 3 undergoing intra-amniotic infusion
of this volume, leading to falls in pressure over the next hour of
9.8 and 6.1 mm Hg ( 58 and 39% respectively of the overall A
amniotic pressure with infusion). The corresponding fall after
infusion in the pregnancy with intact membranes infused to 15
litres was 3.7 mm Hg (16% of overall A AP).

(mm Hg)

A amniotic pressure

Volume infused (litres)

Figure 5.5: The rise in amniotic pressure (A) with infusion of normal
saline into the amniotic cavity (n=7, closed circles) or the maternal
peritoneal cavity (n=2, open circles) in sheep.

Intra-amniotic infusion of the first 5 litres over 50 minutes
increased mean amniotic pressure by 4.8 + 0.7 (SE) mm Hg (F
ratio=12.6, p<0.001), but did not produce any significant change
in fetal pH (A=0.01 + 0.02, F=0.7), pCO2 (A=2.2 + 3.9 mm Hg,
F=0.4) or pOg (A=-0.6 + 0.6 mm Hg, F=1.7). As infusion of a
further 5 litres in one ewe similarly failed to produce any
significant change in fetal blood gases, a total of 15 litres was next
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infused intra-amniotically in 3 ewes, producing a mean rise in
amniotic pressure of 15.2 + 1.2 mm Hg (F ratio=20.7, p<0.001)
but again no significant change in fetal pH (A=-0.04 + 0.03, F=0.7),
fetal pCO2 (A=-0.2 + 7.3 mm Hg, F=0.4), or pOg (A=-3.3 + 2.0 mm
Hg, F=1.7). There was similarly no change in the intraperitoneal
infusion group (A pH=0.002 + 0.002 F=2.0, A pCO2=0.8 + 5.5
F=0.5, A p0O2=0.5 + 0.5 F=1.2) following infusion of 15 litres. The
median overall change in pH in 7 intra-amniotic infusions was 0.00
(Wilcoxon p=0.7), the change in pCOg was 7.9 mm Hg (p=0.3), and
in pOg -1 mm Hg (p=0.2). Mean values for fetal pH and blood gases
after each intra-amniotic litre are shown in Figure 5.6 as a function
of the volume infused, and in Figure 5.7 as a function of the rise in
amniotic pressure.

Table 5.3: Details of the linear relationships between volume infused and
the rise in amniotic pressure with amnioinfusion. SE=standard error.

Ewe Type Site Volinfused Correlation Significance Slope

(litres) coefficient (+ SE)
A  twin amniotic 5 0.54 p=0.018 0.60 + 0.16
B  singleton amniotic 5 0.83 p=0.003 1.69 + 0.27
C singleton amniotic 5 0.96 p<0.001 1.04 + 0.07
D singleton amniotic 10 0.88 p<0.001 0.79 + 0.06
E twin amniotic 15 0.98 p<0.001 1.05 + 0.03
F  singleton amniotic 15 0.96 p<0.001 1.10 + 0.05
G twin amniotic 15 0.84 p<0.001 0.74 + 0.06
H twin peritoneal 15 0.91 p<0.001 0.90 + 0.07
I twin peritoneal 15 0.96 p<0.001 1.28 + 0.06

There was no significant change in FHR or MAP (F ratio 2.0
and 1.8 respectively) with intra-amniotic infusion of 10 litres.
Furthermore, infusion of another 5 litres in 2 of these fetuses
produced no subsequent change in FHR or MAP (F 1.5 and 1.1
respectively). Intraperitoneal infusion similarly had no effect on
FHR or MAP (F 0.4 and 1.0 respectively). Intra-amniotic infusion of
15 litres produced no significant change in maternal arterial pH
(mean A -0.05, CI -0.13 to +0.02, F=1.8) pCO2 (A -3.4 mm Hg, CI -
9.6 to +2.9, F=1.1) or pOg2 (A -1.7 mm Hg, CI -21.6 to +18.3, F=
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0.6).

In the intra-amniotic infusion group, there was no significant
relationship between changes in blood gas variables and the overall
rise in AP achieved or the volume infused, as shown in Table 5.4.
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Figure 5.6: Mean (+ SE) change in fetal arterial pH, pCO2 and pO2 with

intra-amniotic infusion. Note that the number of animals (n) declines
with increasing volume.



0.1 7
0.0
I -
[«
<
0.1 -
-0.2 . ' . -
0 5 10 15 20
20 -
10 4
N
8:: 0
a g
<=
-10 4
'20 L ] LS ) ] L]
0 5 10 15 20
20 -
10 +
a S
oL 0
Qe
<E ]
N’
_10-
-20 v T 1
0 10 20

A Amniotic pressure (mm Hg)

92

Figure 5.7: Mean (+ SE) change in arterial pH, pCO2 and pOg as a
function of the mean rise in amniotic pressure, calculated after each litre

of intra-amniotic infusion.

5.5.iii. Discussion

The lack of effect on fetal blood gas status of raising amniotic
pressure over the acute period of this study does not support the
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hypothesis that raised amniotic pressure compromises fetal blood
gas status. This discrepancy could be due to (i) use of
inappropriate methodology in this animal study (ii) species
differences between man and sheep or (iii) the hypothesis being
incorrect.

Table 5.4: Pearson correlation coefficients and p values for linear

associations between the overall change in blood gas variables with intra-
amniotic infusion and A amniotic pressure and volume infused.

Blood gas variable A amniotic pressure Volume infused
(mm Hg) (litres)

A pH r=0.66, p=0.11 r=0.59, p=0.16

A pCO2 (mm Hg) r=0.08, p=0.86 r=0.54, p=0.21

A pO2 (mm Hg) r=0.40, p=0.37 r=0.25, p=0.58

This study only elevated amniotic pressure acutely, and it
remains possible that chronic elevations in pressure may effect
fetal blood gas status. Nevertheless, the rapid improvement in fetal
condition noted anecdotally with drainage of amniotic fluid in
human polyhydramnios suggests a more immediate effect (Chapter
5.2.iii and Tabor & Maier 1987). As normal amniotic volume in the
late gestation sheep is approximately 1 litre (Tomoda et al 1985,
Tomoda et al 1987), 5 litres was initially infused so that the
estimated fivefold increase in amniotic volume would be analogous
to human pregnancies complicated by gross polyhydramnios
(Pritchard 1966). Having achieved no effect on fetal blood gas
status and only a modest rise in amniotic pressure, the volume
infused was increased to 10 and then to 15 litres. Intra-amniotic
infusion of 15 times normal volume not only increased amniotic
pressure substantially, but also appeared to achieve excesses of
amniotic fluid considerably greater than found in human
polyhydramnios. Nevertheless, the A amniotic pressure achieved
by infusion of 15 litres (15 mm Hg) was only at the lower end of
the APs found in human pregnancies complicated by gross
polyhydramnios (c.8-60 mm Hg in those with raised pressure as
per Figure 4.1). It was not possible to elevate pressure further by
this method, since rupture of the membranes occurred in 2 of 3
ewes infused intra-amniotically with this volume.
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In the absence of signs of intraperitoneal leakage, it seems
highly likely that some of the fluid infused intra-amniotically was
absorbed into the maternal circulation, either directly or via the
fetal circulation (Tomoda et al 1987, Gilbert & Brace 1988, Gilbert
& Brace 1989). Consistent with this was the anecdotal observation
of maternal polyuria during the larger volume infusions. Amniotic
volume was not measured, in view of the difficulties of ensuring
adequate mixing of tracers or dyes in an enlarged and acutely
expanding amniotic cavity. Nevertheless, the aim of this study was
to increase pressure rather than volume, and the net effect of any
absorption that may have occurred did not prevent the continued
rise in pressure with increasing volume, or the uterine distension
observed at necropsy.

Uteroplacental perfusion was not measured in this
experiment, the aim of which was merely to determine whether
raising AP affected fetal blood gas status. If an adverse effect had
been demonstrated, it would then have been important to
determine the mechanism. Measurement of uteroplacental
perfusion in sheep is technically very difficult, necessitating the
application of flow probes around uterine arteries. Indices of
umbilical venous compression (Chapter 5.2.iii)) such as FHR and
MAP are easier to study, and showed no change with rising AP in
these experiments.

These findings are not necessarily applicable to human
pregnancies complicated by polyhydramnios, in view of
considerable interspecies differences. In contrast to the human
uterus, the ovine organ is thin-walled and bicornuate. In addition,
sheep have a T-shaped allantoic cavity, one arm of which extends
into the non-pregna{nt horn in singleton gestations, and its
presence might conceivably dissipate‘the effects of increasing
amniotic - pressure. The linear relationship between AP and
amniotic fluid volume (measured as infused volume) in sheep
seems different from that suggested by the observational data
(Chapter 4.3) in humans. The rise of only 15 mm Hg in amniotic
pressure after amnioinfusion of 15 litres together with the finding
that intraperitoneal compliance is similar to amniotic compliance
suggests that the ovine uterus may be relatively more distensible
than the human uterus. Indeed, during an epidemic of ovine
hydramnios, amniotic volumes of 8-18 litres were recorded in
pregnancies of prolonged gestation (Coetzer & Barnard 1977); in
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contrast human polyhydramnios, although rarely associated with
this degree of excess amniotic fluid volume, is frequently
complicated by preterm labour and PPROM. Finally, the sheep
placenta is cotyledonary and epitheliochorial. Notwithstanding
these marked differences in placentation, the sheep has been
widely used in the study of fetoplacental circulatory physiology,
and was chosen here in view of its relative availability, and the local
expertise available with fetal catheterization techniques.

These results are also consistent with the hypothesis that
raised AP compromises fetal blood gas status being incorrect.
Accordingly, the association demonstrated in human pregnancies
may instead still be due to confounding variables, reflecting
underlying pathologies such as multiple pregnancy, fetofetal
transfusion syndrome, hydrops, and congenital anomalies. A
further possibility is that raised AP only affects fetal blood gas
status in the presence of abnormal fetal cardiovascular physiology
found in association with such conditions, but not in the presence
of normal cardiovascular physiology.

This study also shows that amnioinfusion increases amniotic
pressure. In sheep, Gilbert & Brace (1989) noted an increase in
amniotic pressure of 1 to 2 mm Hg after infusing 1.5 litres of
water, suggesting an ovine uterine compliance of 1 mm Hg per
litre of water. The slope of the linear relationship we observed
between amniotic pressure and volume infused not only confirms
this suggestion but extends it to infusions of 15 litres of normal
saline.

5.6 Summary
Of 22 fetuses from pregnancies with polyhydramnios

investigated by fetal blood sampling, 8 (36%) had a pH value and
16 (73%) a pO2 value below the reference range. Both fetal pH and
pO2 were significantly negatively correlated with the degree of
elevation in amniotic pressure (y=7.43 - 0.036x, r=0.56, p=0.006,
where y=pH and x=AP z score, and y=-1.6 - 0.48x, r=0.54, p=0.01,
where y=pO2 z score respectively). Although some of these fetuses
were hydropic, had congenital anomalies, or were from multiple
pregnancies, univariate and multiple logistic regression analyses
indicated that the above associations could not be accounted for by
these potentially confounding variables. In order to investigate the
suggestion that uteroplacental perfusion is impaired in
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polyhydramnios with elevated AP, Doppler waveforms were
obtained from the uteroplacental circulation in 11 pregnancies
complicated by polyhydramnios; there was no evidence of
increased downstream resistance. In order to determine the
effect of raising AP on fetal blood gas status in the absence of
confounding variables, 5-15 litres were infused intra-amniotically
in sheep, producing a rise in AP of 1.0 + 0.013 (mean + SE) mm
Hg/litre infused, but no significant change in fetal pH, pCO2, pOa2,
fetal heart rate or mean arterial pressure. This work suggests that
abnormal fetal blood gas status in human pregnancies with
polyhydramnios is associated with elevated amniotic pressure,
although the failure to reproduce this effect in sheep by raising AP
suggests that this may not be due to compressive effects of raised
AP on the uteroplacental circulation.
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CHAPTER 6: AMNIOTIC PRESSURE IN
OLiGOHYDRAMNIOS

6.1 Aims
This chapter reports the results of measurement of basal AP
in human pregnancies with decreased amniotic fluid volume, using
the technique described in Chapter 2.1. Recordings were made in
the second and third trimesters; their number, frequency and
clinical circumstance were necessarily limited by the need for a
clinical indication for amniocentesis or other transamniotic
procedure.
The aims of this study were:
i to compare AP in pregnancies with oligohydramnios with
AP in those with normal amniotic fluid volume
ii. to examine the extent to which clinical variables influence
AP in pregnancies with oligohydramnios
ili. to determine in pregnancies with oligohydramnios the
effect on AP of intra-amniotic instillation of fluid, as
performed for therapeutic purposes.

6.2 Methods

The study population comprised patients with decreased
amniotic fluid volume scheduled to undergo a transamniotic
invasive procedure, either for diagnostic or therapeutic reasons.
Each had (i) certain menstrual dates confirmed by ultrasound at
18-20 weeks, or at the time of the procedure if prior to this, and
(i) amniotic fluid volume subjectively assessed as decreased on
ultrasound immediately prior to the procedure. Patients were
excluded for either of the following findings on the pre-procedure
scan: (i) fetal death (ii) a deepest vertical pool measurement
devoid of either cord or limbs >3.0 cm.

Sixty women with singleton pregnancies between 16-36
weeks were enrolled in the study. Thirty three were associated
with fetal structural anomalies, 27 of which involved the urinary
tract. Intrauterine growth retardation, defined as an abdominal
circumference measurement <5th centile, was present in 18,
while in 10 there was a history suggestive of ruptured membranes.
The indication for the transamniotic invasive procedure was
investigation of oligohydramnios by amnioinfusion in 9, rapid
karyotyping by fetal blood sampling or transabdominal chorion
villus sampling in 11, whereas in 40 cases, both indications
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applied. All gave informed consent in accordance with institutional
ethics committee requirements.

The deepest vertical pool of amniotic fluid was recorded in
all patients, and in the last 34 cases, the AFI was also determined.
Oligohydramnios was severe (defined as the deepest pool <1.0 cm)
in 40, moderate (1.1-2.0 cm) in 10, and mild (2.1-3.0 cm) in 10.
All procedures were performed under ultrasound guidance, and
pressure measurements made on entry of the needle into the
amniotic cavity, as described in Chapter 2. Care was taken to avoid
loops of cord by first insonating potential pockets of amniotic fluid
with pulsed wave Doppler. In the absence of an identifiable pool,
the needle was guided toward a potential pool of amniotic fluid in
the vicinity of fetal limbs. The intra-amniotic position of the needle
was confirmed before pressure measurement, either by aspirating
0.3 ml of amniotic fluid or, in cases of anhydramnios, by observing
sonographically 1-2 ml of saline flushed down the needle disperse
within the amniotic cavity. Sedation was not used.

In 49 cases, after the initial pressure reading, amnioinfusion
was performed for clinical indications to facilitate ultrasonic
visualization of fetal anatomy and determination of membranous
integrity. Oligohydramnios was classified as severe in 39, moderate
in 5 and mild in 5. A 25 cm long portion of polyvinyl tubing (2.5
mm ID) was connected to the needle hub at one end, and a 50 ml
syringe, which was attached to a three-way tap at the other end,
was used to inject warmed normal saline (0.9% sodium chloride at
37°C) intra-amniotically at a rate of 25-50 ml/minute. The volume
infused (range 40-640 ml) was selected by the operator to be the
minimum' needed to improve the ultrasound view. Following
amnioinfusion, the manometry apparatus was flushed to ensure the
absence of bubbles, re-referenced and then reconnected to the
needle hub and a further reading made. Vaginal fluid leakage was
observed immediately following the procedure in 8 patients,
indicating the presence of ruptured membranes.

In 43 of the 49 cases which underwent fetal blood sampling
following measurement of AP, sufficient blood was obtained to
allow blood gas analysis as described in Chapter 5.3. In 37 cases,
fetal blood sampling was performed after the amnioinfusion.

Serial readings were made on 2-6 occasions in 13 patients at
1-7 weekly intervals, the indication for subsequent procedures
being repeat urine aspiration for fetal renal function (n=5), and
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prophylactic amnioinfusion either to promote lung development
(n=) or facilitate vesico-amniotic shunt placement (n=2). The
deepest pool prior to each infusion measured <3.0 cm.

Data on basal AP and the effect of infusion were analysed with
respect to the first procedure only. To remove the effect of
gestational age, comparisons in AP between groups were made
using z scores (no. of SDs from the mean). Changes in variables
with infusion are expressed as A variable (=post-infusion value
minus pre-infusion value). Relationships were assessed between
amniotic pressure and other variables using Pearson and Spearman
correlation coefficients for normally and non-normally distributed
data as appropriate. Statistical comparisons were made
parametrically by paired or unpaired t -testing as indicated, or
non-parametrically by the Mann-Whitney test.

6.3 Results

Amniotic pressure was significantly reduced in 60
pregnancies with oligohydramnios compared to those with normal
amniotic fluid volume (mean z score -1.4 CI -1.7 to -1.0, p<0.001).
As shown in Figure 5.1, AP readings were beneath the lower limit
of the reference range in 16 (27%), and beneath the mean for
gestational age in 51 (85%). There was no significant correlation
between AP z scores and gestational age.

The degree of reduction in AP was directly related to the
degree of oligohydramnios, expressed both as the deepest pool
measurement (Spearman p=0.001) and the AFI (Spearman
p=0.03). AP was reduced in pregnancies with severe
oligohydramnios (mean -1.8 z scores CI -2.3 to -1.4, p<0.001), but
not in those with mild (-0.5 z scores CI -0.9 to +0.1, p=0.1) or
moderate oligohydramnios (-0.3 z scores CI -1.1 to +0.6, p=0.5). In
those with severe oligohydramnios however, there was no
correlation between AP z scores and either the deepest pool
measurement (Spearman p=0.7) or AFI (Spearman p=0.6). In the
40 pregnancies with severe oligohydramnios, AP was on (within
0.2 mm Hg) or below the mean for gestational age in all cases, and
beneath the lower limit of the reference range in 16 (40%).

Intra-amniotic infusion of saline increased amniotic pressure
by a mean of 4.3 mm Hg (CI=3.4 to 5.3, p<0.001) and 2.7 z scores
(CI 2.0 to 3.4, p<0.001) as shown in Figures 6.2 and 6.3
respectively. There was no significant correlation between A AP in
z scores and gestational age, volume infused, the deepest pool
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measurement or AFI. A AP was however, significantly negatively
correlated with the preinfusion AP (y=0.94 - 1.0x where y=A AP z
score and x=preinfusion AP z score, r=0.58, p<0.001, Figure 6.4)
but not to post infusion AP. Multiple linear regression analysis
indicated that this association remained significant (p<0.001) after
accounting for volume, and post infusion z score.
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Figure 6.1: Amniotic pressure in pregnancies complicated by
oligohydramnios shown against the reference range for pregnancies with
normal amniotic fluid volume. Closed circles=severe oligohydramnios,
open circles=mild/moderate oligohydramnios. Note that some
coordinates have been altered slightly (by <0.2 weeks, <0.1 mm Hg) to
avoid overlap.

There was no significant change in AP with infusion in those
with mild oligohydramnios (mean A z score 0.6, CI -4.2 to +5.4,
p=0.8), in contrast to the rise in those with moderate (3.4, CI 1.7
to 5.1, p=0.02) or severe oligohydramnios (2.8, CI 2.3 to 3.5,
p<0.001). In pregnancies with severe oligohydramnios which
underwent amnioinfusion, the A AP was significantly greater in the
15 with a preinfusion AP beneath the reference range (mean 3.8 z
scores, CI 2.8 to 4.8) compared to those with a preinfusion AP
within the reference range (2.3, CI 1.7 to 2.9, p=0.01).
Nevertheless, the change in AP z scores in those with a normal
preinfusion z score was still significantly different from zero
(p<0.001).
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Figure 6.2: The effect of infusion of normal saline in pregnancies
complicated by oligohydramnios on amniotic pressure in mm Hg. Mean A
4.3 mm Hg, CI 3.4 to 5.3, p<0.001.
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Figure 6.3: The effect of infusion of normal saline in pregnancies
complicated by oligohydramnios on amniotic pressure in z scores. Mean
A z score =2.7, CI 2.0 to 3.4, p<0.001.

Pregnancies with ruptured membranes (n=8) had similar
basal APs to those with intact membranes (mean z score -1.3, Cl=-
1.9 to -0.7 and -1.8, CI -2.2 to -1.3 respectively), and with
infusions of similar volume (median 248 ml, range 160-326, and
160, range 42-637, p=0.5) had similar A APs (mean A z score 2.4,
CI 1.8 to 3.0 and 2.8, CI 1.9 to 3.6 respectively). In one pregnancy
at 23 weeks gestation, infusion of 200 ml produced an unusually



102

high AP of 21.5 mm Hg (Figure 6.2); 60 ml was then withdrawn,
resulting in a post-infusion AP of 10.5 mm Hg.

A Amniotic pressure
(z scores)

-8 -6 -4 -2 0 2

Pre-infusion AP (z scores)

Figure 6.4: The relationship between the rise in amniotic pressure and
basal pressure prior to infusion. (y=0.94 - 1.0x where y=A AP z score and
x=preinfusion AP z score, r=0.58, p<0.001)

Fetal acidaemia (pH >2SDs beneath the reference mean) was
present in 9, fetal hypercapnia (pCO2 >2SDs beneath the reference
mean for gestation) in 16, and fetal hypoxaemia (pO2 >2SDs
beneath the reference mean for gestation) in 36 of the 43
pregnancies with oligohydramnios investigated by fetal blood
sampling in which sufficient blood was obtained for blood gas
analysis. However, in contrast to the situation in polyhydramnios,
there was no significant correlation between the initial AP and any
of the fetal blood gas variables expressed in z scores. The same
applied when only the 28 with severe oligohydramnios so
investigated were considered.

The scatter of preinfusion AP recordings in those with serial
readings as shown in Figure 6.5 is similar to that of the single
readings in Figure 6.1. Analysis of variance on this data was not
possible in view of the differing number of observations per
patient. The same applies to the change in AP with serial infusions;
AP rose acutely with 44 of the 46 serial infusions as shown in
Figure 6.6.
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Figure 6.5: Serial amniotic pressure readings (dots) in 13 patients with
oligohydramnios. Note that where amnioinfusion was performed,
readings refer to pre-infusion AP. The shaded area represents the 95%
reference range.
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Figure 6.6: The change (A) in AP z scores with amnioinfusion (dots) in
12 patients in whom serial infusions were performed.

6.4 Discussion

This study demonstrates that amniotic pressure is low in
oligohydramnios. Resting AP in human oligohydramnios has not
previously been reported, although some descriptive data in
labouring patients suggests that removal of 300-700 ml of amniotic
fluid by amniocentesis results in a fall in basal AP (Csapo et al
1963). In a recent study in late gestation sheep (Harding et al
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1990), AP fell by 1 mm Hg with 48 hours of amniotic (and
allantoic) fluid drainage, and returned to baseline values with
reinfusion of the drained volumes, although this change was not
significant (0.05<p<0.1). The wide SDs (c1.5 mm Hg with n=8) in
that study suggested considerable variation in response, and the
degree of oligohydramnios achieved was unknown, as amniotic
fluid volume was not measured. Severe oligohydramnios may not
necessarily have been achieved, and it should be remembered
that in the human pregnancies AP was only reduced in those with
severe and not mild/moderate oligohydramnios.

It remains possible that confinement of low readings to
those with severe oligohydramnios may have reflected technical
difficulties in obtaining accurate readings in pregnancies with no
visible and thus sizeable pool of amniotic fluid. However great care
was taken with flushing the needle to ensure accurate pressure
readings from within the amniotic cavity. Furthermore, the lack of
correlation between AP and the deepest pool/AFI in those with
severe oligohydramnios does not support the contention that
technically inadequate readings in anhydramnios accounted for the
significantly lower AP z scores in severe oligohydramnios
compared to those with mild or moderate oligohydramnios, or to
those with normal amniotic fluid volume.

This finding that AP is decreased with reduced amniotic
fluid volume, together with the finding of increased AP with
elevated volume (Chapter 4), is broadly consistent with hydrostatic
principles governing contents within inelastic confines. Abnormal
AP in oligohydramnios however, was confined to severe degrees of
derangement in amniotic fluid volume, as it was in pregnancies
complicated by polyhydramnios. This further supports the
suggestion (Chapter 3.4) that the relationship between amniotic
pressure and intrauterine volume is non-linear, presumably
reflecting the different physical principles determining pressure
within a musculoelastic structure like the human uterus, as
discussed earlier (Chapter 3.4). The degree of abnormality in AP
found in both severe oligohydramnios and polyhydramnios is far
greater than would be expected if AP was simply determined by
gestation-related changes in intrauterine volume: i.e. low AP in
severe oligohydramnios at x weeks cannot be attributed to the
lower intrauterine volume consequent upon reduced amniotic fluid
approximating that found normally several weeks earlier in
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gestation (Figure 3.2). From the limited serial data in both
polyhydramnios (Chapter 4.3) and oligohydramnios, derangement
in AP appears more a long-standing than acute manifestation of
abnormal amniotic fluid volume.

Amnioinfusion in oligohydramnios pregnancies significantly
increased AP. The rise in AP with infusion was greatest in those
with severe oligohydramnios and those with a preinfusion AP
beneath the reference range, consistent with preinfusion AP being
the main variable determining this rise (Figure 6.4), and the
su'ggestioln, made earlier with reference to polyhdramnios
(Chapter 4.4), that restoration of fluid volume restores AP towards
normal. Nevertheless, a significant rise in AP also occurred in
those with méderate oligohydramnios and those with severe
oligohydramnios whose preinfusion AP was within the reference
range, suggesting that fluid infusion per se may have an additional
effect on AP. Indeed, the majority of the postinfusion AP z scores
lay in the upper half of the reference range (0 to +1.96 z) as may
be seen from Figure 6.3. Posner et al (1990) recently reported a
significant increase in basal AP with intrapartum amnioinfusion in
patients with an AFI <5 cm, but did not quantitate the rise or
relate it to the degree of oligohydramnios. They also noted a
pronounced pressure rise in one case, as occurred in one of the
patients in this series, suggesting an occasional idiosyncratic
response. _

The clinical implications of low AP in oligohydramnios will
be discussed in the next two chapters.

6.5 Summary
Amniotic pressure was reduced in 60 pregnancies with

oligohydramnios (mean z score -1.4, CI -1.7 to -1.0, p<0.001), and
was significantly correlated with semi-quantitative amniotic fluid
volume (deepest pool and AFI). Only in those with severe
oligohydramnios, was AP significantly lower than with normal
amniotic fluid volume. Intra-amniotic infusion of saline (mean 204
ml, CI 171 to 237) increased AP by a mean of 2.7 z scores (CI 2.0
to 3.4, p<0.001), with A AP being significantly related to the pre-
infusion AP z score (y=0.94 - 1.0x, r=0.58, p<0.001), but not to the
volume infused. AP did not change with infusion in those with mild
oligohydramnios, in contrast to the significant rise in those with
moderate (mean A AP 3.4 z scores, CI 1.7 to 5.1, p=0.02) or severe
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oligohydramnios (mean A AP 2.8 z scores, CI 2.3 to 3.5, p<0.001).
In pregnancies with severe oligohydramnios, A AP was significantly
greater in those with a preinfusion AP beneath the reference range
(mean 3.8 z scores, CI 2.8 to 4.8) compared to those with a
preinfusion AP within the reference range (mean 2.3 z scores, CI
1.7 to 2.9, p=0.01). These data suggest that AP is low in
oligohydramnios, and rises with restoration of amniotic fluid
volume. This work compliments that in polyhydramnios (Chapter
4), suggesting that abnormal AP occurs only in the presence of
gross derangement in amniotic fluid volume, and that pressure
changes with restoration of amniotic fluid volume, at least in part,
reflect restoration of AP towards normal.
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CHAPTER 7: LOW AMNIOTIC PRESSURE CONTRADICTS
THE CONCEPT OF FETAL “COMPRESSION” IN
OLIGOHYDRAMNIOS

7.1 Background

The fetus in prolonged oligohydramnios is widely held to be
compressed, as discussed in Chapter 1.6.vi., on the basis of its
characteristic flattened facies and postural limb deformities. In
addition, the umbilical cord has also been assumed to be
compressed on the basis of an increased incidence of FHR
decelerations (Chapter 1.6.v). The demonstration that the
amniotic pressure surrounding the fetus is low is not consistent
this concept of fetal "compression” in oligohydramnios. Although
not all pregnancies with oligohydramnios had reduced AP (Chapter
6), there was certainly no evidence that AP was elevated (Figure
6.1). Furthermore, low AP was confined to pregnancies with severe
oligohydramnios, the ones documented to have the highest
incidence of soft tissue sequelae considered indicative of fetal
compression (Thibeault et al 1985).

The mechanism for oligohydramnios-related PH is not
understood. As compression by intrathoracic space occupying
lesions is known to cause lung hypoplasia, many authors have
attributed oligohydramnios-related PH to extrathoracic
compression of the developing lung, as discussed in Chapter
1.6.vi.. Since inhibition of FBM also results in PH, it has further
been suggested that the mechanism by which extrathoracic
compression impairs fetal lung development is inhibition of FBM
(Gruenwald 1957, Wigglesworth et al 1977). In this regard Blott et
al (1987, 1990, Blott & Greenough 1988) recently noted in human
pregnancies with prolonged oligohydramnios that FBM were
absent in' fetuses with, and present in those without, lethal PH.
These findings however were disputed by the work of another
group (Fox & Moessinger 1985, Moessinger et al 1987). The
propriety of various definitions of FBM used in human studies
remains controversial (Greenough et al 1988, Pillai & James
1990), with one of the 2 groups attributing this disparity in
findings to the differing criteria used for defining FBM epochs
(Greenough et al 1988). Restoration of amniotic fluid volume in
animals with oligohydramnios has been shown to have significant
beneficial effects on fetal lung development (Harrison et al 1982b,
Nakayama et al 1983). If FBM are reduced as a result of chest
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"compression" in oligohydramnios, restitution of amniotic fluid
volume should be accompanied by an increase in FBM.

As discussed in Chapter 1.6.v., the increased incidence in
oligohydrémnios of fetal distress, meconium staining of the
amniotic fluid, and variable FHR decelerations has been attributed
by many authors to umbilical cord compression. Intrapartum
amnioinfusion has been shown in several studies of patients with
oligohydramnios to reduce the frequency of variable decelerations
in labour and ameliorate fetal condition at birth (Nageotte et al
1985, Strong et al 1990a). Antepartum, there have been only
anecdotal reports of the effect of restoration of amniotic fluid
volume on fetal condition, leading in one case to the disappearance
of FHR decelerations (Imanaka et al 1989), and in another to
normalization of the umbilical artery Doppler waveform, with
return of the abnormality when oligohydramnios recurred (Van der
Wjingaard et al 1987).

7.2 Aims

The' aim of this section was to investigate in human
pregnancies with severe oligohydramnios the effect on various fetal
biophysical variables of relief of presumed fetal "compression" by
restoring amniotic fluid volume as performed for diagnostic or
therapeutic purposes. Specifically:

i. to determine the acute effect of restoration of amniotic
fluid volume on FBM using both definitions of FBM
epochs employed in the studies mentioned

ii. to determine the acute effect of restoration of amniotic
fluid volume on fetal umbilical artery Doppler waveforms

ili. to compare the above effects with those seen in
patients with oligohydramnios undergoing amnioinfusion
in whom immediate leakage of the infused fluid vaginally
prevented restoration of amniotic fluid volume
(fortuitous controls).

These experiments were necessarily limited by the need for an
underlying clinical indication for amnioinfusion.

7.3 Relief of presumed "compression'- effect on fetal breathing.

7.3.1. Methods
Sixteen women with severe oligohydramnios in singleton
pregnancies scheduled to undergo clinically-indicated diagnostic
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amnioinfusion between 17-31 weeks (median 23) gave written
informed consent to inclusion in this study, approved by the
institutional ethics committee. Transabdominal amnioinfusion with
150-350 ml warmed normal saline was performed without
sedation under ultrasound control as previously described (Chapter
6.2). Fetal blood sampling was also performed in 13 cases for rapid
karyotyping.

Using high resolution ultrasound (Acuson, Mountain View,
California), the deepest vertical pool and AFI were measured
before and immediately after infusion, as was AP, as described
earlier. Two ml samples of amniotic fluid, collected in 7 cases
before and after amnioinfusion, were immediately spun down, and
stored frozen (-70°C). After thawing, they were assayed for
prostaglandin Eg and Fay by Dr M Sullivan of the Department of
Obstetrics & Gynaecology at the Royal Postgraduate Medical
School, Hammersmith Hospital using reverse phase high
performance liquid chromatography (Rose et al 1987). End-
diastolic frequencies were observed in the umbilical artery
Doppler waveforms of all fetuses, both before and after the
procedure, excluding significant fetal hypoxaemia and acidaemia
(Nicolini et al 1990). The aetiology of oligohydramnios was
classified after infusion as follows: PPROM in 8, bilateral fetal renal
pathology in 2, IUGR in 3, and idiopathic in 3.

FBM were recorded continuously for 40 minutes before and
40 minutes immediately after amnioinfusion. No patient smoked or
consumed alcohol within one hour of recording. Glucose loading
was not performed in view of (i) glucose loading not having an
effect on FBM until 230 weeks (Trudinger & Knight 1980, Natale
et al 1988) and (ii) the difficulty standardising the pre and post-
infusion recordings for maternal glucose. With the mother lying
semi-recumbent, a realtime ultrasound transducer (model 4000
S/L, ADR, Arizona) was used to visualize the fetal thorax and
abdomen in a longitudinal plane. Care was taken to avoid undue
compressive force on the fetal thorax by supporting the operator’s
arm during the recording on pillows level with the vertical height
of the fundus. Each fetal breathing movement, defined as inward
movement of the thorax with paradoxical outward movement of
the abdominal wall, was recorded by means of a manually operated
tone generator onto audiotape. All recordings were made by the
same person (the candidate) using the same apparatus.
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Prior to infusion, the deepest pool and AFI were <1.2 and
<2.3 cm respectively, and mean AP was -1.5 z scores (CI -3.0 to
0.0). Vaginal leakage was noted during the procedure in 6 of the
16 patients. No patient in the fluid retained group leaked within 4
hours of infusion, whereas further vaginal leakage was noted during
the post-infusion recording in 4 of 6 in the leakage group.
Amnioinfusion significantly increased amniotic fluid volume (mean
A AFI=10.0 cm, CI 8.7 to 11.2) in 10 women in whom fluid was
retained. In contrast, there was only minimal increase in 6
patients, in whom vaginal leakage of fluid was noted during the
procedure (A AFI=1.8 cm, CI 0.2 to 3.4). The deepest pool and AFI
post-infusion were both significantly greater in the fluid retained
(median 4.0 [range 2.9-4.8] and 10.6 [9.1-13.4] respectively) than
the fluid leakage group (median 1.2 [0.6-2.9], p<0.01 and 2.1 [0.6-
5.9], p<0.01).

The audiotape was replayed into the input port of a BBC
microcomputer, which quanititated the intervals between
initiation of tone busts at 0.5 second intervals. Digitized data were
then analysed for total breaths, as well as incidence of FBM using
the two definitions (Greenough et al 1988), as shown in Figure 7.1.
As per convention, an episode of FBM was only considered to have
occurred when several movements were noted within a minimum
time-frame or epoch; this was done to exclude isolated
diaphragmatic movements and hiccoughs (Pillai & James 1990).
Under definition A, an epoch of fetal breathing comprised
continuous breathing movements for > 60 seconds in the absence
of any apnoeic interval >6 seconds (Blott & Greenough 1988). With
definition B, an epoch began whenever 3 breaths occurred within a
6 second window, and ended whenever there were <3 breaths
within any subsequent 6 second window (Moessinger et al 1987).
The incidence of FBM was thus defined as the percentage of time
spent in FBM epochs. Prior to commencing the pre- and post-
infusion recordings, 6 AGA pregnancies with normal amniotic fluid
volume were studied on 1-3 occasions to test the ability of the
recording technique to document FBM (Figure 7.2).

Five of these women underwent serial infusions (3 had one
subsequent infusion, 1 had three, and another five) at 1-2 weekly
intervals as prophylaxis to promote lung development. Fetal blood
sampling ‘was not performed with any subsequent infusion, and
leakage occurred after 3. Data were similarly collected and FBM
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recordings made as for single infusions.
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Figure 7.1: Representative computer analysis of 40 minute FBM
recording, showing the total number of breathing movements, the
number and duration of epochs using both definition A & B, and the
frequency of breathing movements. This recording illustrates the
considerable effect of the different definitions on the number of epochs
recorded.

Changes in variables with infusion were expressed as A
variables (=post-infusion minus pre-infusion value). Non-
parametric statistics were used when non-Gaussian distributions
were evident on histograms. Relationships between variables were
assessed by Pearson and Spearman correlation coefficients for
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parametric and non-parametric data as appropriate. Two-tailed
comparisons were by t testing (paired or unpaired) for parametric
data and for non-parametric data by Wilcoxon or Mann-Whitney
tests as appropriate. After analysis of data for single infusions, all
infusions (first and subsequent) were then re-examined as pooled
data. Although pooled analysis is statistically less desirable, it was
still considered appropriate in that each infusion represented a
completely new occurrence in terms of degree of oligohydramnios,
gestational age, volume infused, A AP and A AFI.
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Figure 7.2: Pilot analysis of 10 control FBM recordings made in the
presence of normal amniotic fluid volume, analysed for total breathing
movements, and incidence of Definition A & B epochs. Note lines join
the serial observations.

7.3.ii. Results
Single infusions: The total number of FBM per recording did
not change significantly with amnioinfusion, either in the fluid
retained or the fluid leakage group, as shown in Figure 7.3. Most
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fetuses had no Definition A FBM epochs detected either before
(n=10) or after infusion (n=12). All 6 with Definition A epochs
present pre-infusion had no epochs present post-infusion, while
all 4 with definition A epochs present after infusion did not have
epochs present prior to infusion. In contrast, all but one fetus had
Definition B FBM epochs present before, and all but 2 after
infusion (Figure 7.4). There was no significant change in incidence
of FBM with infusion in either the fluid retained or leakage group,
using Definition A and Definition B (Table 7.1). There was similarly
no significant change in duration of Definition B epochs in the fluid
retained (median A -1s, range -15 to +10) or fluid leakage groups
(median A 4s, -22.5 to +20.5). A comparable analysis with
definition A was not possible, as most fetuses did not demonstrate
any such epochs.
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Figure 7.3: The number of FBM before and after amnioinfusion in those
who leaked (open circles) and retained (closed circles) infused fluid.

In the fluid retained group, there was no significant
correlation between A incidence FBM (Definition B) and
gestational age, A AFI, A deepest pool, or volume infused. However,
A incidence (Definition B) increased significantly with increasing
A amniotic pressure expressed in mm Hg ( y=-25.0 + 8.8x, r=0.97,
p<0.001, where y=A % FBM and x= A amniotic pressure in mm
Hg, Figure 7.5), but not in z scores (r=0.3, p=0.4). Similar
correlations were observed with A total FBMs and epoch duration
(Definition B); however only that with A incidence (Definition B)
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remained significant when all 3 FBM variables were analysed by
multiple linear regression (p=0.047). Multiple regression also
indicated that A % FBM (Definition B) was highly significantly
correlated (p<0.001) with both pre and post infusion AP in mm
Hg. However the incidence of FBM (Definition B) did not correlate
with baseline amniotic pressure, either before or after
amnioinfusion. There was no significant correlation between A
amniotic pressure in mm Hg and gestational age, volume infused,
AFI or deepest pool, either as the pre, post or A value. When
gestational age was added to a linear regression model of A
incidence (Definition B) on A AP in mm Hg, the negative effect of
gestation fell just short of statistical significance (p=0.053),
suggesting that the above relationship may in part be attributable
to gestation: this would explain the lack of significant correlation
with AP in z scores. In the fluid leakage group, there was no
significant correlation between A incidence (Definition B) and AP,
expressed, in either units.
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Figure 7.4: The incidence of FBM using Definition B (Moessinger et al
1987) before and after amnioinfusion in those who leaked (open circles)
and retained (closed circles) infused fluid.

Amniotic fluid prostaglandin (PG) E9 and Fgy concentrations
fell significantly with amnioinfusion (mean A PGE2=-64.2%, CI -
82.0 to -46.4, p<0.001, and A PGF24=-78.9%, CI -92.6 to -65.2,
p<0.001).
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Table 7.1: The effect of amnioinfusion on the number and incidence of
FBM using two different definitions (A=Blott & Greenough 1988,
B=Moessinger et al 1987). NS= no significant difference between fluid
retained and fluid leaked groups. NS= not significantly different from

Z€ro.

Fluid retained  Fluid leaked Significance
(n=10) (n=6) (retained vs leaked)
Total FBM (no.)
{mean & Cls)
Preinfusion 238 241 NS
(129 to 347) (91 to 391) (unpaired t test)
Postinfusion 173 178 NS
(127 to 219) (32 to 323) (unpaired t test)
A FBM -72 -64 NS
(-218 to +74) (-273 to +145) (unpaired t test)
NS NS
(paired t test) (paired t test)
Definition A (%)
(median & range)
Preinfusion 0 0 NS
(0 to 7) (O to 11) (Mann Whitney)
Postinfusion 0 0 NS
(0O to 3) (0 to 12) (Mann Whitney)
A FBM 0] 0 NS
(-7 to +3) (-11 to +12) (Mann Whitney)
NS NS
(Wilcoxon) (Wilcoxon)
Definition B (%)
(median & range)
Preinfusion 8.5 5.5 NS
(0O to 28) (0.3 to 34) (Mann Whitney)
Postinfusion 5.5 2.5 NS
(1 to 15) (0 to 16) (Mann Whitney)
A FBM -2.5 -4.5 NS
(-27 to +13) (-34 to +15) (Mann Whitney)
NS NS
(Wilcoxon) (Wilcoxon)

Pooled infusions: When the single and subsequent infusions were
considered together, there was no significant difference in A total
FBM or A % FBM (Definition B) between infusions in which fetal
blood sampling was performed and those in which it was not, both
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overall and in the fluid retained group. With the pooled infusions,
there was still no significant change in total FBM, or incidence
using either definition. However, FBM (Definition A) were present
more often than in the single infusions, presumably due to the
later gestation of subsequent infusions (Figure 7.6).
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Figure 7.5: The association between the change in FBM incidence
(Definition B) and the rise in AP with amnioinfusion (y=-25.0 + 8.8x,
r=0.97, p<0.001, where y=A FBM (definition B) and x=A AP in mm Hg.
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Figure 7.6: Comparison of the incidence of FBM using Definition A (Blott
& Greenough 1988a) between all infusions in which fluid was retained
(closed circles) and those in which it leaked out (open circles).
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7.3.1ii. Discussion

This study indicates that restitution of amniotic fluid volume
in human pregnancies complicated by severe oligohydramnios
does not acutely alter the incidence of FBM. There was similarly no
change in pregnancies in which leakage of infused fluid prevented
restoration of amniotic fluid volume. The latter pregnancies served
as controls for the amnioinfusion procedure without amniotic fluid
volume being restored.

The acute effect was studied because (i) this standardized for
confounding variables by minimising the interval between
recordings, and (ii) most of the subjects were outpatients referred
long distances to the institution. It is possible that some aspect of
the procedure other than restitution of amniotic fluid volume may
acutely have prevented any increase in FBM, which instead might
have been detectable later. Prostaglandins are known to inhibit
FBM (Kitterman et al 1983), and transgressing the uterus with a
needle or puncturing the fetal umbilical vein for blood sampling
may theoretically have precipitated local prostaglandin release.
However amniocentesis has no immediate effect on the incidence
of FBM (Hill et al 1979), and A FBM in our study was similar
whether or not fetal blood sampling was performed. Allowing for
the diluent effect of saline, the fall in amniotic fluid prostaglandin
concentrations with amnioinfusion does not support this
procedure being associated with a major release of prostaglandins.

Observation periods of 30-100 minutes have previously been
used to study human FBM (Roberts et al 1980, Pillai & James
1990). In this study, a relatively short interval of 40 minutes was
chosen, out of concern for maternal tolerance of two recordings
and an invasive procedure in the one session. The considerable
variance in FBM incidence noted here has also been reported by
others using longer recording periods (Pillai & James 1990),
suggesting that increasing the observation period would be
unlikely to exert a major influence on the results.

Great care was taken to minimize variability in FBM
recordings, by ensuring that all recordings were made by the same
person using the same apparatus. The need for a dedicated
scanner unfortunately necessitated the use of an older machine,
whose lack of appropriate output port precluded video recordings,
by which intra-observer reproducibility could have been checked.
Nevertheless, the data obtained in terms of incidence of FBM, in
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the controls with normal amniotic fluid volume as well as in those
with oligohydramnios, were broadly similar to that found in Pillai
and James's recent longitudinal study (1990) involving over 400
hours of recording in normal fetuses. To minimize any effect of
gestation, paired comparisons were used for pre- and post-
infusion data .

These data support an increasing literature suggesting that
impairment of fetal breathing is not the mechanism for
oligohydramnios-related PH. Fetal breathing movements continue
during acute (Moessinger et al 1985) and chronic oligohydramnios
(Harding et al 1990) in fetal sheep. Indeed, Dickson & Harding
(1991) have recently shown that FBM are not reduced throughout
oligohydramnios of sufficient duration to produce PH.
Experimental inhibition of FBM in addition to oligohydramnios
produces more severe PH than oligohydramnios alone (Adzick et al
1984). Extrathoracic compression impairing FBM is considered
unlikely as the major component of FBM is mediated by
diaphragmatic rather than intercostal muscles (Dawes et al 1980)
and experimentally intra-abdominal diaphragmatic compression
has no effect on lung development (Sauer et al 1987). In fact, FBM
are paradoxical in that the chest wall moves inwards during
diaphragmatic contraction (Liggins 1984), and it is difficult to
envisage how external compression could prevent this inward
movement.

The group which claimed FBM were “absent’ in fetuses with
PH secondary to prolonged ruptured membranes (Blott et al
1987), later elaborated that this meant continuous epochs of FBM
lasted <60 seconds (Greenough et al 1988), a definition used in
the third trimester (Roberts et al 1980, Vintzileos et al 1983). The
incidence of FBM however, is considerably lower in the mid-
trimester, when the risk of oligohydramnios-related pulmonary
hypoplasia is greatest (Wigglesworth & Desai 1981). Using their
definition, FBM were “absent” in most fetuses in this study, both
before and after infusion, in keeping with the pilot observations in
mid-trimester fetuses with normal amniotic fluid volume (Figure
7.2). Pillai and James (1990) found that more than 75% of normal
fetuses <28 weeks did not breathe in epochs of > 60 seconds. The
60 second definition is thus inappropriate in the mid-trimester,
the gestational period of the majority of fetuses in this study, and
the gestational age at which most fetuses at risk of PH are likely to
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be evaluated. Even with definition B, the median incidence of FBM
prior to 26 weeks is normally only 1.4%, increasing to 20%
between 26-30 weeks (Pillai & James 1990). The fact that the
incidence of FBM is normally relatively low during the cannalicular
period of lung development may explain the clinical observation
that PH due to chronic inhibition of FBM is not always fatal,
whereas that due to prolonged oligohydramnios, such as in renal
agenesis, is.

The factors determining fetal breathing remain poorly
understood. Using the more appropriate definition B, the
incidence of FBM decreased in this experiment when the rise in
AP was < 3 mm Hg, but otherwise increased slightly (Figure 7.5).
This may reflect some as yet uncharacterized fetal response to the
amnioinfusion-induced rise in AP, since FBM incidence, either
before or after infusion, did not appear determined by AP.
However, the fact that no such association was found when A AP
was expressed in z scores, suggests that instead this correlation
may simply reflect a confounding effect of gestational age.

Analysis of the power of this study was limited by the non-
parametric nature of the data, the inability to define population
variability with definition A, and the inability to log-transform data
which includes zero. Nevertheless, an approximation was obtained
a f t e r 1 o
g transformation of total FBM, such that with a one sided analysis
with a=0.05 and 1-8=0.8, this study only had sufficient power to
exclude a.rise of 90%. Although this study indicates that "absent"
FBM in oligohydramnios do not become "present"” as a result of
restoration of amniotic fluid volume, it remains possible that
smaller alterations in FBM may be present in oligohydramnios.

7.4 Relief of presumed "compression"-effect on fetal Doppler
waveforms

7.4.i. Methods

Sixteen women with severe oligohydramnios in singleton
pregnancies scheduled to wundergo clinically-indicated
amnioinfusion between 17-28 weeks (median 22.5) were enrolled
in this study. Warmed 0.9% NaCl solution (50-350 ml) was infused
transabdominally as described earlier in this chapter. The deepest
vertical pool and AFI were measured before and immediately after
infusion, as was AP. The aetiology of oligohydramnios was classified
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after infusion as follows: PPROM in 7, bilateral fetal renal pathology
in 4, IUGR in 2, and idiopathic in 3. Three had a fetal abdominal
circumference measurement <5th centile, two in the IUGR group
and one in the renal pathology group. Fetal blood sampling for
rapid karyotyping was performed in 8 cases; if sufficient blood was
obtained, blood gas analysis was performed as described previously
and results compared to reference ranges (Chapter 5.3.1).

Umbilical artery Doppler waveforms were obtained before
and immediately after amnioinfusion. Recordings were made with
the mother lying semi-recumbent in approximately 15° lateral tilt,
using a continuous wave machine (Vasoflo 4, Oxford Sonicaid,
Oxford), as described in Chapter 5.4.i. Waveforms were recognized
as being from the umbilical artery by all of the following: (i)
asynchrony with the maternal pulse (ii) their characteristic
appearance (i) demonstration of a non-pulsatile venous waveform
in the opposite channel. The Doppler index of downstream
resistance used was the pulsatility index (PI=[x-y]/z where x=peak
systolic velocity, y=end-diastolic velocity, and z=mean velocity).
Each reading was obtained during fetal apnoea by "freezing" the
image when the coefficient of variation of the PI values in 5
consecutive waveforms was <5%. The mean of each of 3 means
obtained from 5 consecutive waveforms was then used for
statistical analysis. Fetal heart rate (FHR) was similarly calculated
on line, from the time interval between 5 consecutive waveforms.
PI values were compared to a published cross-sectionally derived
reference range based on large numbers (c.500), the upper limit of
which fell from 1.60 to 1.45 over the gestational period of patients
in this study (Ferrazzi et al 1990).

Prior to infusion, the deepest pool and AFI were <1.0 and
<2.3 cm respectively, and mean AP was -1.2 z scores (CI -1.8 to -
0.6). Vaginal leakage occurred during the procedure in 5 patients.
Amnioinfusion significantly increased amniotic fluid volume (mean
A AFI=9.8 cm, CI 7.9 to 11.7) in 11 women in whom fluid was
retained. In contrast, there was only minimal increase in 5
patients, in whom vaginal leakage of fluid was noted during the
procedure (A AFI=1.0 cm CI 0.2 to 1.8). The deepest pool and AFI
post-infusion were both significantly greater in the fluid retained
(mean 3.7, CI 3.1 to 4.4 and 10.2, CI 8.4 to 12.0 respectively)
compared to the fluid leakage group (mean 0.9, CI 0.7 to 1.2,
p<0.001 and 1.5, CI 0.8 to 2.2, p<0.001).
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Changes in variables with infusion were expressed as A
variables (=postinfusion-preinfusion value). Parametric statistics
were used only where Gaussian distributions were evident on
histograms. Comparisons were made using paired or unpaired t-
testing as appropriate.

7.4.ii. Results

Amnioinfusion had no significant effect on PI in either the
fluid retained or fluid leakage groups (Table 7.2), and A PI was
similar in the both groups. In addition, there was no significant
change in FHR. There was no significant relationship in either
group between A PI and A FHR.
Table 7.2: The effect of amnioinfusion on umbilical artery PI and fetal
heart rate, in those that leaked and those that retained the infused fluid.

NS= no significant difference between fluid retained and fluid leaked
groups. NS= not significantly different from zero.

Fluid retained Fluid leaked Significance
(mean & ClIs) (n=11) (n=5) (retained vs leaked)
Pulsatility index
A PI -0.07 -0.11 NS
(-0.17 to +0.07) (-0.31 to +0.09) (unpaired t test)
NS NS
(paired t test) (paired t test)
Fetal heart rate
A FHR -4.9 -7.7 NS
(-10.2 to +0.4) (-21.7 to +6.3) (unpaired t test)
NS NS
(paired t test) (paired t test)

Three pregnancies had raised umbilical artery PI values; all
had IUGR, and all were in the fluid retained group (Figure 7.7). Of
these, one had absent, and another reverse end-diastolic
frequencies, and both had fetal pH and pOg values beneath the
reference range. The mean PI in these 3 fell significantly with
amnioinfusion (-0.18, CI -2.4 to -1.2, p=0.03), whereas in those
whose preinfusion PI was within the reference range, A PI was not
significantly different from zero (mean -0.03, CI -0.13 to +0.10).
To exclude the result in those with raised values being due to their
greater variation around the mean, the change in PI was also
expressed as a % of the preinfusion value. However, when so
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expressed, the finding of a significant fall in those with an initially
raised value (-8%, CI -10 to -6, p=0.02) but not in those with a
normal value (-2%, CI -16 to +11), remained. The difference in A
PI however, expressed either as the raw figure or as a percentage,
was not significantly different between the two groups. FHR did
not change significantly with infusion in the the 3 with raised PI
values (mean A FHR 10.9/min, CI 2.3 to 19.5, p=0.13).
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Figure 7.7: Umbilical artery PI values before and after amnioinfusion in
pregnancies in which fluid was (filled circles) and wasn't retained ( open
circles).

- In the fluid retained group, there was no significant
difference in A PI, either as the raw value or as a percentage of the
preinfusion value, between fetuses which underwent blood
sampling at the time of amnioinfusion and those which did not.
There was no significant correlation between A PI, either as the
raw value or as a percentage of the preinfusion value, and
gestational age, volume infused, A FHR, A AFI, A AP in mm Hg, or A
AP in z scores.

7.4.iii. Discussion

This study suggests that the majority of fetuses with severe
oligohydramnios have normal umbilical artery Doppler waveforms.
Only 3 of 16 had a raised PI value, and each was SGA, suggesting
that abnormal umbilical artery Doppler waveforms in
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oligohydramnios may reflect increased downstream resistance as
part of the underlying placental pathphysiology of IUGR (Giles et al
1985). Consistent with this, Cruz et al (1988) noted in 43 patients
with oligohydramnios that raised umbilical artery systolic/diastolic
ratios were identified significantly less frequently in those with
ruptured compared to intact membranes, the latter having a
greater frequency of SGA fetuses. In addition, Lombardi et al
(1989) found elevated systolic/diastolic ratios in 9 of 21 patients
with oligohydramnios and intact membranes, each of whom had a
birth weight <10th centile. Although Hackett et al (1987) studied
fetal aortic and not umbilical artery waveforms, they similarly
found that all 14 oligohydramnios pregnancies with abnormal
waveforms were SGA, in contrast to the 18 with normal waveforms
which were AGA.

These results do not support the suggestion that cord
"compression" alters the umbilical artery Doppler waveform in
pregnancies with oligohydramnios (Van den Wijngaard et al 1987).
Not only was there no change in PI with restoration of amniotic
fluid volume, but the fall in PI which did occur with amnioinfusion
in the 3 with a raised initial value was of <10%. This contrasts
with a fall of 35% reported by Van den Wjingaard et al (1987).
They however did not give details of FHR, and it remains possible
that their results could be attributable, at least in part, to fetal
tachycardia induced by some aspect of the procedure such as fetal
blood sampling or the infusate not being at body temperature. FHR
has been shown in several studies to be negatively correlated with
Doppler indices of downstream resistance (Mires et al 1987,
Kofinas et al 1989), one study suggesting that an increase of
40/minute would result in a 40% fall in systolic/diastolic ratio
(Brar et al 1989). In this study, amnioinfusion had no significant
effect on FHR.

Any change that occurred in PI with infusion was small and
confined to those with initially raised values; in this regard it
should be noted that the preinfusion PI in Van Den Wjingaard et
al's case report was only 1.4, a figure still within the reference
range used herein.

Although most of the data used to implicate cord
"compression" in pregnancies with oligohydramnios is from
cardiotocographic studies in late pregnancy, Doppler assessment
of the umbilical artery was used in this study in view of (i) the
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earlier gestation of patients undergoing antepartum amnioinfusion,
rendering cardiotocography impractical, and (ii) the need to
reproduce the findings of Van Den Wjingaard et al (1987). The
pulsatility index was chosen as the index of downstream resistance
for study, as it is still yields a figure when end-diastolic
frequencies are absent or reversed. As with the FBM study earlier
in this chapter, pregnancies in which the infused fluid leaked out
prior to the postinfusion Doppler served as controls for the
amnioinfusion procedure without amniotic fluid volume being
restored. Again the acute effect only was studied as outlined in
Chapter 7.3.iii.

7.5 Discussion

In these studies of pregnancies with oligohydramnios,
restoration of amniotic fluid volume did not alter the umbilical
artery PI or the incidence of FBM, providing no support for the
suggestion that fetal 'compression" in oligohydramnios impairs
fetal breathing or fetoplacental blood flow. Similarly, the incidence
of gross fetal body movements has recently been shown not be
reduced in the presence of oligohydramnios, nor, anecdotally, to
increase with restoration of amniotic fluid volume (Sival et al
1990).

As discussed in Chapters 1.6.vi. and 7.1, the assumption that
the fetus is compressed in oligohydramnios, and that compression
is the mechanism for the pulmonary, soft tissue and FHR sequelae,
was not based on any scientific data. The demonstration that the
pressure surrounding the fetus in oligohydramnios is low, together
with the lack of effect of restoration of amniotic fluid volume on
the fetal biophysical variables discussed above, suggests that
reappraisal of this concept of fetal compression is now warranted.

This finding of low AP in oligohydramnios is not surprising if
the law of Laplace is considered (Figure 7.8). A decrease in the
quantity of amniotic fluid sufficient to cause persistent contact
between fetal parts and the uterine wall isolates pockets of
amniotic fluid. As the theoretical radius of these amniotic fluid
pockets increases with decreasing amniotic fluid volume, AP
should thus fall.

Nevertheless, the finding in oligohydramnios of low AP in
the presence of soft tissue manifestations considered indicative of
compression (talipes, flattened facies, arthrogryposis etc) appears
paradoxical. However, as illustrated in Figure 7.8, amniotic fluid no
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longer completely surrounds the fetus in severe oligohydramnios.
Thus with decreasing amniotic fluid volume, the entire tension of
the uterine wall becomes exerted over some fetal parts (head,
extremities) that happen to be the internal "pillars" of the uterus.
Fetal compression by the surrounding uterine wall could thus still
be mediated through these pillars, even though pressure in the
amniotic fluid pockets is low. However, Harding et al (1990) have
recently shown in sheep that pressures within fetal body cavities
(i.e. pleural, peritoneal) do not change with removal and then
restoration of amniotic fluid volume, which suggests that direct
transmission of uterine tone to the fetal trunk via splinted
extremities does not occur.

= = P =2T/e
a\ =2T/R Fé 2T/2R c
=P /2 =0
A B c

Figure 7.8: Diagrammatic representation of changes in fluid pressure
within the amniotic cavity with progressive reduction of amniotic fluid
volume, according to the law of Laplace. A: Normal amniotic fluid volume.
If the uterus is considered a sphere of radius (R) and wall tension (T),
the pressure exerted on the amniotic fluid is PAo=2T/R. The fetus is
represented as a star object that almost touches the inner surface of the
uterus. B: Mild oligohydramnios. The radius of curvature of the uterine
wall theoretically increases with reduction in fluid. In the example, when
the radius increases to 2R, the pressure in the pocket decreases to half
Pa. C: Severe oligohydramnios. With further reduction of fluid, some
segments of uterine wall become flattened and r becomes infinite. Fluid
pressure is now O for any value of T.

Accordingly, fetal soft tissue manifestations of
oligohydramnios may instead be due to restriction of movement by
the uterine wall. Indeed several authors have speculated that
immobility of the fetal extremities is implicated in the aetiology of
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these sequelae (DeMyer & Baird 1969, Thibeault et al 1985,
Pringle '1986). Fetal immobility is known to produce
arthrogryposis in a variety of experimental animals (Drachman &
Coulombre 1962, Swinyard 1982). Moessinger (1983)
demonstrated in rats that fetal curarization produced in addition
to arthrogryposes, bilateral talipes and flattened facies, features
similar to those reported after oligohydramnios.

7.5 Summary
Fetal breathing movements and umbilical artery Doppler

waveforms were recorded before and immediately after
amnioinfusion in pregnancies with severe oligohydramnios. There
was no significant difference in the change in total breathing
movements or in the change in incidence of FBM between the 10
in which amniotic fluid volume was restored, and 6 in which
amniotic fluid volume was not restored due to vaginal leakage. In
both groups, there was no significant change with infusion in
number (mean A = -72, CI -218 to +74 and -64, CI -273 to +145
in the fluid retained and leakage groups respectively) and
incidence of FBM (median A= -2.5%, range -27 to +10 and -4.5%,
range -34 to +15 respectively). Similarly, there was no significant
difference in the change in umbilical artery pulsatility index
between 11 in which amniotic fluid volume was restored, and 5 in
which it was not. Again, there was no change with infusion in PI in
the fluid retained group (mean A PI = -0.07, CI -0.17 to +0.07) or
the leakage group (-0.11, CI -0.31 to +0.09). These studies suggest
that restitution of amniotic fluid volume in human pregnancies
complicated by severe oligohydramnios does not acutely alter the
incidence of FBM, or the umbilical artery PI. Together with the
finding of low amniotic pressure in oligohydramnios (Chapter 6),
they challenge the concept of fetal compression in
oligohydramnios that has become widely accepted in the literature.
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CHAPTER 8: LOW AMNIOTIC PRESSURE AND LUNG
DEVELOPMENT IN OLIGOHYDRAMNIOS

8.1 Background

Much of our current understanding of fetal lung development
is based on experimental work in sheep. The lungs of late-
gestation fetal lambs contain approximately 30 ml / kg body weight
of lung liquid (Normand et al 1971, Scarpelli et al 1975), which is
produced in the developing airways at a rate of 4.5 ml/kg body
weight/hour (Mescher et al 1975). Lung liquid travels from the
alveolae along the upper airways, from where it is either swallowed
or drains into the amniotic cavity, the direction of net flow being
away from the lungs both during fetal breathing and during apnoea
(Harding et al 1984a, Harding et al 1986a). Little if any amniotic
fluid enters the lungs in non-acidaemic fetuses (Adams et al 1967,
Block et al 1981, Harding et al 1986a, Harding et al 1986Db).

The volume of lung liquid within the airways determines the
degree of lung expansion, and seems a gross determinant of lung
growth. Tracheal ligation in both fetal sheep and rabbits leads to an
increase in lung weight and volume (Carmel et al 1965, Alcorn et
al 1977), and ligation of a main stem bronchus in fetal lambs
produces ipsilateral lung hyperplasia, as evidenced by increased
weight and DNA content (Moessinger et al 1990). Conversely,
chronic lung liquid drainage in fetal sheep reduces lung:body
weight ratios by 30-40% (Alcorn et al 1977, Fewell et al 1983). It
has thus been suggested that lung liquid acts as an internal stent
around which the lung grows (Alcorn et al 1977, Adzick et al
1984).

Normally, lung liquid escapes from the upper airways at a
rate approximately 3-8 times as great during FBM as during apnoea
(Harding et al 1984a, Harding et al 1986a). As its secretion rate is
unaltered by the presence or absence of FBM (Fewell et al 1981),
episodes of FBM lower lung volume, which is then restored during
intervening episodes of apnoea (Dickson et al 1987). There is a
standing supra-amniotic pressure within the fetal trachea of 1.5-
3.0 mm Hg (Vilos & Liggins 1982, Fewell & Johnson 1983,
Moessinger et al 1985), considered by most workers to result
from the resistance to egress of lung fluid provided during apnoea
by an active laryngeal retentive mechanism (Adams et al 1967,
Harding et al 1980).

This resistance plays a pivotal role in maintaining lung liquid
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volume in utero, as when it is bypassed in fetal tracheostomy
experiments, the normal tracheal-amniotic pressure gradient is
eliminated (Fewell & Johnson 1983), lung liquid loss increases
(Harding et al 1986a), and lung development is impaired (Alcorn
et al 1977, Fewell et al 1983). Although the exact mechanism of
oligohydramnios-related PH is not known, it involves loss of lung
liquid from the airways via the larynx. In fetal sheep exposed to
chronic oligohydramnios, the volume of lung liquid within the
airways is reduced by up to 65%; contemporaneous measurement
of tracheal flow rates indicated that this could not be accounted for
solely by the reduction in secretion rate, which was
proportionately smaller (Dickson & Harding 1989). Tracheal
occlusion in both humans and experimental animals appears to
prevent the adverse pulmonary effects of oligohydramnios. In
rabbit experiments in which oligohydramnios was created by
draining amniotic fluid into the maternal peritoneal cavity, Adzick
et al (1984) found lower lung weight and DNA content compared
to controls, but no reduction in these parameters in the presence
of oligohydramnios when the fetal trachea was ligated. This is
further supported by anecdotal reports of human fetuses with
laryngeal atresia whose lungs, following prolonged oligohydramnios
secondary to renal agenesis / dysgenesis, did not become
hypoplastic (Wigglesworth et al 1987, Scurry et al 1989).

As discussed in Chapter 7.3, an accumulating literature now
suggests that cessation of FBM is unlikely to be the mechanism for
oligohydramnios-related PH. Nevertheless, Roberts et al (1991)
have recently shown in women with PPROM that FBM are reduced
in incidence by 60%, but only for the first 2 weeks after
amniorrhexis. Although the study of A FBM with amnioinfusion in
the last chapter suggested that severe oligohydramnios does not
result in "absent” FBM which return with restoration of amniotic
fluid volume, it was of insufficient power to exclude an association
between oligohydramnios and reduced FBM. It remains possible
that a reduction in FBM during oligohydramnios may represent an
attempt by the fetal central nervous system to restore lung liquid
volume, as the rate of lung liquid escape during FBM exceeds that
during apnoea (Harding et al 1984a, Harding et al 1986a). In this
respect, Dickson & Harding found the incidence of FBM in sheep
to be significantly less (by c¢.20%) in the first hour after acute
reduction in lung volume, facilitating restoration of lung liquid
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volume by passive means. FBM during chronic lung liquid drainage
leading to PH have not been reported. Thus any reduction in FBM
in oligohydramnios could represent a fetal central nervous system
response to chronic lung liquid loss to limit fluid escape, rather
than part of the wunderlying pathogenic mechanism of
oligohydramnios-related PH.

The net outflow of lung liquid along the trachea must adhere
to general principles of fluid dynamics (intra-alveolar pressure
must exceed AP). Therefore, the increased escape of lung liquid in
oligohydramnios must be due to an increase in the alveolar-
amniotic pressure gradient, either secondary to an increase in
alveolar pressure, such as might occur if the thorax was
compressed, or to a reduction in AP. Since external compression
is now considered unlikely, as discussed in Chapter 7.5, the role of
low AP in the pathogenesis of oligohydramnios-related PH
warrants consideration.

Harding et al (1984a) found a mean outflow of fetal sheep
lung liquid of 7.8 ml/hour in fetal sheep. During apnoea, the larynx
was normally closed and leakage outflow was 2.5 ml/hour; thus
fluid was accumulating at a rate of approximately 5 ml/hour. During
fetal breathing, outflow increased to 12.9 ml/hour, releasing the
accumulated fluid. In the normal fetus, this apnoeic leakage occurs
at a tracheal-amniotic pressure difference of approximately 2 mm
Hg. If AP were reduced by approximately 3 mm Hg, as found in
severe oligohydramnios (Chapter 6), the pressure gradient
drawing the fluid through the closed larynx becomes 5 (=2 + 3)
mm Hg, and the flow rate should increase to 2.5 x 5/2 or 6.3
ml/hour. This flow rate is greater than the rate at which lung fluid
is being produced, so the volume of lung liquid within the airways
should decrease.

Accordingly, a novel hypothesis for the mechanism of PH in
oligohydramnios is suggested by the findings of Chapter 6: a
reduction in AP disturbs the normal tracheal-amniotic pressure
gradient thereby increasing lung liquid escape and impairs lung
development.

8.2 Aims
The aims of this section were as follows:
i. to confirm in fetal sheep the presence, and to determine
the magnitude, of pressure gradients normally present
within the upper airways
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if. to determine in fetal sheep the effect on lung
development of eliminating the tracheal-amniotic
pressure gradient

ifi. to determine the effect of ii. above on FBM

iv. to develop a model for mimicking the effect on the upper
fetal airways of low AP, in the presence of normal
amniotic fluid volume

V. to determine the effect on fetal lung development of
mimicking low AP at the upper airway without creating
oligohydramnios.

8.3 Pressure gradients in the upper airways

8.3.i. Methods

Chronically-instrumented fetal sheep were prepared as
described in Chapter 5.5.i. Briefly, general anaesthesia was induced
in 3 cross-bred ewes at 118-120 days gestation, one horn of the
gravid uterus was exposed at laparotomy and the fetal head
delivered through a uterine incision. Polyvinyl catheters (ID 1.0
mm, OD 2.0 mm) were implanted into a fetal carotid artery and a
fetal jugular vein. Additional polyvinyl catheters for pressure
measurement were fenestrated at one end and implanted into the
amniotic cavity, the fetal trachea, and the fetal pharynx. The
pharyngeal catheter was positioned in the posterior aspect of the
oropharynx approximately 2 cm above the larynx and secured with
sutures to the buccal membrane lining the cheek to avoid
dislodgment. The tracheal catheter was positioned below the
cricoid cartilage and above the carina, while the amniotic catheter
was fixed 2 cm from its end to the skin over the fetal praecordium.
The fetus was replaced, the uterus closed in 2 layers, and all
catheters exteriorized through the ewe’s right flank. Five days
were allowed for postoperative recovery, during which time
antibiotics were administered to ewe and fetus.

In each animal, pressure recordings were made between
123-127 days gestation with the ewe in the standing position.
After fetal pH and blood gas values had been shown to be normal
(mean + SE pH 7.31 + 0.01, pCO2 40.9 + 1.6 mm Hg, pO2g 21.7 +
1.7 mm Hg ), pressures were measured with standard biomedical
transducers attached to fluid filled lines and electronically
subtracted pharyngeal-amniotic (P-A) and tracheal-amniotic (T-A)
pressures recorded on a polygraph run at either 1.25 or 1.5
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cm/min. Prior to each recording, all lines and transducers were
flushed with saline (0.9% sodium chloride) to ensure the absence
of bubbles. The transducers were then zeroed to within 0.5 mm
Hg, and the amplifier gains checked by elevating a fluid-filled line
connected to the manometer vertically in 6.8 cm (corresponding
to 5 mm Hg) increments, similar to the calibration procedure
described for human recordings (Chapter 2.1.iii). This procedure
was repeated after 10 minutes of a 60 minute recording period: if
any drift in gain and/or zero was >0.5 mm Hg, the trace was
abandoned, the amplifiers settings corrected and a new recording
period started. At the conclusion of the experiments, animals were
killed with pentobarbitone (4g intravenously), and the position of
the catheters confirmed at necropsy.

Each minute of pressure trace was examined for negative
pressure fluctuations consistent with fetal breathing, gasping or
swallowing activity, and such minutes (range 12 to 28 min/h)
excluded from further analysis. Point estimates of T-A and P-A
pressures to the nearest 0.5 mm Hg were then obtained manually
at the midpoint of each stable minute, and a mean per hour
calculated. A pooled mean was calculated from the individual
means per animal. The data were analysed was by standard
parametric statistics using paired or non-paired t-testing as
appropriate. Within-recording variability was calculated from
individual SDs from each of the 9 one hour traces, and between-
recording variability from the mean SD from each animal's 3
recordings.

8.3.ii. Results

Mean values for resting T-A and P-A pressures in the 3
animals are shown in Figure 8.1. There were significant pressure
gradients between the trachea, pharynx and amniotic cavity. Both
T-A pressure (mean +1.5 + 0.2 [SE] mm Hg) and P-A pressure
(mean +0.7 + 0.1 mm Hg) were significantly positive, i.e. greater
than AP (p=0.008, and p=0.011 respectively, one tailed t test). and
tracheal pressure was significantly greater than pharyngeal when
both were referenced to AP (p=0.005, 2 tailed test).

Within-recording variability was similar for T-A (mean SD 1.2
+ 0.2 mm Hg) and P-A pressure (mean SD 0.9 + 0.1 mm Hg), and
not significantly different from between-recording variability (0.8 +
0.1, and 0.9 + 0.1 respectively).
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Figure 8.1: Normal tracheal-amniotic and pharyngeal-amniotic pressure
gradients in 3 late-gestation fetal sheep. Each symbol represents each
animal's mean + SE from 3 recordings on consecutive days. Both T-A
and P-A pressures are significantly different from zero (i.e.amniotic,
p<0.01), and T-A pressure (mean 1.5 + 0.2 mm Hg) is significantly
greater than P-A pressure (0.7 + 0.1, p=0.005).
8.3.1ii. Discussion

These data confirm in late gestation fetal sheep the
existence of a small tracheal-amniotic pressure gradient.
Measurements were made using simple fluid filled lines attached
to standard transducers, similar to those used in the human work
(Chapters 2-6). As fetal breathing, gasping, hiccoughing and
swallowing movements all produce negative fluctuations in
intrathoracic pressure, great care was taken to make readings
only from stable minutes of the T-A or P-A pressure trace. The
variability found in these recordings seems acceptable when one
considers the limit of resolution of the technique, the long
duration of each trace and the small number of animals studied.
Vilos & Liggins (1982) and Moessinger et al (1985) found slightly
smaller between-trace SDs (0.3 to 0.6 mm Hg), although these may
in part be attributed to the use of only a few point estimates (1-3)
and larger numbers of animals. Standard deviations rather than
coefficients of variation have been chosen to express variability in
this chapter, as they were in other studies, because the small
means engendered by T-A and P-A being subtraction
measurements close to zero renders coefficients of variation
implausibly large.
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The standing tracheal pressure of 1.5 mm Hg found in this
study is consistent with previous studies in late-gestation sheep,
Moessinger et al (1985) finding a mean T-A pressure of 1.2 mm
Hg and Vilos & Liggins (1982) a mean of 1.8 mm Hg. Another
study (Fewell & Johnson 1983) reported that T-A pressure during
apnoea ranged from 1.5 to 3.0 mm Hg, but this was based on a
descriptive rather than statistical analysis. This resistance to
egress of lung fluid during apnoea, which can be abolished by
tracheostomy (Fewell & Johnson 1983), is considered by most
workers to be due to an active laryngeal retentive mechanism.
Adams et al (1967) observed that laryngeal constriction prevented
outflow of radio-opaque dye instilled into the trachea of
exteriorized fetal lambs, and were the first to suggest that the fetal
larynx regulates lung volume by controlling the outflow of lung
liquid. In this regard, lung liquid efflux during apnoea increases
when the upper respiratory tract is bypassed in fetal sheep
(Harding et al 1986a). Furthermore, during episodes of apnoea,
the laryngeal adductor muscles have been shown to be tonically
active (Harding et al 1980), and when their activity is halted by
recurrent laryngeal nerve denervation, the standing tracheal
pressure is eliminated and lung fluid efflux increases (Harding et al
1984a, Harding et al 1986b).

In contrast, Fewell & Johnson (1983) have claimed that the
major resistance to lung liquid egress occurs not at the larynx, but
in the buccal cavity. They found supra-amniotic pressures in the
oropharynx of fetal sheep similar to those in the trachea, although
again these data were descriptive and thus must be interpreted
with caution. Furthermore, the standing tracheal pressure could be
eliminated by inserting a tube from the pharynx into the amniotic
cavity, although this was based on observation of 2 sheep only.
They nevertheless suggested that the standing tracheal pressure
during apnoea results from the formation of lung fluid either into a
closed compliant pharyngeal/buccal cavity or against a high oral or
nasal resistance. The existence of such a pharyngeal resistance
seems plausible, given that the fetal mouth appears normally to be
closed, based both on direct observation (Rigatto 1984), and on
the inability to aspirate amniotic fluid from the pharynx (Harding
et al 1986b).

The pressure results in this section suggest that there does
exist a degree of resistance to lung liquid efflux in the pharynx,
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although to a lesser extent than in the larynx. Harding et al
(1986b) similarly found positive supralaryngeal resistances to fluid
outflow in 3 of 6 fetal sheep, although mean laryngeal resistance
remained significantly greater than mean supralaryngeal
resistance. However, only laryngeal and not supralaryngeal
resistance paralleled laryngeal adductor electromyographic activity
(Harding et al 1986b), suggesting that the small positive P-A
pressure may instead be determined by other motor activities
influencing oropharyngeal volume, such as swallowing and mouth
opening.

The methodology used herein yielded results for upper
airway pressures comparable to those in the literature, and was
thus considered suitable for use in controlled experiments to
determine the effect on fetal lung development of altering upper
airway-amniotic pressure gradients.

8.4 Effect of eliminating tracheal-amniotic pressure gradient on
fetal lung development

8.4.i. Methods

Experimental protocol: Eight cross-bred ewes with twin
pregnancies at 112-113 days gestation were prepared as described
earlier. One fetus was chronically instrumented to determine the
effect on fetal pulmonary development of bypassing the tracheal
resistance by chronic lung liquid drainage, while its
uninstrumented twin acted as a control.

Under general anaesthesia, one horn of the gravid uterus was
exposed at laparotomy and a fetal head delivered through a uterine
incision. Catheters for vascular access (ID 1.0 mm, OD 2.0 mm)
were implanted into a fetal carotid artery and a fetal jugular vein.
Bipolar electrodes (Cooner Wire Ltd, California) were placed in the
fetal diaphragm to measure electromyographic activity (EMG). The
upper trachea was ligated below the cricoid cartilage, while the
lower end was cannulated for chronic drainage with a polyvinyl
tube (ID 4.5 mm, OD 6.0 mm, 180 cm long). Catheters for
pressure measurement were fenestrated at one end and implanted
into the trachea (ID 1.0 mm, OD 2.0 mm) alongside the
tracheostomy tube, and the amniotic cavity (ID 2.0 mm, OD 3.0
mm) positioned as in Chapter 8.3.i. The experimental fetus was
replaced, and the uterus closed in 2 layers. In each pregnancy,
only one twin was catheterized, allowing the other to serve as a
control. All catheters were exteriorized through the ewe’s right



135

flank. A drainage bag (SE4 Closed System, Svend-Anderson,
Denmark) was attached to the distal end of the tracheostomy tube
and positioned on the floor, approximately 40 cm beneath the
lowermost point of the ewe's abdomen. Five days were allowed for
postoperative recovery, during which time antibiotics were
administered to ewe and fetus. Fetal arterial pH and blood gas
values were then demonstrated to be normal (mean + SE pH 7.33
+ 0.01, pCO2 46.9 + 2.1 mm Hg, pO3z 21.3 + 1.7 mm Hg).

The drainage bag was emptied every 2-3 days and the
equivalent volume of normal saline (0.9% NaCl) warmed to 38-
39°C infused intra-amniotically to avoid causing oligohydramnios.
Samples of lung liquid were frozen for later analysis (Chapter
8.5.i)). One hour recordings of T-A pressures were measured on
two separate days during the drainage period as described earlier.

Lung specimens: On Day 21 of drainage (133-134 days
gestation), the ewes were killed with pentobarbitone (4g
intravenously). At necropsy, both twins were delivered, towel
dried and weighed. The fetal tracheas were transected 0.5 cm
above the carina, and lung liquid allowed to drain passively. The
lungs were were then removed, dissected and weighed separately.
In order to control for any difference in lung expansion in utero
between the tracheally-drained and the control lungs, specimens
were inflated and fixed under constant pressure. The left main
bronchus from each twin was cannulated and the left lung inflated
with buffered formalin under constant pressure (25 cm formalin
for 30 minutes followed by 15 cm for 11.5 hours) (Figure 8.2). The
main bronchus was then tied off beneath the cannula, the lung
removed and reweighed in both air and water. Based on water
displacement, the lung's volume thus equalled its weight in air
minus its weight in water, allowing calculation of its specific
gravity (weight in air/volume).

Five representative blocks approximately 2 mm thick were
obtained from both lobes and were routinely processed and
embedded in araldite. Morphometric studies were performed on
toluidine-blue stained semithin sections. Sections in which
staining was suboptimal or in which large vascular or airway
structures predominated, were excluded. Five fields of view per
section were examined microscopically (x40) from each of 5
representative blocks. A fixed area of each field of view, measuring
approximately 1 cm?2 was projected onto a monitor, and the inner



136

surface of each airspace traced by light pen on a morphometry
tablet. The data were then fed on-line into a personal computer,
programmed to calculate for each morphometry field the number
of airspaces, the cross-sectional area of each airspace, and the
percentage of lung tissue occupied by airspaces (={X [airspace
area]/total area). The first two of these were then expressed
quantitatively, by incorporating into the above calculations the
square of the magnification factor (based on the mean of 4 light
pen measurements on the tablet of a standard 0.1mm length (Leitz
micrometer slide, Wetzlar, Germany). The mean number of
airspaces counted per field was 55.8 + 2.2. Morphometric
reproducibility was determined by measuring 5 fields of view
three times from each of 3 specimens while blinded to the results.
The coefficients of variation were 2.0%, 4.8%, and 1.7% for
airspace number, cross-sectional airspace area, and percentage of
lung occupied by airspaces respectively.
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Figure 8.2: Inflation apparatus for fetal lamb lungs. The main bronchus is
cannulated, the lung (denoted by the vertically striped structure above)
inflated manually with formalin and the bronchus secured in place on the
end of the infusion tubing with sutures. The lung is then suspended
freely in formalin and the reservoir elevated to a height of 25 cm. Any
leakage that occurs, either from an inadequate seal at the main
bronchus, or from minor external trauma during specimen preparation,
leads to an increase in the fluid level around the lung; this is corrected
by the scavenger device, which returns the leaked volume to the
reservoir, maintaining a constant inflation pressure.
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Portions of right lung approximately 2 cm in diameter were
harvested from each lobe, weighed (range 10-18 g in total), and
stored at -20°C for 3-9 months until subsequent fluorescent
microassay for DNA (Kapuscinski & Skoczylas 1977). After
thawing, samples were homogenized in an equivalent weight of
Hepes buffer (5 mM containing 12 pM NaCl, pH 7) using a
Polytron PCU-2 for 5 minutes, then diluted 1:4 in Hepes, and
sonicated (MSE ultrasonicator, amplitude 6 p) for 6 minutes,
demonstrated in preliminary experiments as necessary for
maximal DNA extraction. Homogenates were further diluted 1:40.
Standards were prepared from DNA stock solution (calf thymus) in
7 concentrations ranging from O to 800 ng/ml. The fluorescent
dye 4,6-diamidino-2-phenylindole-2HC] (DAPI), which binds to
DNA to form a fluorescent complex, was added as a 40 ug/ml (114
puM) in a 1:2 ratio to both the lung homogenates and the DNA
standards, and the solutions diluted 9:1 in Hepes. Flourimetric
readings were made with a spectrophotometer (Perkin-Elmer
model LS-3B) with maximal excitation and emission wavelengths
set at 372 and 454 nm respectively. All samples were prepared
and tested in duplicate. The calibration curve derived from the
standards {Figure 8.3) was applied to the average of the two results
in the lung homogenates to estimate their DNA concentration, and
whole lung DNA contents was calculated on the basis of the
proportion by weight of right lung homogenized. The dilutions
used herein were chosen from the results of preliminary
experiments to ensure (i) that the concentrations in the
homogenates lay within the range of concentrations in the
standards, and (ii)} that the -calibration curve was linear
(Kapuscinski & Skoczylas 1977).

Analysis: Pressure records were analysed as described in
Chapter 8.3.i. Laboratory specimens were coded to ensure that the
DNA analysis and lung morphometry were performed with the
operator (the candidate) unaware of whether the specimen was
from a drained or control fetus.

Parametric statistics were used only where histograms
confirmed a normal distribution; this necessitated logarithmic
transformation for airspace cross-sectional area. Pulmonary
variables in the tracheostomized and control groups were
expressed for comparison as means of the mean value in each
fetus; to indicate the degree of difference between the two groups,
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they were also expressed as the mean of each tracheostomized
fetus’ value as a percentage of its control co-twin. Unpaired t-
testing was used for comparison of pulmonary variables; paired
statistics were considered less desirable in view of the small
degrees of freedom so engendered, the fact that the comparison
group, although co-twins, were separate fetuses, and that only the
experimental fetuses were insulted surgically.
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Figure 8.3: Calibration curve for DNA estimation based on
spectrophotometric results in solutions of DNA standards. y=36.2 +
5.2x, where y=DNA concentration in ng/ml and x=fluorescent intensity
relative to Perkin-Elmer spectrophotometric standard (Kapuscinski &
Skoczylas 1977), r=0.98, p<0.001.

8.4.ii. Results

Only four experimental preparations lasted the 21 day
drainage period, and were suitable for analysis; of the remainder,
the tracheostomy tube became blocked in 2 (nil drainage) which
were killed on Day 5-7, and in the other two, one or both fetuses
died in utero on Days 13 and 15.

In the four successful preparations, the volume of lung
liquid drained ranged from 206-296 ml/day (mean 245.7 + 18.8).
Mean T-A pressure in the 4 tracheostomized fetuses (-2.1 + 1.3
mm Hg) was significantly lower than in the control animals in
Chapter 8.3.ii (p=0.03). Mean T-A pressure in all 8 recordings was
negative, although the large SD (2.5 mm Hg) meant that the mean
of each animals mean above was not significantly different from
Z€ero.
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Table 8.1: The effect of chronic lung liquid loss on fetal lung anatomy and
DNA. NS = not significant

Parameter Control Tracheostomy Tracheostomy Significance
Mean + SE fetuses fetuses as % of control p value
Body weight 3605 3127 87.5 NS
(2 + 191.5 + 76.3 +4.9
Left lung weight 39.8 21.5 53.9 0.003
(8 + 2.7 + 2.8 + 6.2
Right lung weight 59.7 31.3 52.8 0.004
+4.9 +4.1 + 6.4
Total lung weight 99.5 52.8 53.3 0.004
(2 + 7.6 + 6.9 + 6.3
Lung:body weight 0.0275 0.0169 60.1 0.004
ratio + 0.0012 + 0.0021 +5.2
Left lung weight 90.8 48.0 53.2 0.001
post-inflation (g) + 5.2 + 5.0 + 5.6
Left lung post- 0.0251 0.0153 60.51 0.001
inflation:body + 0.0006 + 0.0013 + 4.1
weight ratio
Left lung volume 88.5 47.0 53.4 0.001
(ml) +5.0 + 4.9 +5.5
Left lung volume: 0.0245 0.0150 60.8 <0.001
body weight ratio  + 0.0006 + 0.0013 +4.0
Specific gravity 1.0257 1.0212 99.6 NS
+ 0.0016 + 0.0038 +0.3
Right lung DNA 12.8 16.1 126.4 NS
conc. (mg/g) + 0.8 +1.2 + 9.0
Right lung total 755 493 65.1 0.003
DNA (mg) + 34.6 +41.5 + 3.5
Right lung DNA: 212.6 157.4 74.0 <0.001
body weight ratio + 14.7 +11.9 +15
% lung occupied 75.8 56.5 74.3 0.04
by airspaces + 0.9 +7.4 + 9.0
Cross-sectional 508.2 528.3 106.0 NS
airspace area (uz) + 29.4 + 53.9 + 14.2
Airspace number 48.2 42.2 87.8 NS
(/mm?2) +1.3 +2.7 +6.5

Elimination of the positive tracheal-amniotic pressure
gradient produced significantly lower lung volume, wet weight,












































































































































































































