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In the two decades since the use of ultrasound was
first applied to the problems of obstetrics, its role has
expanded dramatically, and, in good hands it may now be
considered to be one of the most important diagnostic aids
available to the obstetrician. In 1972 however, when the
work described in this thesis was initiated, the ultrasonic
techniques employed in early pregnancy were either subjective,
or their limits of accuracy, in such areas as fetal heart
movement detection and the estimation of gestational age,

were less than optimal.

Thus, the objectives of this study were: to develop a
reliable method of detecting fetal life earlier in the first
trimester of pregnancy; to devise objective criteria for the
early diagnosis of unsuccessful pregnancies; and to develop a
more accurate means of estimating the gestational age of a

pregnancy in the first trimester.

In pursuit of these objectives a "second generation"
ultrasound equipment was used, the Diasonograph NE4102*, an
equipment which is more sophisticated electronically than
earlier models, and which has many novel and useful facilities.
Using this equipment three new ultrasonic techniques were
developed: a combined B-, A-scan method for detecting small
movements of the fetal heart; a system for estimating the
volume of the gestation sac; and a technique for the measure-

ment of the fetal crown-rump length (CRL).

The technique devised to detect early fetal heart movements
was based on the principle of first locating the fetus on a
two-dimensional B-scan image, then examining the fetal echoes
closely on an expanded uni-dimensional A-scan display. In this
way it proved possible to detect movements of the fetal heart
structures with reliability from seven weeks of amenorrhoea, and
on occasion from as early as six weeks. Conversely, absence
of such movements proved reliable as a means of diagnosing early
fetal death, and with increasing confidence in the technique,
patients were offered an elective termination of pregnancy, at

times, on the sole evidence of the ultrasound examination.

* Nuclear Enterprises Ltd., Sighthill, Edinburgh.
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A normal curve was derived for fetal heart rate from six
and a half to 15 weeks of pregnancy, and the changes noted
correlated with embryological and animal data recorded in the

literature.

While fetal heart rate itself was not found to be useful
as a means of anticipating intrauterine fetal death or impending
abortion in individual cases, the presence or absence of
demonstrable fetal life in patients with threatened abortion,
gave prognostic information about the ultimate outcome in 92 per

cent of them.

Analysis of the 282 pregnancies in this series which
eventually aborted, allowed a simple and practical classifi-
cation of ’"early pregnancy failure" into blighted ova (no
fetus present within the gestation sac); missed abortions (a
fetus present, but no fetal heart movements detectable);
early and late live abortions (evidence of continuing fetal
life until spontaneous abortion, before and after 12 weeks);
and hydatidiform moles. The first two were found to constitute
80 per cent of these pregnancies, and early live abortions only

three per cent.

Criteria independent of any knowledge of the menstrual
and clinical histories were formulated for their diagnoses. On
this basis all missed abortions and hydatidiform moles, and
almost half of the blighted ova, can be diagnosed with confidence
at a single examination. However, the remaining blighted ova
require further examinations and measurements before a clear
statement of abnormality can be given. The possible aetiologies
of these sub-groups are discussed together with the doubtful merits
of any form of treatment, at least for patients with blighted

ova and those destined to have missed abortions.

It did not prove possible to predict reliably impending
"live abortions" by any of the techniques used, although a
finding of a low "sac volume/fetal CRL ratio" is considered to

be a possible warning sign in the early live abortion group.

In a small sub-section of this study the outcome of 30
patients, diagnosed as having twin conceptions in the first
trimester, was considered separately. Only 14 gave birth to

twins, the remainder aborting or delivering eventually a
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single baby. These results suggest that the incidence of twin
conceptions is higher than the commonly accepted figure of 1

in 80.

Two techniques were developed with a view to obtaining

objective, and more accurate estimates of gestational age in

the first trimester. These were gestation sac volume, and CRL
measurements, of which the latter has proven to be relatively
simple in its application, to be reproducable, and to give an
accuracy of + 4.7 days in 95 per cent of cases. This figure was
confirmed in a large clinical "blind" trial. After correction
for the systematic errors of the technique (1 mm plus 3.7%), the
mean CRL growth curve, derived from 424 measurements, correlated
well with the data published by some embryologists, but not with
those by others. The possible reasons for these discrepancies

are discussed.

Using CRL measurements as a baseline, the accuracy of
clinical bimanual estimation of uterine size in the first tri-
mester, and of biparietal diameter measurements at approximately
20 and 36 weeks, was assessed in a further "blind" trial. The
2SD limits of each of these estimations were found to be
+ 25.5 days, + 11 days, and + 30.4 days respectively. In view
of this, and the desirability of having a reliable estimate of
the gestational age in the modern management of pregnancy, it
is recommended that at least all patients with "at risk" pregnancies,
together with those whose menstrual histories are in any way
unreliable, should be referred for an ultrasound examination at

the time of their first antenatal clinic visits.

The technique described for gestation sac volume measurement
is time-consuming, and the values obtained, when used as a
means of estimating gestational age, have a range of error twice
that achieved by CRL measurements. This technique is not therefore
recommended for this purpose, although it is extremely useful in

the early diagnosis of blighted ova.

It is concluded that the application of these three techniques
allows a more objective and more reliable evaluation of early

pregnancy and of its complications than was hitherto possible.
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The early stimulus to the work described in this thesis
dates from a retrospective analysis, conducted by the author
in 1970, of the clinical value of an ultrasound examination in
patients with a history of bleeding in early pregnancy. The
series comprised 264 patients admitted to the gynaecology wards
of the Western Infirmary, Glasgow, during the year 1969 (Robinson,
1972) . During the course of this study it became clear that
while the use of the information obtained from an ultrasound
examination could be shown to influence clinical decisions, to
shorten the length of stay of patients in hospital, and to
provide a measure of reassurance when an Mintact” pregnancy was
visualised, the information was by no means diagnostic in all
situations. In particular no clear statement could be given
that the fetus was actually alive, and no warning given of
impending abortion in the significant group of patients in whom
an ”“intact" pregnancy was demonstrated but who subsequently

aborted.

In view of this the author determined to take a particular
interest in the problems of the first trimester of pregnancy when
he took up post as a research assistant in 1971 in the Queen
Mother's Hospital, under the terms of a Medical Research Council
Programme Grant entitled, "Sonar, its application to diagnosis
in obstetrics and gynaecology, and related fields", awarded to
Professor Ian Donald, then Regius Professor of Midwifery at

Glasgow University.
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Objective information about almost all aspects of the
early developing pregnancy has always been extremely difficult
to obtain due to the protected position of the gravid uterus
within the confines of the pelvis. In view of this and the
naturally high pregnancy wastage rate in the first trimester, it
is not surprising that this period of pregnancy came to be
associated with a greater degree of uncertainty and with more

ill-founded beliefs and convictions than the latter two trimesters.

To help dispel these associations and to allow him to
manage an individual in a more enlightened manner the obstetrician
would ideally like to know if the fetus is alive or dead, or
indeed if there is even a fetus present within the gestation sac;
whether the pregnancy is single or multiple; if there is any
evidence of fetal malformation; and, of major importance in modern
obstetric practice, the age of the pregnancy. However, until the
development in recent years of sophisticated investigative
techniques, there were no ancilliary methods which would provide
the answers to any of these questions, the obstetrician having
to rely solely on the patient's history, his own clinical acumen,
and the passage of time to resolve his diagnostic problems. As
a result of this situation patients, quite empirically, were often
confined to bed for many weeks in the event of complications such
as bleeding, a course of action which is clearly inappropriate

for those whose pregnancies are already destined to abort.

Of the techniques which have become available, diagnostic
ultrasound is generally recognised as having the greatest potential
for providing information of immediate and practical value to the
clinician by allowing him to "see" inside the uterus and to measure
and study the developing fetus.* When the work to be described in
this thesis was initiated in 1972 considerable strides had been
taken towards the realisation of this potential, principally as a
result of the pioneering work of Professor Donald and his colleagues
in Glasgow. At that time studies had been made of the changing
appearances of the normal developing pregnancy, growth curves of
uterine and gestation sac diameters had been compiled, and the
features commonly associated with impending abortion had been
documented. Apart from the growth data relating to uterine and

gestation sac size however, the information to be derived from an
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ultrasonic examination was largely subjective in nature

being very much dependent on the experience of the observer.
In terms of estimating gestation age the latter subjective
approach was unsatisfactory due to the considerable variation
in the ultrasonic features at any given age, while the use of
uterine and gestation sac diameters was equally limited by the
large biological variations of these parameters. Furthermore,
in 1972, there was no method of reliably detecting the presence
or absence of fetal life at a single examination early in the
first trimester of pregnancy, although Doppler instrumentation
had become established as a means of detecting fetal heart

movements from the fourteenth week onwards.**

It was against this background therefore that the author
began his investigations into the use of ultrasound in the

evaluation of the early pregnancy and of its complications.

The specific aims of this work were threefold:

A. To develop a reliable method of detecting fetal 1life
early in the first trimester of pregnancy.

B. To devise objective criteria for the early diagnosis
of pregnancies destined to abort.

C. To develop a more accurate means of estimating the

gestational age of a pregnancy in the first trimester.

* For convenience the term "fetus" is used irrespective of whether
it is in the embryonal or fetal period of development.

* * In this thesis all references to the age of a pregnancy relate
to menstrual age (weeks elapsed since the first day of the last
menstrual period).
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I, 1. PHYSICS

Ultrasound may be defined as sound which lies above the
range of hearing, the upper limit of which in the human seldom
exceeds 20,000 cycles per second, that is 20 kilohertz (KHz).
In the medical field the frequencies of ultrasound employed
vary from 1 to 20 megahertz (MHz) depending on the particular
application, with 2.5 MHz being the most common in obstetrical
scanning. When used as a diagnostic technique in medicine the
term "sonar” has been used as an alternative to "ultrasound"
in order to distinguish it from the high power, low frequency
ultrasound which is used in industry in a number of destructive
processes, and in physiotherapy as a means of generating heat
in deep tissues. The power levels employed in diagnostic
ultrasound are only a small fraction of those used in industry
and the frequencies are very much higher. These aspects of
the physical properties of ultrasound will be considered in
greater detail in the section on the safety of diagnostic ultra-

sound.

In common with audible sound, ultrasound is basically
mechanical energy in the form of pressure waves and in most
respects their properties are similar. From a practical
standpoint the most important differences are: firstly, that
ultrasound is only very poorly propagated through a gas; and
secondly, unlike audible sound, it can be easily focussed into
a narrow beam. In this latter form it behaves in many ways

like a beam of 1light.

Transducers and propagation of ultrasound

Ultrasound in the high frequency range is both generated
and detected by means of electrically charged crystals known as
piezoelectric crystals. Such substances have the capability of

converting mechanical energy in the form of sound to electrical

energy, the two processes being termed the '"piezoelectric
(pressure/electricity) effect", and the "reverse piezoelectric
effect", respectively. A device, whether naturally occurring or

artificially produced, which can convert energy from one form
to another is known as a "transducer". There are many

naturally occurring piezoelectric crystals, the most common
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being quartz. These, however, are now seldom if ever used
for the generation of ultrasound in the medical field, having
been replaced by synthetic materials such as lead zirconate
titanate because of their better sensitivity. The shape and
size of piezoelectric crystals can be tailored for specific
purposes such that a given crystal will vibrate or ’ring" at
a predetermined frequency, be capable of focussing the ultra-
sound beam at a chosen depth, and have a clearly defined

sensitivity range.

In practical terms ultrasound is generated by the external
application of an electrical voltage to one axis of the crystal
which results in a mechanical distortion of its shape along
that axis. In the process of recovery from this distortion
the crystal vibrates or oscillates according to its natural
resonance frequency (the reverse piezoelectric effect) in a
similar way to a coiled spring on the release of a stretching
force. The mechanical energy in the form of ultrasonic waves
produced by these oscillations is then transmitted through the
adjoining medium by inducing vitrations in the particles or
molecules in that medium. During the phase of forward motion
in the vibration cycle the particle imparts energy to its
distal neighbour and so on in a sequential manner thereby

propagating the ultrasonic wave away from the crystal.

Conversely an ultrasonic wave impinging on the piezo-
electric crystal causes a corresponding distortion of the
crystal and as a result its surface electric charge changes
(the piezoelectric effect). 1In this way a single crystal may

act both as a transmitter and receiver of ultrasonic energy.

Power and Intensity

Ultrasonic power is usually expressed in watts, and its
intensity in watts per square centimetre. In practice it is
convenient to measure the ratios between pairs of intensities,
particularly if the level of one is used as a reference for the
comparison of all others. This sytem therefore obviates the
need to make absolute measurements. In most diagnostic machines
the reference point is usually the maximum intensity output of
the machine. As ultrasonic waves are usually generated and

received electrically the differences in intensity may be
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expressed as a ratio of the relative voltages. In order to
simplify this comparison of numbers which may span several
orders of magnitude, a logarithmic unit, the decibel (db) is
used, i.e. a reduction of 10 dB is equivalent to a drop in power

output by a factor of 100 to 1.
Ultrasound velocity

The velocity (c) at which ultrasound travels through a
medium is related to the elasticity (k) and the density (p)

of the medium, according to the equation : c = k/p

In water the velocity of ultrasound is 1480 m/sec, in
muscle 1590 m/sec, and skull-bone 4080 m/sec (Wells, 1972).
For practical purposes a velocity of 1540 m/sec is assumed for
the calibration of most diagnostic machines, this being the

average velocity of ultrasound in human soft tissues.
Wavelength

With the passage of successive waves of ultrasound into a
medium, there will be a corresponding series of equally spaced
particles along the line of propagation which are all at
exactly the same stage of displacement at any given instant.
The distance between these points, the wavelength ( , is
a function of the velocity of the ultrasound (c) and its

frequency (f). Their relationship is given by the equation:

Hence, if the velocity is 1540 m/sec, and the frequency is
1.5 MHz, then the wavelength is 1 mm. When the frequency is
2.5 MHz, the wavelength in the same medium will be 0.6 mm.
Therefore the higher the frequency of ultrasound used, the
shorter is the wavelength. This fact is an important one when
making a choice of which frequency to use for diagnostic purposes,
as the shorter the wavelength the greater is the ability of an
ultrasonic system to distinguish two points positioned in

series along the line of the beam.
Attenuation of ultrasound

As ultrasound passes through a complex structure such as
the body, its intensity is attenuated by reflection and refraction

at interfaces between different tissues, by losses due to



conversion of some of the ultrasonic energy to heat (absorption),

and by divergence of the beam.

Reflection The percentage of ultrasound which is reflected at
an interface is a direct function of the dissimilarity in the
acoustic characteristics (impedances) of the two media which
form the interface. The acoustic impedance (Z2) of a medium is
directly related to the density of the medium (p), and the
velocity of sound in that medium (c), according to the equation:

Z = pc.

Given that the incident ultrasonic energy strikes an
interface between two media at 90 degrees, and that their
acoustic impedances are Z1 and Z& respectively, then the
percentage (R) which is reflected is given by the equation:

R = (2, - Zﬁ) / (Z2 + Zi) 2 x 100, otherwise known as Rayleigh’s

law.
This form of reflection is said to be specular.

When Zx = Zz’ R will be zero and there will therefore be
no reflection, and when there is a large difference, as in the
interface between water and air, R will approach unity, i.e. almost
total reflection. As a result, ultrasound cannot be used
effectively in situations where there is a gas present, e.g. in
the investigation of lung pathology and in those parts of the
abdomen where the ultrasonic beam would have to pass through

bowel to the area of interest. In addition care has to be taken
to ensure that there is no air present between the crystal face
and the skin overlying the area of the body which is to be
examined. For this reason a coupling medium such as olive oil

must be used (Donald and Brown 1961).

In the more clinical situation of the interfaces between
biological tissues the percentage of reflected sound may vary
from 1.5 per cent at a fat/muscle interface, to over 40 per cent

at a soft tissue/bone interface.

When ultrasound strikes an interface obliquely the angle which
the reflected sound subtends to the normal equals that of the
incident sound, and the proportion which is reflected increases
with the angle of incidence. While these facts are fundamental

to the pure physics of ultrasound reflection, the situation is
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very much more complex in biological systems, as flat, completely
smooth interfaces are rarely, if ever encountered. At the
interface between tissues there are multiple irregularities

whose sizes may vary considerably. When ultrasound with a
wavelength (\ ) strikes an object with a diameter of less than

\ /2 then the reflected wave is no longer flat but spreads equally
in all directions. This type of reflection is known as
scattering. Therefore, scattered reflections from small
irregularities in the tissue interface, together with low level
specular reflections from larger areas which happen to be normal
to the ultrasonic beam allow at least some sound to be returned
to the transducer crystal from all but the most unfavourably

inclined structures.

Refraction As stated above, the angle at which sound is
reflected from an oblique interface is equal to the angle of
incidence. The transmitted sound, however, is deviated by
refraction unless the impedances of the two tissues are equal.
This refraction exactly parallels that seen when light passes
from air to water, as illustrated in the classical demonstration
of a stick which appears to bend when it is partially immersed
in water. At soft tissue interfaces encountered in medical
diagnosis refraction is not a significant problem, as the
amount by which the sound is refracted is usually no more than
a small fraction of one degree at incident angles of even 45
degrees (Talbert and Campbell, 1972). When the interface is
between soft tissue and bone on the other hand, as for example
a fetal skull in utero, the degree of refraction may distort
the eventual picture, and for this reason great care must be
taken to ensure that the ultrasonic beam is exactly at right
angles to the head when a measurement is to be taken in the

technique of biparietal cephalometry.

Absorption The process of absorption of ultrasound in its passage
through tissues is a very complex one (Dunn, Edmonds and Fry,

1969), the end result of which is the conversion of a proportion

of the ultrasonic energy to heat. This process forms the basis

for the use of low frequency ultrasound in the production of

heat deep within the body as a therapeutic measure in physio-
therapy, and, with higher power levels, for the destruction of

small localised regions of tissue within the body by coagulation



(Fry, 1958). At the frequencies and power levels used in
medical diagnosis the level of heat production is so small as

to be undetectable.

The proportion of ultrasound absorbed by different tissues
varies, bone for example absorbs at a rate some 15 times that
of soft tissues and several thousand times that of water. In
addition, the rate of absorption of ultrasound rises with an
increase in frequency, thereby limiting the use of the higher
frequencies 0 5 MHz) in diagnosis to such specialised
fields as ophthalmology, where only a short penetration distance

is required.

There are therefore two factors which have to be considered
in the choice of transducer frequency for any given purpose,
namely depth resolution, which is directly related to wavelength
as discussed earlier, and penetration. In obstetrical scanning
a frequency of around 2.5 MHz has been found to provide a good
compromise, with reasonable resolution of intrauterine structures,
and good penetration of the pregnant abdomen in all save the very
obese. In this latter situation recourse to the lower frequency
of 1.5 MHz allows adequate penetration but suffers the penalty

of poorer depth resolution.
Beam Width

The beam of ultrasound on leaving the transducer is initially
cylindrical in shape forming the so-called near field (Fresnel
zone) . The length of this field is given by the formula:

I =10.25 x D2/X , where D is the diameter of the crystal, and X
the wavelength of the ultrasound. Given a 2.5 MHz crystal with
a diameter of 1.5 cm. the near field in soft tissues will be
just over 6 cm. At the end of the near field the beam diverges

to form the far field (Frauenhofer zone).

Ideally it is desirable to have as narrow a beam as possible
to optimise lateral resolution, and with this as the only
consideration, a very small diameter crystal would give the
desired effect. Unfortunately, however, the length of the near
field decreases with decreasing crystal diameter as determined
by the above equation. In addition, the divergent angle in the

far field can be shown to increase with decreasing crystal

36
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diameter.

From the above equation it can also be seen that the near
zone is lengthened if the frequency is increased (because wave-
length is an inverse function of frequency), and therefore a
smaller diameter, higher frequency crystal may be used to
achieve a similar length of near field. It can also be shown
that the angle of divergence in the far field decreases with an
increase in frequency. These obvious advantages however
are limited as before by the faster rate of sound absorption

in the higher frequency range.

A more applicable improvement in resolution capability
may be obtained through the use of a concave crystal, or by
placing an appropriate lens in front of the crystal to
achieve a focussing effect on the beam. This effect is limited
to the near field, after which the ultrasonic beam diverges more
rapidly. The advantage of this system in clinical practice has
been found to outweigh the disadvantages, and most commercially
available transducers are now constructed to give some degree

of focussing.

In conclusion, it can be seen that the application of ultrasound
to clinical usage, and the choice of transducer size and frequency,
are very much the result of a series of compromises between the
advantageous and the disadvantageous physical properties of
ultrasound. As a result a great deal of time and effort has been
spent and will continue to be spent on the very important area

of transducer design.



Figure 1.

Diasonograph NE 4102 (Nuclear Enterprises Ltd., Sighthill,
Edinburgh); the ultrasound equipment used in this study.
The scanning gantry and the patient trolley are to the
right, and the electronic console is to the left.
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II, 2. INSTRUMENTATION

The diagnostic ultrasound systems in general use can be
divided into two broad groups, the A, and B scan machines which
employ pulsed ultrasound, and the simpler Doppler or motion-

sensing machines which use continuous wave ultrasound.

II, 2:1 Pulsed Ultrasound Systems

A pulsed ultrasound system when reduced to its most
fundamental level may be described as a device which can detect
an object, and measure its distance from the transducer, by means
of sound reflection. Figure 1 shows a photograph of a
Diasonograph NE 4102, the type of apparatus which was used in
this study. In this type of system the piezoelectric crystal
functions both as a generator and receiver of ultrasonic energy.
The crystal is made to produce very short bursts of ultrasound
lasting only a few cycles (approximately 1.5 microseconds),
each burst of pulse being separated from the next by a "listening"
or receiver phase when returning reflected ultrasound (echoes)
may be detected. The length of the receiving phase is determined
by the frequency with which the emitted pulses of ultrasound are
produced, that is, the pulse repetition frequency (P.R.F.).
In the Diasonograph the PRF is 600 per second. From this figure
it can be calculated that the receiving phase between each pulse
of ultrasound lasts approximately 1600 microseconds. The
relationship and timing of these two phases are under the overall
control of a very accurate timing generator, but thereafter, the
electronic circuitry is quite separate. A block diagram of a typical

ultrasonic scanning system is shown in Figure 2.

When the pulse of ultrasonic energy leaves the crystal (which
is mounted in the ultrasonic transducer assembly) it travels
down through the patient and is reflected and attenuated as
described in the previous chapter, according to the characteristics
of the various tissues and interfaces through which it passes.
Sound reflected back along the beam path from an interface
is subjected to the same processes of attenuation and reflection
as the emitted sound, thereby increasing the energy loss of the

returning sound even further. On reaching the crystal, which is
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now in the receiving phase, the reflected ultrasound induces a
small voltage charge across the transducer terminals as a result
of the piezoelectric effect. These charges are detected by the
electronic receiver system, amplified and processed in various

ways and applied to the deflection plates of a cathode ray tube (CRT).

Given a knowledge of the speed of ultrasound in soft
tissues (approximately 1540 m/sec) and the capability of measuring
the time taken for the ultrasound to leave the crystal, strike
an interface and return to the crystal, then the distance of that
interface can be readily calculated. This information may then
be displayed on the CRT screen in one of the three basic ultra-
sound modes, A. B. or time position (T.P.) as shown in Figure 3.
Before describing each of these modes, some mention should be
made of 'swept receiver gain* (time varied gain). As mentioned
above, the ultrasound power levels of the returning echoes are
considerably attenuated by their double passage through tissues,
and, as might be expected, the level of attentuation is related
to the depth of the particular interface. In the clinical situation
echoes from interfaces very close to the surface may be three or
four orders of magnitude greater in ratio to those from similar
but distant interfaces. Therefore, without some form of selective
processing, the receiver amplifier would either be completely
overloaded by the 'near’ echoes, or, the 'distant' echoes would
be lost. A swept receiver gain amplifier system resolves this
problem by providing zero or minimal amplification to the near
echoes, and thereafter by increasing the level at a predetermined
rate until the more distal echoes are being maximally amplified.
Ideally, echoes from similar interfaces should be equalised. In
practice this is impossible to achieve due to the complexity of
tissues and the effect of varying acoustic impedances. The
resulting effect, however, is at least very much more balanced

than would otherwise have been the case.

A-Mode The A-mode is by far the simplest of the three ultra-

sound modes providing information from one dimension only, that is,
from the structures along the path of the sound beam. The returning
echoes are here displayed as vertical deflections or blips on the
horizontal time-base of the oscilloscope screen, the position of

each being directly related to the depth from which the echo
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originated (the nearer to the surface, the closer the deflection
to the left side of the screen), and its amplitude to the strength
of the echo.

For most applications the oscilloscope C.R.T. used is of
the non-persistance variety, that is, the echo information is
automatically erased immediately after each line has been
presented. If this process is repeated more than 20 times per
second the human eye will see the resulting effect as a steady
trace. In the Diasonograph, 600 lines per second are produced.
It follows from the above that a structure such as the fetal heart
wall lying within the path of the beam will change its position
relative to the transducer over a period of time, and therefore
the corresponding echo derived from that structure will move
similarly and will be recorded on the screen as a continuously

moving deflection (Figure 3, echo number 5).

A major use of the A-mode in obstetrical practice is in
the technique of biparietal cephalometry, where measurements of
the distance between the echoes from the parietal eminences are
made. The actual measurements are facilitated and made more
accurate by the use of electronic distance markers (cursors)
which can be superimposed on the appropriate echoes, and their
separation presented on a digital read-out device. The application
of the A-mode as a measurement technique is also of great importance
in neurology where very small shifts in the position of the midline

structures can be identified in various pathological conditions.

The second important use of the A-mode is in the detection of
moving structures such as the demonstration of fetal heart move-
ments in the first trimester of pregnancy (this application will
be described in detail in Chapter V), and in the recognition and
evaluation of valvular and other cardiac abnormalities in later

life.

B-Mode This form of display is designed to produce information
from two dimensions and thus the apparatus required to achieve
this objective is more complex than A-scan equipment. (Most
B-scan machines incorporate facilities for all three ultrasound
modes.) In many ways a B-mode picture is analogous to an

X-ray tomogram and for this reason the technique is sometimes

known as echotomography.
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The basic feature of a B-mode display is that instead of
being fixed along the bottom of the CRT screen, the position
of the time-base varies in direct relation to the spatial
orientation of the transducer, and therefore the "line of sight"
of the ultrasound beam. This is accomplished by means of electronic
position sensing devices known as potentiometers which in the

Diasonograph are housed in the scanning frame (Figure 1).

Returning echoes in a B-mode display are recorded as bright
dots along the time-base, each dot corresponding to an
individual A-scan deflection (Figure 3). With movement of the
transducer over the surface of the patient further lines of
echoes are added at the appropriate positions and angles. In
this way a two-dimensional echogram, or picture of the structures
and organs in the plane of the scan is gradually formed, any one

picture comprising several thousand individual lines.

As stated above, B-scan pictures contain only two-
dimensional information, no information being received from
structures on either side of the plane of scan. It therefore
follows that if information from the third dimension is to be
obtained, it is necessary to undertake serial parallel scans at
small intervals across the surface of the volume being studied,
and to integrate mentally the resulting pictures. It is only by
strict adherence to such a procedure that one can be certain that

for example, a twin pregnancy has not been missed.

The information obtained by these scans may be presented
either on a non-persistence oscilloscope, in which case time-
exposure photography is used to store the echo information
directly onto photographic film, or alternatively, the information
may be stored electronically on the screen of a storage oscillo-
scope and photographed when the scan has been completed. Each
system has its advantages and disadvantages. For technical
reasons the former gives pictures with a smaller spot size, and
it has the capacity to show the echoes with a range of brightness
proportional to the amplitudes of the returning echoes providing
a form of grey-scale. These factors result in a potential for
better resolution of organ structure than is possible with
storage oscillography. With the latter form of display the spot
size is larger, the echo brightness is constant for all echoes

which exceed a threshold level, and the pictures which are produced



have a characteristic black and white appearance with no
gradations of grey. A distinct advantage of the storage
oscilloscope however, is that the picture may be studied at
leisure and photographed only if it portrays the desired
features. In contrast, when a non-persistence oscilloscope
is used, one is committed to taking a picture at the start
of the scan. Thus a great deal of film may be wasted unless

the scanning technique is of a high standard.

Recently a device known as a scan-converter has been
introduced which has the capability of producing high resolution
grey-scale pictures which can be stored on a television screen.
This highly sophisticated apparatus therefore combines the
advantages of the two systems described above with little of
their disadvantages. Further comment on scan conversion is not
applicable however, as this work was completed before its

introduction to routine practice in our unit.

For most purposes Polaroid film (type 107) is used because
of the immediacy of results, but 35 mm film is preferred by
some as it is less expensive and in some situations it allows a

more accurate record of the ultrasonic display.

T .P . Mode This mode is used to record movement patterns and

is usually operated in conjunction with an A-mode. As in the
A-mode, the information is obtained from a single dimension

only and is displayed on a horizontal time-base, but in contrast
the echoes are represented as bright dots rather than vertical
blips. When activated, each successive sweep of the time-base
is made to occur slightly above the previous one with the result
that an echo from a moving or pulsating structure is graphed

out as a regular waveform from the bottom to the top of the
oscilloscope screen. In the same way an echo from a stationary
structure will be recorded as a straight line (Figure 3). Given

a knowledge of the rate at which the time-base is moved up the

screen, such simple parameters as heart rate may be determined, and

if the orientation of the ultrasonic beam is accurately known,
it is possible to derive more complex information such as the

speeds of the various phases of valvular opening and closure.
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II, 2:2 Doppler Ultrasound Systems

Equipment employing the Doppler principle in ultrasound are
used solely as motion sensing devices and are very much less complex
than pulsed-echo systems. The probe in a Doppler system contains
two piezoelectric crystals one of which produces a continuous beam

of ultrasound, and the other acts solely as a receiver.

When sound strikes a moving structure its frequency is
either increased or decreased depending on whether the direction
of movement of the structure is towards or away from the sound
source, that is the sound is "Doppler shifted". In a Doppler
ultrasound system the frequency spectrum of the reflected sound
is compared electronically with the emitted sound and the
difference between the two is presented after suitable amplification
to the observer. Using 2 MHz ultrasound the Doppler shift
produced by most pulsating structures in the body is within the
audible frequency range and can therefore be heard directly without

further signal processing.

In this simple form Doppler systems are widely used for
the detection of fetal heart movements in the second trimester
of pregnancy, and for the detection of venous blood flow in
patients with suspected venous thrombosis. The signals can also
be used after suitable filtering as a trigger for fetal heart rate

monitors and in other types of pulse and flow rate meters.
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III, 1. SAFETY OF DIAGNOSTIC ULTRASOUND

When a diagnostic system used in medical practice
involves the interaction between some form of energy and the
organs and tissues of the body, consideration must be given to
the possibility of adverse or deleterious effects. This
injunction is especially relevant when the organ being
investigated is the pregnant uterus since it is well recognised
that the developing fetus is particularly susceptible to such
effects. The now classical example of this susceptibility was
the finding of an increased incidence of malignancy in
children who had been exposed to X-radiation while "in utero"
(Stewart et al 1956). As the work to be described in this
thesis involved the use of energy, in the form of ultrasound,
and the stage of pregnancy studied was the first trimester
when the fetus would be expected to be most vulnerable, it
was considered appropriate to review the literature relating to

the question of safety.

Since the first report that small creatures such as fish
and frogs could be injured by continuous low frequency ultrasound
(Wood and Loomis, 1927) a considerable volume of literature has
accumulated on the safety and potential dangers of this form of
energy. The present state of knowledge may be summarised by
the statement that high intensity, low frequency ultrasound can
cause damage to tissues and cells, but that the low intensity
high frequency ultrasound used in medical diagnosis has not been

shown to have any such adverse effects.

As a basis for discussion it is relevant at this point to
outline the acoustic characteristics of the ultrasound employed
in diagnostic equipment. The peak power output has been shown
to vary with different models (Hill, 1971; Hall, 1975), and in
pulsed instruments it is usually in the region of 10 to 20
watts cm™ , with a time-averaged power output of 10 milliwatts
cm_'2 or less. The pulse repetition frequency is again variable
but a common figure is 600 per second, each pulse lasting only
a few micro-seconds. The power output of instruments based on
the use of continuous wave ultrasound is of the order of

10 milliwatts cm
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ITI, 1:1 Biophysical Mechanisms

In the interaction between ultrasound and a medium there
are four recognised potential mechanisms which, at least on a
theoretical basis, could result in damage to a biological

system (Hill, 1968; Taylor and Pond, 1972). These are -

1. Heating effects due to the absorption of ultrasonic
wave energy.

2. Cavitation disturbances, resulting from enhanced
movement around any cavities which are caused to
vibrate strongly or to collapse.

3. Time-averaged disturbances due to non-linearities in
the response of the target giving rise to displacement
or "micro-streaming” .

4. Oscillatory disturbances. These are cyclic variations
of pressure, temperature and forces on inhomogeneities
which oscillate about their ambient wvalues, but with

their time-averaged displacements being zero.

Of these machanisms the first two are almost certainly
inapplicable to the diagnostic situation. Connolly and Pond
(1967) state that equipment used for diagnosis could only raise
tissue temperature by a small fraction of a degree, while the
temperature rise required to produce observable structural damage
is in the order of 10°C. Similarly, cavitation does not occur
in ultrasonic irradiations which involve widely separated pulses
of only a few microseconds, since this effect requires a much
longer time interval for its development (Hill, 1972 a and b).
Furthermore the power levels required to produce this effect
are several orders of magnitude higher than those used in clinical

diagnosis.

On the other hand, microstreaming of nucleoplasm and cyto-
plasm has been induced in plant and marine egg cells (Wilson
et al 1966). However the ultrasonic conditions employed were
totally divorced from the clinical situation. No such effect

has been demonstrated with ultrasound at diagnostic levels.

Oscillatory disturbances may well be the underlying cause
of many of the diverse phenomena listed by Hill (1968) under the

general heading of "direct mechanisms of action". These phenomena
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include degradation of D.N.A. molecules in solution (Hawley
et al 1963), and acceleration of wound healing (Dyson et al 1970).
In each instance, however, the levels used were far in excess

of those employed in diagnosis.

While the foregoing suggests that each of the major biophysical
effects of ultrasound do not occur at diagnostic levels, or do so
to only a negligible degree, the possibility of some, as yet
unidentified, "direct" mechanism by which damage may be produced
must still be considered. It is this possibility which has led
researchers to formulate and conduct animal and other experiments
on an empirical basis with little in the way of positive guidance
as to what type of damage to expect. Attention has been principally
directed towards the detection of teratogenic or mutagenic effects,
functional disorders, chromosome damage and alterations in enzyme

activity.
I11, 1:2 Animal Studies

Teratogenesis and Mutagenesis

In studies relating to these possible effects the experimental
models most commonly used have been laboratory strains of small
mammals, principally because of their rapid rates of reproduction,
large litter size and, most important, their well defined
characteristics and pedigrees. One of the first reported studies
was that of Holmes and Howry (1963) in which pregnant rabbits
were insonated at various intervals in pregnancy using ultrasound
with a similar frequency and pulse length to those employed in
diagnostic machines. The intensity levels used however, were
very much higher. No developmental abnormalities were noted in
the resultant offspring. Using the spawn of fish and frogs as his
models, Andrew (1964) failed to produce any developmental abnor-
malities following insonation for periods of 24 hours during the
first 11 days of development. In his experiments pulsed ultra-
sound at diagnostic power levels was employed. Kirsten and his
co-workers (1963) in their study subjected new-born mice to
whole body insonation for five minutes with the purpose of
producing maximal gonadal damage. One MHz continuous wave ultra-
sound was used with intensities of up to four watts em <. borne

deaths resulted from these exposure but were attributed to the
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inability of the mice to re-radiate the absorbed power in the

form of heat. The mice which survived were then mated and no
developmental abnormalities found in their offspring throughout
the next five generations. Similar negative findings were
obtained using pulsed ultrasound with a peak intensity of 10 watts
em © and pulse lengths of 50 and 100 microseconds. In a
comprehensive study reported by Smyth (1966), mice were insonated
with a pulsed ultrasound machine, giving an average power output
of 10 milliwatts cm_2, during the pre-mating and mating periods,

and throughout pregnancy. No abnormalities were found in the

subsequent two generations.

Further experimental studies on rodents, using a wide range
of frequency and power levels with both pulsed and continuous wave
ultrasound, have all failed to produce any observable teratogenic

effects (Sunden, 1964; Warrick et al, 1970; McClean et al, 1972).

The only positive results in this field were those reported
by Taylor and Dyson (1972). These workers insonated chick
embryos at 18 to 20 hours of incubation when the embryos were at
the head process stage (equivalent to 4 to 5 weeks menstrual age
in the human embryo), and examined them some 48 hours later. When
compared with controls a statistically significant increase in
fetal abnormalities was found particularly in the central nervous
system and embryonic axis. The ultrasonic parameters used were
a frequency of 1 MHz, a peak intensity of 40 watts cm_2, and pulse
and space lengths of 20 and 180 microseconds respectively, the
last two giving a duty cycle of 1 in 10. Further experiments
showed that reducing the peak intensity to 10 watts cm_2 with the
same pulsing regime failed to produce an increase in the
abnormality rate, as did insonation at the 42 hour incubation
stage. This study is important in that it provides evidence for
a threshold of damage, both in terms of exposure parameters,
and of the stage of development of the embryo. However, before
extrapolating these findings to the human situation several
points should be noted. Firstly chick embryos are notorious for
the ease with which teratogenic effects can be induced, indeed
a number of the controls in Taylor and Dyson's experiments had
similar abnormalities to those in the test embryos; secondly, the

duty cycle employed was at least 10 times longer than that of
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diagnostic machines; and finally the intensity of the ultrasound
applied to the chick embryos was in the order of 100 times greater
than that which would normally reach a human embryo in the

course of a routine B-scan examination. This latter figure takes
into account the attenuation of the ultrasound by some 10 to

20 decibels during its passage from the skin surface of the

patient to the uterine cavity (Hall, 1975).

From animal experiments therefore, the evidence to date is
such that ultrasound used at "diagnostic levels" cannot be
implicated in the genesis of either teratogenic or mutagenic damage

to the fetus and that the margin of safety is probably considerable.
Functional Disorders

As part of the study reported by Donald and his co-workers
in 1958 an experiment was performed in which the heads of two
new-born sibling kittens were insonated with ultrasound for a
period of one hour. One kitten and a sibling control were
sacrificed 24 hours later and no evidence of any adverse effect
found on a thorough macroscopical and microscopical examination
of the excised brain. The remaining "test" kitten and its
control were left with their mother for a further three weeks.
During this period the development of the test animal was
totally normal and in fact was in advance of the control animal.

Postmortem examination again showed no evidence of damage.

Smyth (1966) as part of his investigations used rats,
trained for a conditioned escape response, and exposed them to
ultrasound for periods of up to two hours, at an intensity of
10 milliwatts cm_2. When tested 1, 2 and 7 days after exposure
their conditioned escape responses were no different from those
in a control group. In the same study Smyth repeatedly insonated
the gonads of male and female mice for periods of 10 minutes during
each of five consecutive days in the premating period and
continued with the same regime in the mating period. The uteri
of the females were also insonated throughout pregnancy. No
adverse effects on the fertility of the test animals was observed.
Dunn and Fry (1971) confirmed these findings using cats as their
experimental models. In the experiments on new-born mice reported
by Kirsten et al (1963) using high power (up to 4 watts cm_ )

continuous wave ultrasound, no loss of gonadal function was noted

when the animals reached maturity.
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IIT, 1:3 Human Studies

Teratogenic Effects

The most important study yet performed which has been directly
related to the safety of ultrasound in the human context was
that undertaken in New York, Glasgow and Lund by Heilman and
his colleagues (1970). In this collaborative study the case
records of 1114 apparently normal pregnant women in whom
diagnostic ultrasound examinations had been performed were
subjected to computer analysis and it was found that the incidence
of fetal abnormality was lower than might have been expected in
the general population. This finding was independent of the
gestational age at which the ultrasound examination was carried
out, and of the number of examinations performed. To date this
has been the only sizeable epidemiological investigation reported.
A British Medical Research Council multicentre controlled study,
designed to resolve the question of safety of diagnostic ultrasound
in human pregnancies, was recently cancelled but other, less

ambitious projects are being conducted currently in North America.

In a more experimental investigation Kamocsay (1958) insonated
150 pregnant women in the first trimester prior to legal termination
of pregnancy. The equipment used was a physiotherapy machine employing
continuous wave ultrasound at 0.8 MHz, with a time-averaged power
output of 0.5 to 1 watt cm_2, that is, almost two orders of
magnitude greater than that used in diagnostic machines. None
of his patients threatened to abort and apart from slight
hyperaemia of the embryos removed within 48 hours, no adverse

effects were found.
Functional Disorders

Kohom and his co-workers (1967) reported no change in the
electroencephalogram of 20 newborn babies exposed to ultrasound
at levels equivalent to those used in routine ultrasonic cephalometry,
while Garg and Taylor (1967) in a more extensive study on the
brains of six terminal patients using conventional A-scan techniques
for periods of one hour each, showed no significant changes on
clinical, E.E.G., and subsequent cerebral tissue enzyme and
histological examinations. More recently Donald (1975) conducted

a retrospective study of all children born in Glasgow from 1966
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onwards who had been registered as having hearing defects.

Two hundred and sixteen were found, and of these only seven had
had an ultrasonic examination before delivery in either the

Queen Mother's Hospital or any other hospital in the city.

On reviewing the relevant obstetrical histories Donald considered
that there were ample clinical reasons for these disabilities

in all but one instance.

I11, 1:4 Chromosome Studies

In two reports from Cape Town, Macintosh and Davey (1970
and 1972) claimed that continuous wave ultrasound, used at
energy levels commonly employed in clinical practice, was capable
of producing chromosomal aberrations in human leucocytes grown
in culture. These reports not unexpectedly caused considerable
alarm among those who were involved in ultrasound diagnosis. Over
the course of the next few years however, numerous workers attempted
to confirm or disprove these findings by conducting in vivo, and
in vitro experiments on human blood and other tissues using both
pulsed and continuous wave ultrasound over a wide range of
"exposure" parameters, but none has reported similar effects
(Abdulla et al, 1971; Bobrow et al, 1971; Boyd et al, 1971;
Coakley et al, 1971; Hill et al, 1972; Lucas et al, 1972;
Manor et al, 1972; Watts and Stewart, 1972; Watts et al, 1972;
Galperin-Lemaitre et al, 1973; Ikeuchi et al, 1973; Lyon and
Simpson, 1974). Explanations for the Cape Town results have
centred principally around the possibility of a contaminant wviral
or chemical mutagen. More recently Macintosh working in
collaboration with other investigators has reported his inability
to duplicate his original findings (Macintosh et al, 1975). This
latter report has set the seal, at least for the moment, on the

question of diagnostic ultrasound and chromosome damage.
I11, 1:5 Enzyme Activity

In an attempt to exclude the possibility of potential damage
to subcellular organelles, the author and his colleagues (Robinson
et al, 1972) performed enzyme histochemical studies on placental
fragments which had been maintained 'in vitro', and insonated
for eight hours with pulsed and continuous wave ultrasound at 2 MHz,
and at intensities substantially above those used in clinical

apparatus. No difference was observed in the activity of eleven



enzymes examined in the insonated fragments compared with a
control series. Eitel and Geyer (1970) in their experiments
found no significant change in the enzyme activity of malic

dehydrogenase after exposure to ultrasound at diagnostic levels.
I11, 1:6 Summary

The experiments and observations described above serve to
confirm the statement made at the beginning of this chapter that
ultrasound, at the levels used in diagnostic equipment, has no
known adverse effect on biological systems. However this has
not been allowed to become a matter for complacency, and
currently a great deal of work is being conducted on the further
elucidation of the mechanisms involved in the interaction
between ultrasound and tissues at gross, microscopical and
molecular levels, and on the possibility of hazard as a result
of such mechanisms. As a result of these investigations it is
to be hoped that the limits of safety, relative to power levels,
pulse length etc., will be more clearly defined, since future
developments in pulsed Doppler ultrasound and holographic
techniques for example, may well necessitate higher power levels

and longer pulse lengths being employed.
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IIT, 2 DEVELOPMENT OF ULTRASOUND AS A DIAGNOSTIC TECHNIQUE

The development of ultrasound may be said to have originated
from the work of Lord Rayleigh on the "Theory of Sound", published
in 1887, and the discovery three years later of the phenomenon of
piezoelectricity by P.J. Curie (Hill 1973). It was not until the
First World War however, when the Anti-Submarine Detection and
Investigations Committee (ASDIC) commissioned Langevin in Paris
to develop a method for the underwater detection of German U-boats,
that equipment was eventually constructed for the generation of
ultrasound (Langevin, 1928). In the years that followed, its
principal applications continued to be in the field of underwater
detection and oceanography, although its heating effects at high
power were applied in medicine, particularly in Germany, as a

general and quite empirical therapeutic measure (Hill, 1973).

The next major breakthrough came again as the result of a
"war stimulus" in the early 1940's with the application of
echo-pulsing techniques for the localisation of flaws in metal
(Firestone 1945, 1946). By this stage considerable advances
had been made in the miniaturisation of ultrasound equipment
and within a few years experimental studies were instituted in
the field of medicine to explore the potential of ultrasound as

a possible diagnostic tool.

The first report on its use in clinical diagnosis was that
of Dussik (1942), where the author attempted to obtain information
on intracranial structures by a "through-transmission" technique.
However, this method proved to have little wvalue as the differences
in absorption of ultrasound by the variable thicknesses of the
skull bones far exceeded the relatively slight absorption which
occurred during its passage through the brain substance and
ventricles. A more rewarding approach, and the one used most
widely today, was the pulse-echo system. This system developed
in two principal directions, the A-scan or amplitude-depth
technique and the two-dimensional B-scan. The former, in which a
single or unidimensional line of echoes is obtained has been found
to be of most value in the fields of neurology, for the detection
of mid-line echoes and their possible displacement in pathological
conditions (Leksell, 1955, 1958; De Vlieger and Ridder, 1959),

and in cardiology for the study of moving heart structures (Edler,
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1955, 1961). In addition, the use of the A-mode has become an
integral part of the techniques of fetal biparietal cephalometry,
and for the early detection of fetal heart movements, as will

be described later.

The development of the two-dimensional B-scan was pioneered
by Wild and Reid and by Howry and his co-workers in the United
States of America (Wild and Reid, 1952, 1954 and 1956; Howry and
Bliss, 1952; Howry et al, 1954 and 1955; Holmes and Howry, 1963).
The organs examined by these investigatorswere mainly the breast
and, to a lesser extent, the neck and limbs, the liver, gall-
bladder and other abdominal organs. Even in these early years,
and with the relatively crude apparatus then available, remarkably
good results were achieved. A major inconvenience in all of
these early B-mode studies however, was the necessity of
having to immerse the region of interest in a water tank, or at

best to make use of a cumbersome water-delay technique.

It was at this stage that Donald and Brown in Glasgow effected
the next major advance in equipment design, namely the development
of a contact scanning instrument which eliminated the need for
"stand-off” techniques (Donald et al, 1958, Donald and Brown, 1961).
With this new impetus, the use of ultrasound as a diagnostic
technique changed from being a semi-academic laboratory pursuit
in which only relatively fit people could be scanned, to become
a much more acceptable ancilliary aid, and one which was capable
of use in a practical clinical situation. As an obstetrician
and gynaecologist it was not surprising therefore that Donald
directed his researches to the problems of pregnancy and the
differential diagnosis of gynaecological tumours. This was
indeed fortunate, for here in these areas, almost more than in
any others, ultrasound diagnoses could be quickly confirmed or
refuted, thereby allowing the investigator to learn both from

his mistakes and successes.

In this way the clinical efficacy and credibility of the
technique was established, and the way opened for its more wide-
spread use; during the ensuing years it has been shownto be an
extremely useful diagnostic aid not only in the fieldsof
obstetrics and gynaecology but in virtually every other branch of

medicine.
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ITI, 3. DETECTION OF EARLY FETAL LIFE

Before the advent of modern technology it was impossible
to discriminate accurately on a clinical basis between a continuing
and a non-continuing pregnancy at a single examination up to the
eighteenth or twentieth week. It was only with the passage of
several weeks and by repeated assessments of uterine size that
one could say with any certainty that growth had occurred and
therefore infer that the fetus was probably alive. Similarly
the diagnosis of a missed abortion was largely dependent on
the absence of uterine growth over a period of at least two

to four weeks.

The two products of modern technology with the greatest
potential for providing instant and accurate information regarding
the viability of a fetus were the electrocardiogram and diagnostic

ultrasound.
I11, 3:1 Electrocardiography

The application of electrocardiographic techniques to the
fetus 'in utero' in the first half of pregnancy have been met
with considerable technical difficulties due to the extremely
small signal amplitude from the fetus and, according tomost
authors, its detection before the sixteenth week is extremely
difficult and only rarely achieved (Smyth, 1953; Bergman and
Hall, 1958). However, recordings have been obtained asearly

as 11 weeks (Lamkee et al, 1962).
I11, 3:2 Ultrasonic Methods

An ultrasonic diagnosis that a given fetus is alive may be
inferred by demonstrating growth of the pregnancy over a period
of weeks using conventional B-scan techniques, or be determined
absolutely if movements of the fetal heart structures can be
demonstrated. The former approach, which is analogous to clinical
examination, relies on the indirect and somewhat subjective
appreciation that the uterus and gestation sac have increased
in size over a period of one to two weeks, and that the "milestones
of development" described by Donald (1967 and 1969%9a) and Abdulla
(1971) are reached at the appropriate times. The ultrasonic
features of these "milestones" will be discussed in more detail

under the heading "Estimation of Gestational Age". This method,
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in the same way as repeated clinical examinations, is basically
an unsatisfactory one since no statement can be made regarding

the presence or absence df fetal life at a given moment in time.
Doppler systems

The early detection of fetal heart movements, using a system
which employed the ultrasonic Doppler principle, was first
described by Callagan and his co-workers in 1964. In this abstract
of a paper which was presented to the Twelfth Annual Clinical
Meeting of the American College of Obstetricians and Gynecologists,
the authors reported its potential value as a means of detecting
early pregnancy. In the following year, Johnson et al (1965)
described its use in 25 pregnancies between 8 and 25 weeks of
gestational age. Their earliest positive result was obtained
at 10 weeks and there were no false results from 12 weeks onwards.
In a larger study Bernstine and Callagan (1966) achieved an
accuracy of 98.7 per cent when the uterus was above the level of
the symphysis pubis. These initial investigations were rapidly
followed by a large number of reports which further evaluated
the use of such instruments in clinical practice in the first half
of pregnancy (Bishop, 1966; Barton, 1968; Brown, 1968;

Brown et al, 1968; Kuah and Embrey, 1968; Pystynen et al, 1968;
Muller and Osier, 1969; Resch et al, 1971). All of these workers
used an abdominal transducer and from their findings it is clear
that even in the best hands complete reliability can only be
achieved from twelve weeks onwards. On a few isolated occasions
however, positive findings were recorded from as early as eight
weeks (Pystynen et al, 1968; Resch et al, 1971). An alternative
Doppler technique was that described by Jouppila (1971) in which
a vaginal rather than an abdominal transducer was used. In a
large series evidence of fetal cardiac activity was first
obtained in the eighth week, and 100 per cent reliability from

the tenth week.

Pulsed echo systems

The use of pulsed echo systems for the detection of fetal
heart movements was, until 1972 when the present study was initiated,
a much less common practice than the use of Doppler equipment.
With abdominal transducers and simple A-scan instrumentation Pystynen

et al (1968, and Bang and Holm (1968), were unable to achieve any
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more reliable results than those outlined above. In the latter
study Bank and Holm recorded the movement of the A-scan echoes
using a time-position (T.P.) mode. Kratochwil and Eisenhut (1967),
on the other hand, using a vaginal transducer and A-scan instru-
mentation, reported positive results from seven weeks and

achieved reliability from the tenth week, a degree of accuracy
which is comparable to that using a vaginal Doppler probe (Jouppila,
1971) . Slightly better results were obtained by Hinselmann (1969),
this author obtaining reliability with his apparatus from the ninth

week.
I11, 3:3 Fetal Heart Rates

At the time when this work was initiated, 1little was known
about fetal heart rate values in the early weeks of human
pregnancy. However, in a number of reports relating to the use of
Doppler ultrasound as a method of detecting fetal life, the authors
did provide data on fetal heart rates in the latter half of the
first trimester (Muller and Osier, 1969; Tenhaeff and Karajiannis,
1970; Jouppila, 1971; Wladimiroff and Seelen, 1972). These
workers found that the heart rate fell from a level of 170-180
beats per minute at 9 to 10 weeks, to 140 to 150 beats per minute
at the sixteenth week. In none of these reports was there reliable

measurements before the ninth week.

Information from experimental biology shows that the pattern
of heart rate change differs from that described above. Barry (1940),
in what he describes as physiological conditions, reported that
the chick heart started to beat at a very slow rate. This rate
rapidly increased as successive parts of the heart assumed the
pacemaker function, and then reached a plateau at a virtually
constant rate. There was no decrease in the chick heart rate
as described above for the human fetus. At the earlier stage
in development the initial rise in heart rate as demonstrated in
the chick is likely to be a common feature in vertebrate embryos.
However, confirmation of this early rise in the human was hitherto
impossible owing to the lack of a technique of sufficient

sensitivity to detect the fetal heart beat at this stage in pregnancy.
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III, 4 DIAGNOSIS OF "EARLY PREGNANCY FAILURE"

Spontaneous abortion (early pregnancy failure) is a very
common event, with most authorities quoting rates in the order
of 10 to 15 per cent. These figures, however, relate to the
number of abortions occurring in patients in whom pregnancy had
been previously confirmed by urine pregnancy testing, or
suspected on clinical grounds. Very much higher rates on the
other hand have been calculated for the total loss of conceptuses
from the stage of fertilisation onwards. Hertig and his co-workers
(1959, 1967), in their now classic series of investigations,
estimate that only 42 per cent of pregnancies are of such
"viability" to cause the patient to miss her expected menstrual
period; of these almost 30 per cent abort with or without

preceding clinical signs of pregnancy, giving an overall wastage

rate in the order of 60 per cent. From some "speculative
arithmetic" Roberts and Lowe (1975), in a paper entitled "Where
have all the conceptions gone?", conclude that at least 78 per
cent of conceptions are aborted. Clearly therefore the

obstetrician, in his management of the 10 to 15 per cent of
patients who have clinical evidence of spontaneous abortion, is
really only dealing with the 'tip of the iceberg', that is, those
pregnancies which are sufficiently "normal" to have escaped
abortion long enough to produce clinical signs and symptoms of
pregnancy. It is to the diagnosis of this "relatively" small
group of patients that the author will address himself in this
review, and even more specifically to those patients who present

before the cervical os starts to open.

Before discussing the available techniques it is relevant
first to outline the pathological features of spontaneously
aborted pregnancies. Fujikura and his co-workers (1966) in a
detailed study of 327 abortuses found that 50 per cent of the
specimens had an accompanying fetus or evidence of a cord stump,
but of these only 31 (9.5 per cent of total) showed no evidence
of maceration. The remaining specimens comprised empty intact
sacs, ruptured but complete sacs with no evidence of a fetus or
cord stump, and finally, a group of 72 (22 per cent) specimens
considered to be incomplete. On the basis of this simple

anatomical classification it may be surmised that there are at
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least three pathophysiological entities: "missed abortions'¥
that is, pregnancies in which the fetus dies some time before
spontaneous abortion occurs (possibly several weeks); "live
abortions" , being pregnancies where the fetus is probably alive
until shortly before spontaneous abortion, as evinced by the
lack of maceration; "blighted ova", or pregnancies in which
there is an absence of recognisable fetal tissue, and which
must therefore have been abnormal from a very early stage in

development.

How then might a diagnosis be made in each, or any, of
these groups of early pregnancy failures prior to the onset of
spontaneous abortion? At the time when this work commenced no
author using any technique then available had been able to
predict with accuracy and reliability that a given pregnancy would

be aborted on the basis of a single examination or test.
I11, 4:1 Clinical Methods

Until the cervix starts to dilate, and the abortion becomes
inevitable, the mainstay of the clinical diagnosis of a non-
continuing pregnancy depends, for the most part, on the detection
of a discrepancy between uterine size on bimanual examination
and the expected size according to the estimated gestational age.
Such an approach is clearly subject to observer error, and even
more important a patient’s menstrual history is frequently
unreliable. In view of this, it is rare indeed for a clinician
to take definitive action on the basis of a single examination
when the cervix is still closed, preferring to delay a decision
until he is convinced that repeated examinations over at least
two to four weeks have failed to demonstrate growth of the uterus.
An added clinical pointer is a history that the symptoms of

pregnancy have decreased or disappeared.

Ill, 4:2 Hormonal and Biochemical Methods
Human Chorionic Gonadotrophin (H.C.G.) Assays

The most widely applied of these assays, and indeed the most
widely used of all the hormonal and biochemical methods employed
in early pregnancy, is the urine "pregnancy test", a test which
over the years has evolved into a simple sideroom procedure. While

useful in the routine confirmation of pregnancy in the earlier



weeks, it is well recognised as having a significant rate of
false results (Bell, 1969; Brown et al, 1970; Varma, 1972).
The comparative study performed by Bell (1969) of five urine
pregnancy tests showed false positive rates of 0.5 to 8.7 per
cent, and false negative rates from 0.5 to 19.5 per cent. In
studies where more quantitative assays of HCG were performed
(Hughes et al, 1964; Duff, 1975) it was still found that the
inconsistencies of results precluded the use of this hormone
as a reliable predictor of pregnancy outcome; Duff (1975)
reports an accuracy rate of only 54.5 per cent in cases of

threatened abortion.
Steroid Hormone Assays

In a study of urinary oestriol and pregnanediol levels
in early pregnancy, Macnaughton (1966) found a considerable
overlap of the range of results in normal continuing pregnancies
when compared with those which subsequently aborted. In his
summary he stated that their measurement "gives no indication of
the likelihood of abortion", and, "is of no value in the
management of recurrent abortion". In subsequent studies
Acevedo et al (1969) and Brown et al (1970) reported much
better discrimination between the viable pregnancies and those
going on to abortion, especially in the pregnanediol levels.
A close study of their illustrative graphs however (particularly
in the publication by Brown et al.), show that in a number of
cases the results are abnormal only if the gestational age is
correct, and that an overestimation by a matter of a few weeks
could place an "abnormal" value into the normal range and vice
versa. In view of this, extreme caution would have to be
exercised before using the results of these assays as the sole
basis for making a definitive diagnosis of non-viability and
advising a termination of the pregnancy. Notwithstanding the
above, both groups showed that very low levels of pregnanediol
(below 2 mg. per 24 hours) are always associated with abortion,
and that serial measurements in marginal cases will almost always

give a clear answer.
Human Placental Lactogen and Alphafetoprotein Assays

The continuing search for a simple blood test as a means of

discriminating the continuing from the non-continuing pregnancy



has led workers to evaluate the efficacy of human placental
lactogen (HPL) and alphafetoprotein (AFP) in the maternal serum
(Niven et al, 1972; Seppala and Ruoslahti, 1972; Ylikorkala

and Jouppila, 1973; Gartside and Tindall, 1975; Garoff and
Seppala, 1975). Of these, the latter is of little practical
value in the first trimester, although Seppala and Ruoslahti
(1972) did find that after 13 weeks abortion occurred more
frequently (10/12) in women with abnormal serum AFP levels than
in those (2/12) whose AFP levels were within the normal range.
In this study there was reasonable evidence to suggest that
very high levels were associated with preceding fetal death and

the very low levels with anembryonic pregnancies (blighted ova).

While Niven and his co-workers (1972) and Gartside and
Tindall (1975) consider that an HPL assay provides a useful
prognostic index in cases of threatened abortion, a careful
perusal of their results shows a considerable overlap of values
in the continuing and non-continuing pregnancies. Niven et al
(1972) however, feel that a single low value after nine weeks,
or static or falling values before this time, are sufficient
evidence of itself to justify a termination of pregnancy.

They go on to state ’that the occasional normal pregnancy might

be interrupted is mitigated by the fact that bleeding in early
pregnancy carries a high risk of complications in the third
trimester”! Ylikorkala and Jouppila (1973) draw more conservative
conclusions from their results, feeling that as a result of the
great variability in individual serum HPL levels serial values

are required for a reliable prognosis of fetal viability especially

before the fourteenth week.

I11, 4:3 Vaginal Cytology

In most centres the use of vaginal wall cytology as a means
of predicting abortion has been abandoned, largely as a result of
studies which have shown that the information obtained is so
unreliable as to be not worth the effort involved. In one of
the largest of these studies, conducted by McLennan and McLennan
(1969), 44 per cent of the patients who aborted had been found
earlier to have had "favourable smears" and of those with

"unfavourable smears" 83.3 per cent did not abort.



ITII, 4:4 Diagnostic Ultrasound

The first report of the use of ultrasound in the diagnosis
of non-continuing pregnancies was that of McVicar and Donald in
1963. In a series of 65 patients referred with ’'threatened
abortions", three were identified as having missed abortions. The
basis for diagnosis was the absence of strong fetal echoes and
failure of the uterus to increase in size over a period of at

least two weeks.

With the introduction of the full-bladder technique later that
year (Donald, 1963) it then became possible to observe the growth
of the uterus from an earlier stage in pregnancy, and more important,
to monitor the growth of the gestation sac itself. In a number of
subsequent publications, Donald and Abdulla suggested that
"blighted ova" could be diagnosed by demonstrating lack of growth
of the gestation sac, and by the disappearance of its normal
"healthy ring pattern" (Donald and Abdulla, 1967; Donald 1969 a
and b; Abdulla, 1971). It was also suggested that a pregnancy
sited low in the uterus was an unfavourable sign and one which
was commonly assaciated with subsequent spontaneous abortion. It
was not until 1972 however, that Donald and his colleagues first
published a systematic study of the ultrasonic findings in
unsuccessful pregnancies (Donald et al, 1972). In a series of
141 patients referred with bleeding in the first trimester, "abnormal
ultrasonic appearances" were noted in 57 of the 66 patients who
subsequently aborted, and in 10 of the 75 patients whose pregnancies
continued. The false positive and false negative rates were
therefore 13.3 per cent and 13.6 per cent respectively. The
ultrasonic features considered abnormal included loss of
definition of the gestation sac, a "small for dates" gestation
sac, failure of growth of the sac over a period of one or two weeks,
a low position of the sac, and absence of fetal echoes. Of these,
the first two were by far the most commonly noted abnormalities.
Heilman and his co-workers (1973) in New York, in a series of
140 patients and using almost identical criteria of abnormality,
reported very similar false positive and false negative rates
of 10.5 per cent and 13.6 per cent respectively. While these
results represented a considerable advance in the identification
of pregnancies destined to abort, the significant false positive

rate precluded the use of the above criteria as a reliable means
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of indicating which pregnancies merited termination. Furthermore,
most of the criteria were subjective in nature and as a consequence
were dependent on the experience and expertise of the observer.
Recognising these problems, Donald and his co-authors (1972)
stressed the need for careful serial examinations in any case

where doubt existed. Varma (1972) in his series pointed out the
danger of confusing a non-continuing pregnancy, as evinced by a
"small-for-dates" gestation sac, from one in which the pregnancy

is simply less far advanced than calculation from the last menstrual
period (ILMP) would suggest. While the data presented in this

study are difficult to cross-correlate, it would appear that
diagnoses were made with a sufficient degree of confidence to
perform electively an evacuation of uterus in cases of missed

abortion.

In studies where uterine and/or gestation sac measurements
were performed, it was shown that those of pregnancies going on
to abortion tended to be smaller than those found in normal
pregnancies, but that there was considerable overlap of the
respective ranges of results (Jouppila, 1971; Kohorn and Kaufman,
1974; Levi, 1973 and 1976a). By including failure of the gestation
sac to maintain an adequate growth rate (normally 0.48 cm. per
week; Levi and Erbsman, 1972), and absence of fetal heart sounds
using a Doppler apparatus as further criteria for diagnosis,
Levi (1973), in a study of 250 patients with symptoms of
threatened abortion, considered that the ultrasonic information
was either diagnostic or helpful in over 90 per cent of cases.
Even with these more objective approaches, however, these authors
still had to conclude that serial examinations were required before
making definitive diagnoses, especially when the menstrual history

was in doubt.

While the use of the Siemens Videson "real-time" equipment
has allowed fetal heart activity and fetal movements to be recognised
from around the tenth week (Hofmann et al., 1967; Hinselmann, 1969;
Hoffbauer, 1970; HdLander, 1972), there was, until recently, a
lack of systematic studies designed to evaluate its diagnostic
accuracy in early pregnancy in terms of false positive and false
negative rates. In the material of Stocker et al (1975),six out
of 104 cases aborted within one to seven weeks despite a "positive

life-scan", while their data suggest that all 63 patients with a



"negative life-scan" aborted. However, as clear evidence of

fetal life cannot really be obtained consistently until the

tenth week using this apparatus, it is likely that these authors
also took into consideration the size and appearance of the
gestation sac, and by implication, ran the risk of misdiagnosing

as abnormal a pregnancy less advanced than had been thought.
Notwithstanding this possible criticism, the authors clearly
appreciated that a lack of discernable fetal heart or body movements
is a very much more basic criterion of a non-continuing pregnancy
than measurements of the gestation sac, or subjective impressions

of its appearances.

The first systematic study of hydatidiform moles by ultrasound
was performed by MacVicar and Donald (1963). In this early series
of 50 patients, 16 moles were diagnosed correctly, and in three
additional cases a provisional diagnosis was made. These latter
diagnoses were subsequently shown to be incorrect (two normal
pregnancies, one of which had an associated fundal fibroid;
and a twin pregnancy) . The remaining patients were considered,
with varying degrees of certainty, to have continuing pregnancies.
In the following year Sunden (1964), in his extensive work on
the "diagnostic value of ultrasound in obstetrics and gynaecology",

reported 12 patients with suspected hydatidiform mole. Correct

diagnoses of a mole were made in three, and of a continuing pregnancy

in nine.

Since these studies a number of other groups have reported
their experiences in the diagnosis of this pregnancy tumour
(Gottesfeld et al, 1967; Kohom and Blackwell, 1968; Thomson, 1968),
and the reported literature must now be in the region of several
hundred cases. For the great majority the diagnosis can be made

without difficulty.

Classically the uterus is seen to be large for dates and
to be filled with a uniform mass of echoes, often described as

a "snowstorm". These echoes rapidly disappear on lowering the

transmitter power output leaving an "empty" uterus whose posterior

wall can still be visualised.

In contrast to the data available on singleton pregnancies,
there is little information about the incidence and fate of early

pregnancy failure in twin conceptions apart from the well-recognised
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increased frequency of mid-trimester abortion. Hellmann and his
colleagues (1973) in their series of 140 at-risk early pregnancies
found 22 patients (15.7 per cent) with twin-gestation sacs of whom
14 went on to abortion. Only one of these latter 14 patients

had had an induced ovulation while the eight women with continuing
pregnancies had all received ovarian stimulants and gave birth

to five sets of twins and three singletons.

Levi (1976b)in a review of 6,690 ultrasound examinations
found 118 twin pregnancies in his material. Thirty nine of the
twin pregnancies had been examined before 15 weeks, but clinical
follow-up data was unavailable for 17 of them; seven of the
remaining 22 patients were delivered of twins, the others (68%)
giving birth to singleton infants. Levi ascribed his findings to
an early arrest of development, but admitted that in some cases

diagnostic error due to artefact could not be ruled out.
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III, 5 THE ESTIMATION OF GESTATIONAL AGE
III, 5:1 Clinical Methods

The time-honoured method of estimating the gestational age
of a pregnancy is by simple calculation from the date of the first
day of a patient's last menstrual period (LMP) with confirmation

by abdominal or bimanual palpation of the uterus.

If, as is now generally accepted, ovulation and conception
takes place on or about the fourteenth day in a patient with a
28 day menstrual cycle, then this method of estimating gestational
age will be a very accurate one given that the patient has an
accurate record of the date of her LMP. Unfortunately, in
situations where the patient is uncertain of her "dates" or
has had "implantation bleeding" at the time of her next expected
period, reliance on the menstrual history could lead to a
considerable error. In addition those patients who have irregular
and/or long menstrual cycles and those who have only recently
stopped taking an oral contraceptive agent frequently do not
ovulate 14 days after their ILMP's, the interval being usually
in excess of two weeks. In such circumstances, therefore,
calculation of the gestational age of a pregnancy from the
menstrual datum could also result in a significant error.
Twenty two per cent of the patients attending a London hospital
gave a history of one or other of the above sources of potential

error (Beazley and Underhill, 1971).

Clinical assessment of uterine size at the time of the
first antenatal visit on the other hand, especially in the
first trimester, has long been held to be an accurate method of
estimating gestational age. In 1970 however, Beazley and
Underhill published, under the somewhat provocative title
"The Fallacy of the Fundal Height", the results of a large
series of simple measurements of the fundal height throughout
pregnancy. From these measurements they concluded that it was
not possible to predict the gestational age of a pregnancy in
the latter two trimesters with an accuracy of any greater than
pPlus or minus four weeks. In a smaller sub-section of this study
they found that of 21 patients whose menstrual and ultrasound
estimates of gestational age were in agreement, the estimate

based on a clinical bimanual examination of the uterus was at
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Figure 4. A pregnancy at 5 weeks and 1 day of menstrual age

represented by a small ring-like structure
within the body of the uterus.
Scale 2:5.

(arrowed)
B = bladder.

Figure 5. A pregnancy at 8 weeks. The gestation sac (GS)

occupies almost half of the

uterine cavity” and
the fetal echoes (F)

are clearly visible within
the sac. B = bladder. Scale 2:5.



Figure 6.

A pregnancy at 10 weeks of menstrual age.
The gestation sac (GS) now fills the
"uterine cavity" and the placenta appears
to be differentiating on the anterior

uterine wall. F = fetus, B = bladder.
Scale 1:3.
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variance by two or more weeks in no less than eight patients (38%).

From the above, it is clear that there is considerable
room for error in the clinical estimation of gestational age,
and perforce it is not surprising that many and varied ancillary
techniques have been applied in an attempt to obtain a more

reliable and more accurate method of obtaining this information.

Ill, 5:2 Diagnostic Ultrasound
Early Pregnancy

Since the earliest reports from this Department of the
recognition of fetal echoes by sonar in the first trimester
(Donald et al., 1958; Donald and Brown, 1961; MacVicar and Donald,
1963), two principal methods have been employed for the evaluation
of gestation age during this period of pregnancy. There are:

1) the descriptive/subjective method
2) mensuration of the uterus and gestation sac.

The descriptive method This, the first approach to the problem of
assessing gestational age by ultrasound in the first trimester of
pregnancy, was the outcome of several years of experience in
observing the characteristic and changing appearances of normal
pregnancies during each stage of their early development (Donald
and Abdulla, 1967; Donald, 1969a; Abdulla, 1971). The features
employed to predict the gestational age of a pregnancy using this
approach were principally those of the overall gestation sac size,
its size relative to that of the uterus, and the presence or absence
of fetal echoes within the sac. (Figures 4-6) In details, it
was considered that at five weeks of amenorrhoea the gestation
sac should be discernable within the uterus (Figure 4), and that
over the course of the next two weeks it should virtually double
and redouble in size. At eight weeks the sac should occupy half
of the "uterine cavity” and that around this time the fetal
echoes themselves should first become 'visible* (Figure 5). At
nine weeks the sac should be found to occupy two-thirds of the
'cavity', and one week later the 'cavity' should be completely
filled. (Figure 6) In the eleven and twelve week period difficulty
was experienced due to the echoes from the gestation sac appearing
to break up resulting in a very 'confused' picture with no recognisable
structures within the uterus. At this stage therefore, reliance

was placed on the size of the uterus alone as the only remaining
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guide to the assessment of gestational age. By the thirteenth and
fourteenth weeks it should be possible to identify and measure

the fetal head, and from this period onwards the technique of
biparietal cephalometry (Campbell, 1968, 1970) became the method

of choice for assessing the age of a pregnancy.

It is clear that this approach to the evaluation of gestational
age in the first 12 weeks of pregnancy is a very subjective one
and is dependent to a large extent on the experience of the
observer. Nevertheless, the degree of accuracy which can be
achieved in the majority of patients is adequate for most practical
purposes since the growth of a pregnancy during the first trimester
is so rapid that the differences in the sonar appearances between
pregnancies which are two or more weeks apart are usually obvious.
This statement however, does not gainsay the fact that real doubt
and uncertainty can and does arise using a subjective approach.
For this reason, together with a natural inclination on the
part of clinicians to have objective criteria on which to base
their calculations of gestational age, it was to be expected
that researchers in this field of diagnosis would seek alternative
and more objective methods of assessing this important parameter

in the first trimester of pregnancy.

Mensuration of the uterus and gestation sac Heilman and his
co-workers in New York (1969) were the first group to perform
ultrasonic measurements of the uterus and gestation sac in the
early weeks of pregnancy. The uterine measurements recorded were
those of the greatest length and the greatest antero-posterior
diameter, while that of the gestation sac was the mean of its
antero-posterior, longitudinal and transverse diameters. From

a small series of 38 measurements on 25 patients whose pregnancies
were between the fifth and tenth weeks, least squares regression
lines for the growth of each of these parameters were computed,
together with 'their standard errors of the estimates' (Figures

7 and 8). Unfortunately, the way in which the data was presented
does not allow a precise estimate to be made of the limits within
which a prediction of gestation age would be possible from an
individual measurement. However, extrapolation from the available
information suggests that it is unlikely that these limits are
less than plus or minus two weeks. A similar appraisal of their

uterine measurements showed that they would be even less accurate
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as indices of gestational age.

Jouppila (1971) in a larger series derived his growth curve
of the gestation sac from an average of the greatest and smallest
diameters of the sac as depicted on a longitudinal scan. While
the measurements employed differ from those of Heilman et al
(1969), the resulting growth curves are very similar, and the

approximate spread of results is comparable.

In 1972 Troostwijk found that the area of the largest
cross-section of the gestation sac, measured by a planimeter,
showed a higher correlation with gestational age than did simple
measurement of its diameters. Once again, however, the published
data did not afford a ready appreciation of the scatter of
results. Nevertheless approximations suggest that this approach
should be superior to those described above, but that the range
within which the gestational age of a pregnancy could be predicted
would still be well in excess of plus or minus one week. Levi and
Erbsman (1972), on the other hand, derived measurements of the
perimeter and area of the largest longitudinal section of the
gestation sac, using a complicated method involving the division
of the sac section into a large number of triangles. Analysis of
the growth curves obtained with this technique show that an estimate

of gestational age can be made to within plus or minus 10 days.

From the foregoing it is evident that until 1972 researchers
in this field had directed their attention in early pregnancy to
the uterus and gestation sac, little comment being made, and
certainly no measurements being performed of the fetus itself. As
a means of estimating the gestational age of a pregnancy, the use
of gestation sac growth curves proved to be an important advance
as it then became possible for the first time, at least theoretically,
to give a measure of the accuracy with which such estimates could
be given. It is unfortunate however that the scatter of results
using these techniques were such that they did not allow estimates of
gestational age to be given with an accuracy of any greater than
plus or minus 10 to 14 days, since their basic simplicity made them
easy techniques for practical use. A further problem, mentioned
earlier, was that of the apparent dissolution of the gestation
sac at around the eleventh week. This feature, which was confirmed
by a number of other workers (Heilman et al, 1969; Kohorn et al, 1969;

Jouppila, 1971; Troostwijk, 1972) using a variety of different
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equipment, posed an additional limitation on the use of gestation

sac dimensions for the objective estimation of gestational age.
Second and Third Trimester

The principal ultrasound technique used in the assessment
of gestational age in the second and third trimesters is that of

fetal biparietal cephalometry.

The possibility of wvisualising the fetal head in utero was
first recognised by Donald and his co-workers in 1958. Dr. James
Willocks, alone (1962 and 1963) and in collaboration with others
of this department (Willocks et al., 1964) then devised a simple
A-scan method of measuring the biparietal diameter (BPD) and
proceeded to apply the results to clinical problems. However, it
was not until 1968 when Campbell published his improved method
of cephalometry using both B- and A-scans, that this technique
became more widely used as a means of estimating gestational age.
In a study designed to evaluate the accuracy of his technique,
Campbell (1969) concluded that an estimate of gestational age
could be made to within plus or minus nine days in 95% of cases
"providing the measurement was taken during the period from the
twentieth to the thirtieth weeks of pregnancy". While no
comparable figures are available for the 13 to 20 week period, the
rate of growth and biological variation of the BPD (Campbell and
Newman, 1971) are such that an equal, if not superior accuracy
of prediction is possible. (Figure 9) In the latter 10 weeks
of pregnancy on the other hand, the rate of growth falls off
sharply and the scatter of results at each week of gestational
age becomes steadily greater. As a result of this the value of
a single BPD measurement in the prediction of the age of a
pregnancy, logically must be very much less. From extrapolation of
the figures published by Campbell and Newman and from their graph,
it seems that the accuracy would be no more than plus or minus
three to four weeks. In this context, Hansmann (1974) in a computer
analysis of his own data, found that a determination of the
prospective birth date on the basis of a BPD measurement of 3 am.
(equivalent to 15 weeks of gestational age) could be given to within
plus or minus 10 days, while a measurement of 9.2 cm. (equivalent
to 35 weeks) gives an estimate to within plus or minus 24 days.
Fleming (1968), examined the data published by the other workers

in this field who have given methods of estimating gestational
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age from BPD measurements (Brown, 1971; Willocks and Dunsmore,
1971; Ssabbagha et al, 1974), and found that the 95% confidence
limits within which such an estimate could be given agrees very

closely with the figures quoted by Hansmann (1974).

From the foregoing it is evident that the accuracy of
prediction of gestational age from a BPD measurement becomes
very much less reliable in the latter weeks of pregnancy. In
clinical practice and given a normally growing fetus, the
information would still have some clinical value were it not for
the possibility that the fetal head could be small due to
unsuspected intrauterine growth retardation, thereby incurring
the additional possibility of a falsely low estimate being placed
on the age of the fetus. Such an error could prove to be
dangerous if taken at face value, in that it might encourage the
clinician to prolong the pregnancy beyond the optimum time for
delivery. In an attempt to resolve the problem of discriminating
between a growth retarded fetus and a less mature but normally
growing fetus, Campbell and Newman (1971) suggested taking a
further measurement one or preferably two weeks later to determine
the absolute increase in the BPD. This figure could then be com-
pared with the range of expected growth increments at the appro-
priate head diameter. An increase within the normal range then
suggests that the problem is one of mistaken "dates" and that the
fetus is immature, while a smaller (or no) increase would favour
a diagnosis of intrauterine fetal growth retardation in a more

mature fetus.

I11, 5:3 Radiological Methods

Prior to the introduction of diagnostic ultrasound, radiography
was the most widely used ancillary method of assessing the
gestational age of a pregnancy. For the most part this technique
depends for its accuracy on the presence or absence of such
features as the fetal fat line and the ossification centres in
the fetal leg. Owing to the considerable biological variation
of these features, both in terms of the time of their appearance
and their relative sizes, Dee and his co-workers (1966)
considered that the radiological assessment of gestational age
was of dubious value. Furthermore, Schreiber and his co-workers

(1963) found that in a significant proportion of babies,
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ossification centres which are actually present cannot be
recognised on an antenatal radiograph. In a semi-quantitative
review Hartley (1957) found that 50.4 per cent of patients
delivered within plus or minus seven days of a date based on

the radiological findings, and to within 14 days in 76.8 per

cent. Five point five per cent of patients in his series however
delivered more than 21 days outside the estimated date of delivery.
Russell (1969), from the same department in a more detailed study
of 3606 pregnancies, showed that the potential error in the
estimation of gestational age decreased as pregnancy approached
term. The two standard deviation limits of the error of the
radiological prediction fell from plus or minus 54 days when the
pregnancy was less than 31 weeks to plus or minus 20 days between
the 38th week and term. In both of these studies the criterion
used in judging the accuracy of the radiographical estimate was
the date of spontaneous onset of labour. In view of this it is
likely that the estimates of potential error quoted above probably
exaggerate the actual error as "any group of radiographed patients",
to quote Russell (1973), "contains an excess of premature births,
because often the fetus is radiographed by reason of the presence

of an ’'abnormality' which predisposes to a premature labour".

A final and important factor which may contribute to an
error in the radiological estimation of gestational age is the
possibility that the fetal bone age may be retarded due to
intrauterine growth retardation (Scott and Usher, 1964; Murphy,
1969; Croall and Grech, 1970). This possibility raises particular
problems when trying to distinguish the pregnancy which is small
because of growth retardation from that which is small simply

because of erroneous dates.

I11, 5:4 Methods Based on Examination of the Amniotic Fluid

These methods fall naturally into two groups: the examination
of desquamated fetal cells in the liquor amnii (Brosens and Gordon,
1969); and the measurement of a number of its constituent biochemical
substances such as creatinine and urea. Whitfield (1974), has
recently reviewed the accuracy of both methods when used as
indices of gestational age and found that neither was sufficiently
reliable to be of any practical value in routine clinical practice.
Lind and Billewicz (1971), employing a point scoring system based

on cytology, the amniotic fluid creatinine level, and the difference



between the urea levels in the amniotic fluid and the maternal
serum, were only able to predict gestational age to within a

three weeks range with a certainty of 90 per cent.

In addition, the fact that these methods are invasive in
nature and therefore carry a potential risk to the mother and
fetus, has made this approach to the problem of estimating

gestational age one which is rarely used in routine practice as

a primary procedure.
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v, 1 DESCRIPTION OF EQUIPMENT

The wultrasonic equipment used in this study was a Nuclear
Enterprises Diasonograph NE4102. While capable of operating with
transducers of varying frequencies, the 2.5 MHz transducer was
employed to the exclusion of others apart from the occasional use

of a 5.0 MHz transducer in cases of hydatidiform mole.

Basically the system comprises three parts, the electronic
console shown on the left of the photograph (Figure 1), and the

scanning gantry and patient trolley on the right.
v, 1:1 Scanning Gantry

The scanning frame and its housing are suspended from the
transverse arm of the gantry and may be positioned in any
desired vertical plane by means of a system of brake release controls
located in the housing. In addition the angular position of the
scanning frame within the housing may be adjusted by means of a
simple mechanical locking device which, on release, allows the

frame to be tilted.

When the desired plane has been located, the whole scanning
assembly may be locked in position to allow that particular section
to be scanned and re-scanned at leisure. The position and angle
of the scanning plane is readily ascertained by reference to two
centimetre rules on the gantry, and to angle indicators on the
housing of the scanning frame and on the upper transverse arm of
the gantry. These positioning and measuring facilities make it
possible to perform serial parallel section scans at predetermined
intervals across the area of interest, or at a predetermined
angle one to another, and make it possible to return to the exact

position of a previous scan.

The transducer probe assembly, suspended from the scanning
frame, is free to move both horizontally and vertically by means
of a system of rails and pulleys within the scanning frame. The
probe itself can be rotated through + 130 degrees and the angle
measured by means of an additional indicator on the probe assembly.
All movements of the transducer and therefore "line of sight" of
the ultrasound beam are recorded electronically by linear and
sine/cosine potentiometers housed in the scanning frame as described

in Chapter II, 2:1.
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Figure 10. Electronic console of the Diasonograph NE 4102.
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v, 1:2 Patient Trolley

With this equipment the trolley remains in a fixed position.
It is our practice to have the patient lie on the trolley with her

feet towards thevertical beam of the gantry.
Iv, 1:3 Electronic Console

Fordescriptive purposes the console (Figure 10) may be
divided into upper middle and lower sections. The most obvious
features of the upper two are the oscilloscopes. In the top
section the oscilloscope has a short persistence cathode ray tube
while that in the middle section is of the variable persistence/
storage type. The surfaces of both are divided by a graticule into
squares of 0.94 cm, with 10 divisions on the horizontal axis and
eight on the vertical. Each major division on the centre lines
is further divided to give five sub-divisions of approximately 2 mm.
Each oscilloscope has focussing and brightness controls. In addition
the storage oscilloscope has controls which govern the persistence
time of the ultrasound image. Both can display all three
ultrasonic modes and are quite independent of each other. The
display mode may be changed by simple press button switches. These

switches are located on the far right of the two upper sections.

In the middle section is also located the adjustment controls
for the electronic markers, and a digital display giving the marker
separation in millimetres. Their "on/off” switches are placed in
the extreme bottom right of the lower section. When activated
the electronic markers appear as bright dots on the A-mode and as
continuous lines on the B and TP-modes. The "proximal marker
control”" moves both dots synchronously while the "distal control"
causes the distal marker to move independently. When positioned,
the distance of the markers relative to the transducer face remains
constant irrespective of the display mode or magnification factor
in use. Thus, the markers can be placed above and below an area
of interest, and thereafter that section may be examined in any
of the three modes in the knowledge that the echoes between the
markers in one mode are derived from the same structures as those

in another mode.

The B-mode picture display scale switches are positioned in
the upper left corner of the lower section. These allow B-mode
scans to be displayed in a choice of picture scales (1/3, 2/5,

3/5, 4/5, 5/5) of which the 2/5 and 5/5 were the most frequently



used in this series of investigations. These figures are
approximations, the manufacturers specifying an actual scale
factor on the 5/5 magnification of 0.94 to 1. On this scale,
however, the echoes from one centimetre of tissue depth are
recorded on 0.94 cm of screen, that is, the depth of one
graticule square. As a result measurements can be made

directly from the screen using the graticule itself as the ruler.

The X and Y-shift controls, adjacent to the display scale
controls, govern the position of the B-mode display on the

oscilloscope screen.

A-mode/TP display range controls. The depth of tissue
displayed in the A and TP modes may be varied from 5 to 500 mm.
Should one wish to examine the echoes from a 20 mm section of
the body positioned well below the skin surface, activation of
the delay switch and rotation of the "delay range" control will

bring the appropriate section into view.

The effect of the suppression control is to raise or lower
the "threshold", i.e. the amplitude level which echoes must attain
before they are recorded on the screen. Thus, increasing the
suppression results in the disappearance of the smaller amplitude
echoes. For the purposes of this investigation, 1little or no
suppression was used since the echoes from the early fetus are
of small amplitude and suppression would therefore result in loss

of information.

Time position scan period. These controls, sited in the
lower left part of the bottom section, determine the speed of the
TP mode time-base sweep. By selection of the appropriate switch

and the use of the adjacent fine control, the rate of sweep may

be adjusted accurately to any desired speed. The system is activated

by the sweep start button.

Transmitter (Tx) attenuation. When set at zero this equipment
is working at its maximum power output, and any numerical increase
in the settings represents a reduction of the emitted ultrasonic
energy. The controls are calibrated in decibels (dB) (see

Chapter II, 1). In practice 20 to 30 dB of transmitter attenuation

is commonly used.

The three controls which comprise the swept receiver gain are

positioned in the lower right portion of the bottom section. Their
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function has already been outlined in Chapter II, 2:1. In

the typical examination of an early pregnancy an initial attenu-
ation of 30 dB, operative for 10 mm is used, with a fast slope

in the order of 10 dB per cm. These settings effect the desired
reduction in the amplification of the large echoes from the
abdominal wall, with no reduction of the echoes from the area

of interest, i.e. the uterus and its contents. The digital display
in the upper right corner of this section gives the sum of the
transmitter attenuation and the initial receiver attenuation

from the swept gain system.
v, 1:4 Camera

The camera used was a Hewlett Packard HP 197A, designed to
utilise standard Polaroid packs. This model has an electronically
operated shutter with a wide range of apertures and exposure times.
It has also an ultraviolet flash lamp which helps illuminate

the screen graticule.
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v, 2 EXAMINATION TECHNIQUE
v, 2:1 Preparation of Patient

A full bladder is the most important prerequisite to
successful scanning of the early gravid uterus, for not only
does it pull the uterus up out of the pelvis but it also pushes
away gas-filled intestines. To achieve this, patients were
instructed to drink one to two pints of fluid in the two hours
prior to her appointment. In the event that the bladder was
inadequately filled the examination was deferred for 20 to
30 minutes. Conversely, if the bladder was found to be grossly
overdistended, the patient was asked to void some urine but not
to empty her bladder completely, a procedure which most patients

were able to perform with remarkable success.

Before commencing the examination the patient's abdominal
wall was liberally coated with olive o0il or arachis o0il, a step
which is essential in achieving good coupling between the slightly
concave transducer face and the patient's skin. In its absence,
air is trapped beneath the transducer and the emitted ultrasound
distorted by reflection and diffraction so that little or no

echo information is obtained from within the patient.

v, 2:2 Scanning Technique

In general a "contour following" technique was employed in
which the "line of sight" of the ultrasonic beam is kept as near
as possible at right angles to the long axis of the uterus and
gestation sac (Figure 11). In this way the echoes from the
structures of interest, such as the posterior bladder wall, the
anterior and posterior uterine and gestation sac walls, and the
fetus, are maximised. Starting at a position above the uterine
fundus, and with the probe angled backwards as shown, the whole
probe assembly is moved caudad until a point Jjust above the
symphysis pubis is reached when the probe is then made to describe
an arc. If necessary a second sweep is made with the probe held
at a slightly different angle. Rarely is a third sweep required

to obtain the desired picture.

To ensure that the low amplitude scattered echoes from the
smaller structures exceed the equipment threshold, it is necessary
to keep the power level of the emitted ultrasound at a relatively

high level, and to make sure that the receiving and recording



capabilities of the apparatus are as sensitive as possible. This
is accomplished by increasing the power output level to a point
above which electronic noise breaks through the threshold and is
recorded on the screen; by setting the suppression control to
zero; and by adjusting the beam intensity until the time-base
line becomes faintly visible on the screen. The swept receiver
gain system is then altered until a balanced picture is obtained,
i.e. until the echo density in the upper and lower parts of the
picture are comparable. Typical settings were described in

section 1:3 of this Chapter.

Using the scanning technique and the control settings
as described above, pictures in early pregnancy can be obtained
easily and quickly. It is thus possible to make a large series
of scans at small incremental steps across the area of interest
in a relatively short space of time. This facility, with practice,
allows the operator to build up a "mental" three-dimensional

impression of the structures being examined.

v, 2:3 Preliminary Examination

Before undertaking any of the more specific techniques to
be described in this thesis, a general search was made of the
pelvic structures to determine if the bladder was adequately
filled, to confirm the presence of an intrauterine pregnancy,
and to rule out the presence of a coexistent pelvic mass. In
addition, care was taken to exclude a twin pregnancy. When a
twin pregnancy was suspected, and in particular, when one or both
gestation sacs appeared to be empty, great care was taken to
exclude the possibility that either "sac" was simply an artefact
by making multiple scans through different planes at varying levels
of sensitivity. In contrast to a gestation sac, an artefact
is variable in size and shape, does not have a well defined
outline, and disappears when the power level of the ultrasound

is increased by a few decibels.
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v, 3 CLINICAL INFORMATION
v, 3:1 Clinical History

A careful menstrual and clinical history was obtained from
all patients, usually on completion of the ultrasonic examination.
The menstrual data included the date and normality (or otherwise)
of the last period, the length and regularity of the cycle, and
any recent history of the use of an oral contraceptive agent.
An attempt was also made to gauge the reliability of the
patient as a historian. Note was taken of any history of
vaginal bleeding, the dates and results of urine pregnancy tests,
change in the symptoms of pregnancy, and the findings at any recent
vaginal examination. Finally, relevant details were recorded

of the patient’s past obstetrical and medical history.
v, 3:2 Outcome of the Pregnancy

The clinical records of the patients examined during this

investigation were carefully perused after abortion or delivery.

Abortion

In the event of a spontaneous abortion, the author endeavoured
to examine the products of conception before they were sent to
the Pathology Department. Failing this, the other members of the
staff co-operated in this task. In particular, note was taken of
the presence or absence of a fetus and the degree of maceration.
The fetus, if present, was placed in what was considered to be
a normal degree of flexion and its length measured to the nearest
millimetre. The sac wall and trophoblast were then inspected for

gross evidence of degenerative changes.

When a diagnosis of an "early pregnancy failure" was made
by ultrasound examination and a decision made to terminate the
pregnancy, the author, when available, offered to undertake the
procedure. In all cases two units of cross-matched blood were
available at the time of operation. The cervix was slowly dilated
to Hegar 10 and the uterus carefully evacuated with sponge forceps
and sharp curettage. On no occasion was it possible to remove the
gestation sac intact, but care was taken to identify the fetus
when the sac ruptured. The products of conception were then
examined as described above by the operator, and subsequently

by an experienced pathologist.
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Viable Delivery

Details of the course of each pregnancy and any significant
complication were noted. Note was also taken of the date of
delivery (and thus the menstrual age), whether the labour was
spontaneous or induced, the mode of delivery, and the baby’s

weight, sex and Apgar score.



RESULTS
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Figure 12. An 8 week pregnancy in which the uterine outline,
the gestation sac (GS), and the fetus (F) are
depicted. B = bladder. Scale 2:5.

Figure 13. As Figure 12. Electronic markers (EM) have been
superimposed on the beam path such that they are
in position above and below the fetal echo complex.



Figure 14. As Figure 13. The transducer has been held
stationary with the ”"line of sight” of the
ultrasound beam directed through the fetus.
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v, 1 DETECTION OF FETAL HEART MOVEMENTS

v, 1:1 Description of the Technique

A description of this technique was originally reported by

the author in the British Medical Journal (1972). (A reprint is enclosed.)

The first step in the procedure is to examine the pregnancy
thoroughly by means of serial longitudinal section scans performed
at small intervals from one side of the uterus to the other.

The picture scale most commonly employed in this preliminary

search is the 2:5 magnification since this allows the whole of the
uterus and its contents to be displayed on the screen. During

the course of these scans the gestation sac and fetus are identified
(Figure 12). The section of the uterus which includes the largest
area of fetal echoes is located, and by means of the X and Y

shift controls this latter area is moved to the centre of the
screen. At this point, especially when the fetus is small, i.e.
less than eight weeks size, a useful step is to enlarge the

picture scale to the 1:1 magnification as this allows the fetal
echoes to be more clearly defined. The electronic markers are

then placed "along the beam" in positions above and below the fetal
echo complex as shown in Figure 13. With the transducer held
firmly in position such that the ultrasonic beam traverses the
fetus (Figure 14) attention is next directed to a simultaneous
A-mode display on the upper short-persistence oscilloscope screen.
The section of A-mode echoes between the electronic markers is then
brought onto the screen by means of the delay control. These
echoes, as they are positioned between the markers, must have
originated from the fetus, and therefore any echoes moving
independently in this area must be derived from the fetal heart.

In the first trimester of pregnancy, the 20 millimetre display
range, i.e. the range which depicts two centimetres of tissue

depth on the 10 centrimetre wide screen, has been found to be

the most suitable. This magnification is large enough to allow

the small excursion of movement of the heart structures to be
readily identified while still allowing, in most instances, the
complete depth of the fetus to be portrayed. In those pregnancies
of seven weeks or under, recourse to the 10:1 magnification may

be necessary due to the extremely small amplitude of movement of

the heart wall at this time.



Figure 15.

Figure 16.

An A-scan display, taken by time exposure
photography over several heart beats, of the
echoes from along the path of the ultrasound
beam shown in Figure 14. Between the markers
(EM) the echoes are blurred since they are
derived from moving fetal heart structures

(FH) , while the echoes on either side are

more clearly defined representing the stationary
fetal chest wall and the uterine wall.

Scale 5:1.

EM — FH— EM

A time position (TP)scan in which the movement
of one of the cardiac structures (FH) has been
recorded as a rapid and regular waveform
between the markers (EM). The heart rate was
176 beats per minute. Horizontal scale 5:1.
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The actual movements of the fetal cardiac structures are
recognised by rapid positional and/or amplitude changes of a
section of the fetal echoes. That these moving A-scan deflections
are fetal in origin is further confirmed by finding that the
echoes on either side are relatively stationary (Figure 15). In
the event that this typical movement pattern is not immediately
evident the ultrasonic beam is moved very slowly through the
fetal echo complex until it is located. Failure to detect move-
ments at this stage usually means that the particular two-dimen-
sional section being examined does not include the fetal heart,
and it is then necessary to move the scanning frame a few
millimetres laterally and to repeat the process. This procedure

is followed as often as is required.

The identification of moving echoes between the markers is,
of itself, absolute evidence that the fetus is alive, and no further
steps need be employed. However, in order to obtain a permanent
record a TP-mode recording of the movement patterns may be made.
This is achieved by maintaining the transducer in a stationary
position with the beam directed through the fetal heart as
described above, switching the lower storage oscilloscope from
the B- to the TP-mode, and then activating the time position scan

sweep. The resultant tracing is then photographed.

In most cases it is expedient to increase the transmitter
output level by ten decibels as this increases the amplitude of
the echoes so that a more satisfactory recording is obtained
(Figure 16). The time position sweep period employed in this
study was adjusted to give a rate of sweep of one major graticule
square per second. This predetermined speed makes it possible
to estimate the approximate heart rate by counting the number of
beats recorded over an eight second period. For the purposes of
this study at least two such recordings were made and a heart rate
calculated from each. The mean was then taken for the purposes

of statistical analysis.

The total procedure when the fetus is alive often takes
less than 30 seconds but, on occasion, several minutes may be
required. Confirmation that the fetus is dead on the other hand
usually takes very much longer as it is mandatory that an

extremely meticulous search is made of every cubic millimetre of



Figure 19.

Figure 20.

A time position recording of fetal heart movements
in which all the echoes have been subjected to a
slow vertical (right to left) movement pattern
induced by maternal respiratory movements.

EM = electronic markers; FH = fetal heart.

Scale 5:1.

The effect of strong maternal arterial pulsations
(MAP) on a time position recording of fetal heart
(FH) movements. Scale 5:1.
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the fetus. While the procedure employed is similar to that just
described, a more rigorous and systematic approach is required.
Starting at one extreme end of the fetus, serial sections are
performed at intervals of one to two millimetres along its entire
length, each section being thoroughly examined for evidence of
movements. The scanning frame is then rotated through 90 degrees
and the same steps repeated. Only by using such an approach

is it possible to be certain that the whole fetus has been

thoroughly examined, and that it is in fact dead.

Other Movements There are three other types of movement which
may be seen and recorded during the search for fetal activity,
none of which should give rise to any confusion with the movements
of fetal heart structures. These are gross movements of the

fetus itself, maternal respiratory movements and maternal

arterial pulsation.

Fetal bodily movements start at about the ninth week and
gradually become more vigorous as it increases in size (Figure 17).
They are variable in pattern when "seen” ultrasonically, ranging
from wild gyrations which may continue for up to a minute to
intermittent "flicking" movements which cause the fetus to move
rapidly upwards to be followed by a slower sinking motion back
to the bottom of the gestation sac (Figure 18). Such periods
of fetal activity generally last for only a few minutes and
ultimately the fetus almost always becomes stationary long enough
for a "heart tracing" to be obtained. In any event they are

themselves evidence that the fetus is alive.

Movement of the patient’s abdominal wall during respiration
causes the transducer to be pushed away from the uterus during
inspiration and vice versa; consequently the distance which the
ultrasound has to travel to the pelvic structures changes according-
ly. This gives rise to a slow sinusoidal movement of the tracing
as shown in Figure 19. In a similar way pulsation of the major
vessels in the posterior part of the pelvis intermittently lifts
the uterus towards the transducer with each maternal heart beat
(Figure 20). This latter effect rarely causes any difficulty in
the recording of fetal heart movements, and the former is readily
circumvented by asking the patient to hold her breath during the

few seconds it takes to make the recording.



Gestational Number FHR

age of (beats per minute)
(days) examinations Mean + 1SD
44-46 9 125.1 + 17.14
47-49 11 130.6 + 10.11
50-52 18 147.4 + 15.35
53-55 22 155.4 + 15.73
56-58 22 166.5 + 8.76
59-61 22 170.5 + 11.54
62-64 23 174.6 + 9.72
65-67 20 172.4 + 10.01
68-70 31 169.5 + 8.96
71-73 28 166.0 + 7.01
74-76 23 167.6 + 9.26
77-79 25 153.9 + 9.87
80-82 21 163.8 + 8.16
83-85 34 159.1 + 10.08
86-88 22 154.4 + 6.40
89-91 21 156.5 + 7.98
92-94 21 155.0 + 12.11
95-97 11 149.7 + 7.35
98-100 12 152.3 + 9.33
101-103 5 149.6 + 9.65

Table 1. Fetal heart rates (FHR), mean + 1SD, at
three day intervals from 6 to 15 weeks.

(401 normal pregnancies.)
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Figure 21. Mean and 1SD limits of fetal heart rate from 6 to
14 weeks of menstrual age (n=401).



v, 1:2 Accuracy of Detection of Fetal Heart Movements

In the total series of over 1000 patients included in this
thesis, and using the technique described in the previous section,
fetal heart movements were always detected in pregnancies
unequivocably at seven weeks of menstrual age or over, and
which were shown subsequently to be normal continuing pregnancies.
There were no false positive or false negative results after
seven weeks (see Chapter V, 2 relating to the ’Diagnosis of
Early Pregnancy Failure”) . In 38 pregnancies between 6 and 7
weeks, fetal heart movements were detected in 22 (58%); there
was one positive finding as early as 6 weeks and 0 days, and in
14 patients at 6 weeks and 6 days the examination in 13 was

positive.
v, 1:3 Fetal Heart Rate

Normal range

A total of 401 fetal heart rate (FHR) measurements from
individual patients were analysed. Strict criteria were observed
for inclusion of patients in the study, namely certainty about
the date of the IMP, a regular menstrual cycle (28 + 2 days),
no vaginal bleeding since the last period, and no oral contraception
for at least three months prior to the LMP; as far as possible only
those patients were included who were well motivated towards
being pregnant. Patients fulfilling these criteria will

hereafter be termed as having ’impeccable dates".

The FHR's were grouped in class intervals of three days
and the individual mean and SD values for each calculated (Table 1).
The results are also shown in the form of a smoothed graph in
Figure 21. From this data it can be seen that the mean FHR rose
rapidly from a level of 125 beats per minute at 6 weeks and 3
days of amenorrhoea, to a peak of 175 beats per minute at 9 weeks,
and fell progressively to a value of 150 beats per minute at 15
weeks. The difference between the peak FHR and the early and
late values were both highly significant using Student’s "t"
test (p < 0.001), and the difference at 6 and 15 weeks to be

significant at the 0.01 level.

FHR and threatened abortion
Of the 165 patients in this series whose pregnancies continued

despite a "threat to abort", usable recordings were obtained in
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Gestational Number FHR

age of (beats per minute)
(days) examinations Mean + 1SD
44-46 4 121.3 + 13.15
47-49 3 134.7 + 6.43
50-52 8 141.3 + 16.9
53-55 8 153.4 + 16.31
56-58 11 168.6 + 9.13
59-61 12 169.4 + 11.90
62-64 10 170.6 + 8.37
65-67 15 174.9 + 10.74
68-70 11 172.5 + 11.36
71-73 8 163.6 + 9.55
74-76 6 166.3 + 9.91
77-79 8 158.5 + 8.80
80-82 6 163.0 + 9.36
83-85 4 157.0 + 8.41
86-88 5 150.4 + 8.53
89-91 5 156.2 + 7.69
92-94 4 155.3 + 10.24
95-97 4 148.8 + 5.62
98-100 4 154.0 + 4.32
101-103 - -

Table 2. Fetal heart rates, mean + 1SD, at three
day intervals from 6 to 14 weeks (136
patients with threatened abortion).



136 during the period of active bleeding or within the ensuing

three days. Mean and SD values were again calculated for three

day intervals and the results tabulated as shown in Table 2.

Using Student's "t" test no significant difference was found
between the results obtained in the normal and "threatened abortion"

groups at equivalent gestational ages.

In those patients with threatened abortions who had
repeated FHR measurements performed, no consistent deviation from

the normal trend of change was noted.
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Figure 22. A blighted ovum at 9 weeks of menstrual age. The
gestation sac volume was only 1.8 ml (mean volume
for a pregnancy at 6”* weeks) and no fetal echoes

could be found. GS = gestation sac; B = bladder.
Scale 2:5.

Figure 23 . A blighted ovum at 12 weeks of menstrual age. The
gestation sac volume was only 13 ml, which is well
below the lower second standard deviation of
normality for the given menstrual age, but large
enough for a fetus to be easily identified if one

were present. GS = gestation sac; B = bladder.
Scale 2:5.



Figure 24 . A pregnancy at 11 weeks in which the only
identifiable structure within the gestation
sac (GS) was a very small group of echoes on the
posterior wall. Inspection of the aborted
products of conception revealed a 3 mm nodule
of amorphous fetal tissue (FT) incorporated into
the sac wall. This pregnancy was classified as
a blighted ovum. B = bladder. Scale 2:5.
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v, 2 DIAGNOSIS OF EARLY PREGNANCY FAILURE

Of the 1059 patients with singleton pregnancies included in
this study, 282 (26.6%) abotted before 28 weeks of gestational
age. All 282 patients at the time of the first ultrasonic scan
had a closed cervix (determined by digital examination), and
none had given a history of having passed tissue per vaginam.
These criteria thereby excluded patients with incomplete or

complete abortions.

The aborted pregnancies were categorised according to the

ultrasonic and post-abortion findings as defined below.

Blighted ovum The term blighted ovum was restricted to those
pregnancies in which a gestation sac could be defined by
ultrasound but which could not be demonstrated to contain a fetus,
either on ultrasonic examination, or subsequently on examination
of the aborted products of conception. However, in the few cases
where a very small misshapen or amorphous mass of fetal tissue
was found within the sac or incorporated into the sac wall
exceptions were made, and these pregnancies also classified as

blighted ova. Illustrative cases are shown in Figures 22 - 24.

Missed abortion A diagnosis of "missed abortion" was made when

a fetus could be clearly demonstrated and measured by ultrasound
within the gestation sac but in which no fetal heart movements

could be detected after a thorough examination. In this context

the term "missed abortion" is to be distinguished from a "carneous
mole" in which a pregnancy is retained 'in utero' for several months,
the amniotic fluid is resorbed, and the trophoblast together with
surrounding blood clot becomes organised and densely adherent

to the uterine wall. No such cases were encountered by the author

during the period of this study.

In making an ultrasound diagnosis of amissed abortion, serial
very closely spaced sections of the fetus were performed and the
A-scan display watched carefully as the ultrasonic beam was made
to sweep slowly through each section. This whole process was
repeated on two further occasions with the plane of the scans being
changed from longitudinal to transverse andback to longitudinal. In
this way, one can be certain that the wholevolume of the fetus
had been searched. A diagnosis made in this way is independent

°f the menstrual history and clinical findings. Confirmation of the



Figure 25. A missed abortion at 11 weeks of menstrual age
in which a thorough examination of the fetal
echoes revealed no evidence of fetal heart
movements. The fetal crown-rump length (CRL)
was 35 mm (equivalent to a fetus at 10 weeks
and 2 days) suggesting that death had occurred
within the previous week. GS = gestation sac.
Scale 1:1.

Figure 26. A missed abortion at 20 weeks showing evidence of a
collapsed head (H) and body. There was no evidence
of fetal heart movements. The crown-rump length
(CRL) of 92 mm suggests that the fetus had been
dead for almost 6 weeks. Scale 1:1.



Figure 27.

A live pregnancy at 7 weeks and 2 days which aborted
spontaneously 36 hours later and was thus classified
as an "early live abortion". The fetal crown-rump
length (between the arrows) was within the normal
range (13 mm), but the gestation sac (GS) volume was
at the lower limit of normality (1.4 ml) giving a
low "sac/fetus ratio".



Figure 28. A hydatidiform mole in which the uterus is
filled with a mass of echoes of similar size.
There is no identifiable gestation sac or fetus.
B = bladder. Scale 2:5.

Figure 29. As Figure 28. The ultrasound power output level
has been reduced by 20 decibels. Only a few echoes
from the molar tissue remain but the posterior
uterine wall is still evident.



Indication for Initial No. of continued

Ultrasound Examination Patients Aborted past 28 weeks
Threatened Abortion 367 202 165
Recurrent Abortion 126 36 90
"Large for Dates" (clinically) 13 2 11
"Small for Dates" (clinically) 15 4 11
Unsure of Dates, or Irregular Cycle 161 17 144
Hyperemesis Gravidarum 8 1 7
Confirmation of Normal Pregnancy 369 20 349
TOTAL 1059 282 777
Table 3. Indication for initial ultrasound examination and outcome
in 1059 pregnancies.
\ Blighted Ovum 103
L4
Missed Abortion 121
Early Live Abortion 9
Late Live Abortion 31
Hydatidiform Mole 12
Miscellaneous 6
TOTAL 282
Table 4. Classification of "Early Pregnancy Failure" and the number of

patients in each category.
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presence of a fetus by examination of the aborted products of
conception was not considered essential in establishing the
diagnosis as it was found that a small and very macerated fetus
often disintegrated during the abortion process, especially when
an elective evacuation of the uterus was performed. Illustrative

cases are shown in Figures 25 and 26.

Live abortion An abortion was considered to be "live” if fetal
heart movements had been clearly demonstrated by ultrasound within
the few days prior to spontaneous abortion, and/or, if the fetus
at the time of abortion showed no evidence of maceration and had

a crown-rump length compatible with the period of amenorrhoea.
Patients were designated as having had an early or late "live
abortion" depending on whether abortion occurred before or after
the twelfth week. An example of an early live abortion is shown

in Figure 27.

Hydatidiform mole An ultrasound diagnosis of hydatidiform mole
was made in those pregnancies where the uterus was seen to be
filled with echoes of similar size and amplitude, and within which
no gestation sac or fetus could be seen on a thorough examination.
A further ultrasonic feature taken into consideration was the

ease with which the intrauterine echoes disappeared with decrease
in the transmitter power output as first described by MacVicar

and Donald (1963). Echograms illustrating these features are

shown in Figures 28 and 29.

Miscellaneous Patients in whom an ultrasonic diagnosis of a
non-continuing pregnancy was made, but who were subsequently lost

to follow-up, were classified as miscellaneous.
v, 2:1 Indication for initial examination and outcome

The indications for the initial ultrasound examination in
all 1059 patients together with the outcome of the pregnancies
(abortion or continued past 28 weeks gestation) is shown in Table 3.
While many of the patients had two or more reasons for examination
the one considered most important has been used for the purposes
of this analysis, those at the top of the list taking precedence
over the lower ones. In Table 4 the 282 pregnancies which aborted
have been subdivided according to the categories outlines above, and
in Table 5 they have been further analysed in relation to the

indications for the first ultrasound examination.
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Figure 30. Gestation sac volumes in 96
of the 103 patients with a
blighted ovum.
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v, 2:2 Blighted Ova

Of the three techniques described in this thesis (detection
of fetal heart movements, and measurement of gestation sac
volume and fetal crown-rump length - sections 1:1, 3:1 and
3:10 respectively of this Chapter) only measurements of the
gestation sac volume (GSV) was directly applicable to the
diagnosis of blighted ova, as the principal abnormality in these

unsuccessful pregnancies was the absence of a fetus.

The GSV's (including serial measurements) of 96 of the
103 blighted ova are shown in Figure 30. The remaining seven
patients with blighted ova were beyond 16 weeks of pregnancy and
in each case the gestation sac had a volume of between 15 and
90 ml (i.e. well below the extrapolated lower 2SD line for normal
GSV's) . Examination of the data (see Figure 30) revealed that in
all but 13 of the pregnancies the GSV's fell below the lower 2SD
of normality at the time of the first examination. Of these
13 pregnancies, five were beyond seven weeks of amenorrhoea and
in the normal course of events a fetus, and fetal heart movements,
should have been identifiable without difficulty (section 1:2
of this Chapter). Therefore, absence of a fetus in these cases
provided good circumstantial evidence that the pregnancies were

non-cont inuing.

Comments 1) On the basis of the above (a "small for dates"
gestation sac, and/or failure to find a fetus after seven weeks
of amenorrhoea), a diagnosis of blighted ovum was possible at the
first examination in all but a very few (8 cases) of this type of
early pregnancy failure.

2) In this investigation, however, there were many
patients with "uncertain" dates, or irregular cycles etc., and as
a result the criterion of "small for dates" could not be used in
making a definitive diagnosis in such patients. Furthermore, there
were four patients in the series with purportedly "certain dates",
whose gestation sacs at the first examination, were found to be
considerably smaller than would have been expected on the basis
of the given menstrual history. These patients were later shown

to have normal, but less advanced, pregnancies.

In view of these observations it was considered to be of the

utmost importance to devise ultrasonic criteria which would

eliminate the possibility of the gestation sac being small simply
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because of mistaken dates, and the fetus being absent simply
because it is too small to be seen. To achieve this objective

it became clear that the clinical and menstrual history should be
ignored and the state of the pregnancy assessed on the ultrasonic

findings alone.

The first step in evolving criteria of abnormality was to
define normality in purely ultrasonic terms. On an initial
analysis of 249 pregnancies which progressed beyond 28 weeks
it was found that the fetus and fetal heart movements had been
detected in all those in which the gestation sac had a volume
of 2.0 ml or more. (In this group there were a total of 63
pregnancies with GSV's of between 2 and 5 ml.). However, on
reviewing an additional 50 patients with continuing pregnancies
between 5 and 8 weeks of menstrual age, it was noted that the
fetus was not located intwo with GSV's of 2.2 and 2.5 mis.
respectively. In addition to the above, it was also found that
all pregnancies with a GSV of less than 5 ml. increased in volume

over a period of one week by more than 100 per cent.

Failure to meet these criteria could now be considered as
objective evidence of abnormality, evidence which was independent
of any clinical or menstrual history. However, before applying
this scheme prospectively a further allowance of 0.5 ml. and 25
per cent respectively was made to obviate the possibility of under-
estimating the sac volume in a normal pregnancy through an error in
the measurement technique. (This was assessed as - 10 per cent;
see section 3:11 of this Chapter). In ultrasonic terms, a blighted
ovum was therefore defined as a pregnancy which had a GSV of
3.0 ml. or over at any single examination but in which no fetus
could be identified, or, if the sac was less than 3.0 ml. in
volume, one which failed to increase in size by at least 75 per

cent over a period of one week.

Applying these strict criteria to the 103 blighted ova in this
series it was found that a definitive diagnosis could be made at the
first ultrasonic examination in 49 (47.5 per cent). Of the
54 remaining patients, 31 had spontaneous or therapeutic
abortions during the following seven days, and 23 re-examined one
week later. At this second examination a definitive diagnosis was
made in 15, with five requiring a third examination. The last three

Patients had their pregnancies terminated after the second
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examination on the basis of the probable ultrasonic diagnosis,
together with supportive clinical evidence of a non-continuing

pregnancy.

On only one occasion was a firm diagnosis of a blighted
ovum made in a pregnancy which was subsequently shown to be
normal. This patient who was examined early in the series, had
an apparently empty gestation sac with a volume of 2.5 ml.
Fortunately the pregnancy was allowed to continue and a subsequent
scan revealed the presence of a living fetus. In the light of
this experience the cut-off point for the diagnosis of a
blighted ovum was raised from 2.5 to 3 ml. approximately halfway

through the present series.

Of the 103 patients with blighted ova, 43 aborted spontaneously
and 60 had their pregnancies terminated electively. In no case
did a careful macroscopic or microscopic examination of the aborted
products of conception reveal the presence of a formed fetus.
In six instances an amorphorous nodule of fetal tissue of less than
3 mm. in size was found close to or incorporated into the sac wall

(Figure 24).

There were 28 patients with no antecedent history of vaginal
bleeding in whom a diagnosis of blighted ovum was made at either
the first or second examination. Eighteen of these patients
subsequently had elective terminations of their "pregnancies"
performed within a few days of diagnosis, solely on the basis of
the ultrasound findings. A further three pregnancies, found
incidentally at a routine scan to be blighted ova, were allowed
to continue for a further few weeks until symptoms of threatened
abortion ensued, at which time an evacuation of the uterus was
performed. Earlier surgery in these patients had been deferred
because the finding of a long tightly closed cervix suggested that
trauma during dilatation would be a distinct possibility. The

remaining seven patients aborted spontaneously.

Associated Findings The products of conception from the spontaneous
abortions, were, almost without exception, obviously necrotic.
In comparison the majority of those from the elective terminations

were at least partly "fresh".



95

v, 2:3 Missed Abortions

A positive diagnosis of missed abortion was made in all
121 patients in this series, at either the first examination
(102 patients) or, at the first examination after fetal death had
occurred (19 patients). On no occasion was there any evidence

to believe that either false positive or false negative diagnoses

had been made.
Outcome of the Pregnancies

Early in the series the credibility of the diagnoses was
established by allowing pregnancies to continue without medical
intervention until spontaneous abortion occurred (15 patients) ,
or, were terminated only after several confirmatory examinations
at weekly intervals (23 patients). While 10 of the patients in
the former group aborted within one week, spontaneous abortion
did not take place until at least two weeks after the ultrasound
diagnosis in the remaining five. One of these patients aborted
six weeks later. Two of this group of 10 patients were readmitted
via the "Flying Squad" having been allowed home to await spontaneous
abortion. In each case the patient had bled suddenly and
profusely during the abortion process, and both ultimately required
blood transfusion and emergency evacuation of the uterus to

combat shock and to control the bleeding.

Following this initial experience, most patients were offered
an elective evacuation of the uterus whenever the diagnosis was
made. In all, 89 such procedures were performed and in only
two was a blood transfusion required because of excessive blood

loss.

Of the 121 patients with "missed abortion", 23 gave no prior
history of wvaginal bleeding, including six who had been referred
solely for the purpose of accumulating data for the crown-rump
length (CRL) measurement series. All but three of these pregnancies
were terminated electively. In two patients, elective termination
of the missed abortion was deferred because of the finding of a
long closed cervix. The procedures were eventually performed two
and four weeks later respectively, when slight vaginal bleeding

ensued and the cervix found to be more favourable.
Ultrasonic Findings Prior to Fetal Death

There were 19 patients who had had fetal heart movements
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Figure 31. Pulius trigeminus pattern in a fetal heart tracing
obtained in the week prior to intrauterine death of
an 8 week fetus. FH = fetal heart. Scale 5:1
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Figure 32. Gestation sac volumes of the 24 patients with missed
abortions who were examined on more than one occasion¥*
In each case there was no doubt that the fetus was
dead at the time of the examinations.
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clearly demonstrated on at least one occasion earlier in the
pregnancy, but who were subsequently shown to have a missed
abortion. The interval between the last "normal" examination

and the one in which the fetus was found to be dead, ranged from

4 days to 8 weeks. On reviewing the fetal heart rates in these
pregnancies no significant deviation from the normal range was
demonstrated at any gestational age although there was a tendency
for the heart rates to lie above the mean values. The heart rate
of one fetus was noted to be irregular, having a "pulsus trigeminus"
pattern (Figure 31). Examination the following week revealed

that the fetus had died. However, as this was the only arrhythmia

found in the total series, its significance is uncertain.

Analysis of the fetal CRL's and GSV'’s in these cases also
showed no significant deviation from normality, and in particular
seven fetuses who died between successive weekly scans had normal
CRL’s and sac volumes at the time when the fetus was last confirmed

to be alive.
Associated Findings

(a) Of the 89 patients who had an elective evacuation performed,
a macerated fetus was positively identified in all but 17. It

is probable that the fetus had been broken up beyond recognition
by the instrumentation at the time of the uterine evacuation in
these cases. It is of further note that when the author performed
the procedure (48 cases), i.e., when particular care was taken

to identify the fetus, fetal material was found in the products

of conception in all but three. In only four of the 32 patients
who aborted spontaneously was a fetus not seen in the products

of conception.

(b) While the fetus was invariably found tobe in an advanced

state of maceration it was frequently noted that areas of the
trophoblast were macroscopically fresh, thereby accounting for

the common finding of a positive urine pregnancy test despite the
fetus being unequivocably dead. At the time of ultrasonic diagnosis,
78 of the 97 pregnancy tests performed were recorded as being
positive. However, by the time spontaneous abortion ensued

all but six of 32 tests performed had become negative.

(c) That the trophoblast continued to function after fetal death

is further demonstrated in Figure 32 which shows the GSV's of
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Figure 33. Estimated time of fetal death in 92 cases of missed”
- abortion based on the measured crown-rump lengths of
the fetuses at the time of abortion.
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Figure 34. Interval between the estimated time of fetal death
—————— and spontaneous abortion in 28 cases of missed abortio



Figure 35. A hydatidiform mole with a number of

"clear''areas within its substance
probably representing areas of blood
clot (arrows). Scale 1:3.
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24 patients in whom measurements had been made on more than one
occasion. In all but five of these pregnancies the gestation
sac continued to increase in volume, albeit at a slower than
normal rate, and in several instances spontaneous abortion was
preceded by a reduction in sac volume. This latter observation
may well be the result of complete trophoblastic death, for in
the four cases observed the reduction in volume coincided with

the urine pregnancy tests changing from positive to negative.

(d If it is assumed, as the evidence suggests, that there is

no significant slowing of fetal growth prior to its demise, then
the fetal CRL could be used to estimate the gestational age at
which it died. In this way the mean time of estimated fetal death
was found to be just over eight weeks (8 weeks and 4 days), with
67 of the 92 fetuses (73 per cent) dying between six and nine
weeks of menstrual age (Figure 33). (A measurable fetus was present
in the products of conception in only 92 of the 100 cases in

which fetal material was identified.) All but one fetus has a

CRL compatible with an age of 14 weeks or less, the exception
being estimated to have died at around 15 weeks. In the group of
28 patients who aborted spontaneously, and in whom a measurable
fetus was found, the mean interval between the estimated time of
fetal death and the eventual abortion was 32 days, with a range of

10 to 73 days (Figure 34).

Finally, perusal of the available clinical data pertaining
to the estimated time of fetal death revealed that in very few
cases (4 patients) was there a history of vaginal bleeding, or
of other significant symptoms, within a period of one week before

or after the time of death.
Vv, 2:4 Hydatidiform Moles

An immediate diagnosis was made at the first examination in
all 12 patients in this group, although in three an alternative
diagnosis of a long-standing missed abortion with resorption of
the liquor could not be excluded on the ultrasonic evidence alone.
The ultrasonic findings in these latter patients were atypical
in that there were clear areas within the uterus, which in
retospect was probably attributable to blood clot, both patients
having had considerable vaginal bleeding (Figure 35). On no

occasion however, was there any doubt that the pregnancy was a
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Figure 36. The ultrasound findings of the 9 patients with "early

live abortions". The patients represented by the open
and closed squares aborted 5 and 4 days respectively
after their examinations, the remainder aborting within

2 days.
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non-continuing one, and all 12 pregnancies were subsequently

evacuated. Histology confirmed the diagnosis in each case.
vV, 2:5 Live Abortions

Of the 40 patients in this category, nine aborted on or
before the tenth week of menstrual age and 31 aborted at 14
weeks or later. As this division into early and late groups
suggests different aetiological backgrounds, their ultrasonic

findings and clinical features will be considered separately.

Early Live Abortions

Seven of the nine patients in this group were examined
within two days of spontaneous abortion, the intervals in the
remaining two being four and five days. At the time of abortion,
a fresh fetus, with a CRL very close to that determined by the
last ultrasonic examination, was found in the products of
conception in seven of the nine cases. Only a fresh cord stump
remained in the latter two patients. In no case was there any
evidence of fetal malformation. From the ultrasonic findings in
each of the nine patients (Figure 36) it can be seen that the
individual fetal heart rates and CRL's were all within the normal
range with no tendency for the values to be either high or low.
The GSV's on the other hand were all on or below the lower second
standard deviation of normality giving a consistently low
Msac/fetus ratio” . Examination of the ultrasonic findings in
normal patients revealed that a low ”sac/fetus ratio" was present
in less than five per cent of pregnancies which progressed beyond

28 weeks.

In all six patients in whom urine pregnancy tests had been

performed within two days of abortion, positive results were obtained.
Late Live Abortions

All but seven of the 31 patients in this group had been examined
by ultrasound in the first trimester of pregnancy, and analysis of
the findings revealed no abnormal trends or results in any of
three parameters studied. Eighteen patients were monitored
serially during the second trimester (because of intermittent
vaginal bleeding) by biparietal cephalometry and confirmation
°f fetal life using a Doppler apparatus, and again no abnormal

trends were noted even in the period immediately prior to abortion.

It should be stressed however, that this level of monitoring was
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Outcome of 367 pregnancies complicated by vaginal
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fetal heart movements at the first examination.



not as intensive or detailed as that employed in the first
trimester. In all cases the fetus showed no evidence of
maceration at the time of abortion and its size was compatible
with the given menstrual age, or the gestational age as

determined by an earlier CRL measurement (see section 3:7 of this

chapter) .

Of the 31 patients, 22 had histories, and/or clinical

features which were suggestive of an incompetent cervix.
VvV, 2:6 Miscellaneous

The six patients in this group were either lost to follow-up,
or aborted at home and were not admitted to hospital. In five
a provisional diagnosis of a blighted ovum had been made, and in

one a missed abortion.
v, 2:7 Threatened Abortion

Of 367 patients referred for ultrasonic examination because
of a threatened abortion, 202 (55%) aborted subsequently (Figure
37). In 129 (64%) of these pregnancies a definite diagnosis
was made at the first examination (89 of the 98 missed abortions,
all hydatidiform moles, 30 of the 75 blighted ova, and one case
in the miscellaneous group). Furthermore, a provisional diagnosis
was forwarded in all but three of the remaining cases in the
blighted ovum and miscellaneous groups. These additional 45
patients gave an overall total of 86 per cent in whom the diagnosis
was either certain or suspected at the time of the first examination.
Twenty five patients were found initially to have living pregnancies
of whom 16 subsequently had "live abortions", and nine went on

to become missed abortions.

Of the 367 patients, fetal heart movements were detected
at the first examination in 185 (50.4%). The outcome analysed
according to this criterion is shown in Figure 38. The five
patients whose pregnancies continued, despite absence of fetal
heart movements at the first examination, were all at less than
six and a half weeks of gestational age. As their sac volumes
were well within the normal range for their ages, it was felt
that the pregnancies were probably continuing. Nine pregnancies
in which fetal heart movements were detected, died subsequently,

&nd the diagnosis confirmed at a later examination.
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Ultrasound Findings Patients

Normal pregnancy/normal pregnancy 14
Normal pregnancy/blighted ovum 11
Blighted ovum/blighted ovum 4
Blighted ovum/missed abortion 1
Table 6. Ultrasound findings in 30 patients shown to

have twin conceptions in the first trimester
of pregnancy.

Figure 39. A normal continuing twin pregnancy at 9 weeks of
menstrual age. Both fetuses were identified
(arrows) within their respective gestation sacs,
and both shown to be alive by the demonstration

of fetal heart movements. Scale 2:5.



Figure 40. A twin pregnancy at 8 weeks consisting of a normal
pregnancy (NP) in which a fetus and fetal heart
movements were identified, and a smaller blighted
sac (BO) in which no fetus could be located. The
patient was delivered of a normal healthy singleton
baby at 39 weeks. Scale 2:5.

Figure 41. Twin blighted sacs at 8 weeks (arrows). The volumes of
the sacs were 2.2 ml and 5.0 ml respectively and neither
could be demonstrated to contain a fetus. The pregnancies
were aborted spontaneously 3 weeks later. Scale 1:1.



100

v, 2:8 Early Pregnancy Failure in Twin Conceptions

The results obtained in this group of patients were published
by the author in collaboration with Dr. Judy S. Caines (1977)

in the British Journal of Obstetrics and Gynaecology. (Reprint enclosed.)

In the years 1972 to 1975 in the Queen Mother'’s Hospital,
there were approximately 10,000 delivieries, including 109 sets
of twins (1:91). During the same period an ultrasound diagnosis
of a twin ’'conception" was made in the first trimester in 30
patients, and the findings in this group are shown in Table 6.
The 14 patients in whom ultrasound demonstrated twin normal
pregnancies were all delivered of two normal babies (Figure
39). Ten of the 11 patients in the second group (one normal
pregnancy plus a blighted ovum) gave birth to singelton infants
(the eleventh had a singleton late live abortion at 25 weeks)
(Figure 40) .The remaining five patients all aborted (Figure 41)
Jive of the patients with twin viable pregnancies, together with
the patient whose pregnancy culminated in a late live abortion

had conceived following the use of ovarian stimulants.

(These cases are described in more detail in the enclosed
reprint of the paper, to which reference was made at the beginning

of this sub-section.)

In those patients with one normal pregnancy together with a
blighted ovum, the abnormal sac was consistently the smaller of
the two, and in nine its volume never exceeded that of a normal
seven week pregnancy (2.5 ml.). In all of these cases it had
disappeared before the end of the first trimester. The second
sac in five patients was not identified until several weeks after
the normal pregnancy had been recognised, probably as a result
of the slower growth rate of blighted ova already described for
singleton pregnancies. In two patients the sac volumes reached
10 m1., and in one, was "visible" until the early part of the

second trimester.

The serial fetal heart rates, and the growth rates of the
fetal CRL’s and GSV's during the first trimester, in the 10
patients delivered of a singleton infant, were all within normal
limits. Nine of these patients experienced some vaginal bleeding
in the first trimester, in contrast to only five of the 14 patients

who had viable twins.



v, 3 ESTIMATION OF GESTATIONAL AGE
v, 3:1 Description of Crown-Rump Length Measurement Technique

A description of this technique and some preliminary results
were first reported by the author in the British Medical Journal

(1973) . (Reprint enclosed.)

The basic steps of the technique entail the determination of
the "lie" or spatial orientation of the fetus within the gestation
sac, and the performance of a series of scans along its long axis

until the longest length of fetal echoes is located.

A preliminary scan of the pregnancy is first performed as
described in Chapter IV, 2:3, and the presence of a fetus confirmed
At this point the oscilloscope scale factor is switched to the
5:5 magnification. The scanning frame is then moved laterally
to one side of the gestation sac and a series of more closely
spaced longitudinal section scans performed across the sac and
fetus. During the course of these scans it is possible to build
up a three-dimensional impression of the approximate orientation
of the fetus within the gestation sac. This is achieved by
integrating mentally the distances between successive sections
and the dimensions of the fetal echo complexes produced in each
section. For example, when the lie of the fetus is a transverse
one, the shape of each group of fetal echoes is usually circular
and each is of a similar size. Furthermore the distance between
the two sections which show the extreme ends of the fetus is
proportionately very much greater. Conversely, serial
longitudinal scans of a fetus whose lie is longitudinal, show a
length of fetal echoes which is initially small, becomes very
much bigger and more elongated, and then decreases in size, all
over a relatively short distance between the first to the last
section scan. These features are reversed when the scanning frame
is turned through 90° and the examination performed by serial
transverse scans. In practice these steps are usually incorporated
into the initial preliminary scan of the pregnancy and can be

performed very rapidly.

Having determined the approximate lie of the fetus within
the gestation sac, the next stop is to identify its orientation

with greater certainty. Those fetuses which are thought to lie

101



Figure 42.

Figure 43.

(a)

A diagram of the technique employed to determine the
longitudinal axis of the fetus in the technique of
crown-rump length measurement. In (a) a series of
closely spaced longitudinal scans have been performed,
and marks have been made on the maternal abdomen
overlying the fetal ends. In (b) a scan has been
made along the line defined by the two marks.

A pregnancy at 6 weeks and 5 days in which the fetal
echoes measure 9 mm. GS = gestation sac; F = fetus;
B = bladder. Scale 1:1.



transversely are re-examined by means of further longitudinal
section scans, during the course of which each end of the fetus
is located accurately and marks made with a Chinagraph pencil

on the patient's abdominal wall at points overlying the fetal
ends as shown diagrammatically in Figure 42(a). It is then a
simple matter to rotate the scanning gantry to a position such
that the line of scan will pass through both of these points

and will therefore be aligned along the long axis of the fetus
(Figure 42(b) ). Next, a series of very closely spaced parallel
scans are performed until the section showing the longest length
of fetal echoes is located. This is taken to be the crown-rump

length (CRL) of the fetus.

If the orientation of the fetus is closer to a longitudinal
than a transverse lie, the procedure is reversed; the ends of
the fetus are identified during a series of transverse scans,
and the fetal CRL is then identified on an appropriate longitudinal

scan.

A vertical component to the lie of the fetus is unimportant,
and it complicates neither the alignment of the scanning frame
nor the scanning of the long axis of the fetus provided both

fetal poles have been clearly defined.

In the early stages from 6+ to weeks, when the fetus is
still very small, its length (6 to 15 mm) is not much greater than
its breadth. In view of this the CRL is simply taken to be the
larger of the two maximum measurements obtained on longitudinal
and transverse scans (Figure 43). An additional reason for this
alteration in the usual procedure is that the standard technique
for defining the fetal ends and for marking their position on the
maternal abdomen cannot be applied due to the relative size of

the transducer face.

As a general rule measurements are only taken from pictures
which have been obtained using a standardised scanning technique,
that is, one in which a single or, at the most, two arc scans of
the fetus have been required to cover its entire 1length. In
addition the beam intensity of the oscilloscope screen and the
machine sensitivity levels are set as high as possible commensurate
with a minimum of artefactual lines or echoes within the sac.

Optimally, this should result in a clearly defined gestation sac
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Figure 44. A fetus at 10 weeks with a crown-rump length

(CRL)
of 30 mm. Scale 1:1

Figure 45. A pregnancy at 10 weeks and 5 days in which the echoes

at the fetal ends merge with the adjacent sac wall
echoes. By projecting the sac walls downwards as shown
by the arrows a measurement of the fetal crown-rump
length (CRL) can be made. Scale 1:1.



Figure 46. A section of a 14 weeks fetus taken to one side of the
midline to demonstrate the flexed position of the leg ()
T = trunk; H = head. Scale 1:1.

Figure 47. A fetus at 14 weeks and 1 day with a crown-rump 1length
of 93 mm. H = head; F = face; T = trunk; U = umbilical
cord; L = leg. Scale 1:1.
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outline and clear, well demarcated echoes at each end of the
fetus (Figure 44). Not infrequently however, one end of the
fetus is in close proximity to the sac wall and as a result
differentiation of sac wall and fetal echoes may prove difficult.
In such cases a "value judgement" is made using the projected

line of the sac wall as a guide (Figure 45).

The fetal legs on the other hand rarely constitute a problem
in defining the "rump" end of the fetus as their natural position
of flexion, especially at the hip, keeps them well away from

the area of interest (Figure 46).

Before an actual measurement is performed it is important
that the gross shape and proportions of the fetal echo-complex
correspond to those which would be expected from a first trimester
fetus, that is the depth of echoes at each end of the fetus should
be approximately equal (Figure 44), and after the eleventh week
the length of the "head" in relation to that of the "trunk"
should be approximately 1:1.5 (Figure 47). Failure to satisfy
these criteria means that a skewed section of the fetus has been
taken rather than a true longitudinal one, the reasons for which
being either an initial error in the assessment of the fetal lie,
or movement of the fetus during the scanning procedure. Where the
error or movement has not been excessive, the fetal ends may
be redefined with the scanning frame still in the transverse
position. On the other hand, if the fetus has taken up a
completely new orientation then the procedure is repeated from

the beginning.

Having located and recorded the maximum length of fetal echoes
on the oscilloscope screen, a measurement is made either directly
from the oscilloscope screen, or, from a Polaroid photograph. In
either event the screen graticule is used as a ruler as this
obviates the necessity to correct for the scale factor of 0.94
to 1.

v, 3:2 Reproducibility of the Crown-Rump Length Measurement
Technique (Random Errors)

The information and results reported in this and the following
sub-section were first published by the author together with
Mr. J.E.E. Fleming in the British Journal of Obstetrics and Gynaecology

in 1975. (Reprint enclosed.)
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26
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Table 7.

First
Measurement

12
12
19
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24
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26.
31.
34.
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47
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Second
Measurement

11.
11.
19.
23.
24.
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26.
26.
25.
31.
32.
37.
34.
41.
39.
41.
42.
44.
44.
51.
47.
46.
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53.
55.
54.
51.
61.
71.
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Third
Measurement Mean
12.8 12.2
12.6 12.0
18.6 19.1
25.8 24.3
23.3 23.8
23.8 24 .4
28.3 27.1
28.4 27.2
25.9 26.0
32.0 31.5
31.1 32.6
37.1 36.9
32.9 34.9
42.9 41.4
41.2 40.1
43.7 42 .3
45.0 43.0
41.6 43.0
43.6 43.9
48.5 48.6
48 .4 47.1
46.7 46.8
46.1 46.7
51.6 50.8
52.0 52.3
57.8 55.6
53.1 54.2
54.1 53.8
63.0 62.8
80.9 76.2

Reproducibility of CRL technique

Results obtained from three independent

SD
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.57
.65
.61
.33
.44
.51
.15
.07
.42
.50
.75
.38
.24
.45
.13
.38
.70

.26
.60
.21
.21
.46
.74
.58
.42
.21
.31
.26
.55

(blind trial).

measurements in 30 unselected patients.

(coded)
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The reproducibility of the CRL measurement technique is
directly related to the random errors which may be incurred
during the procedure, that is errors whose magnitude may vary
from measurement to measurement. The potential sources of
such random errors include: operator Jjudgement as to the correct
lie of the fetus and the longest length of echoes; small move-
ments of the fetus or mother resulting in a change in alignment
of the fetus in relation to the scanning frame; variation in
machine sensitivity settings causing a change in echo length
as a result of change in the effective beam width; and errors in
measurement from the photograph itself. While it is possible
that in some cases these errors could be cumulative, it is more probable
that there would be a tendency towards one error reducing or
cancelling another.
Blind Clinical Trial to Evaluate the Overall Effect of the Random

Errors

In this trial a series of 30 unselected patients whose menstrual
histories were unknown to the author were examined, and in each
case three independent measurements made of the fetal CRL. The
ability to make such independent measurements was made possible by
an electronic modification to the Diasonograph designed and constructed
by Mr. Fleming of the Glasgow University Department of Ultrasonic
Technology. This modification allowed the oscilloscope display
scale to be changed to any one of 15 different coded scale factors

ranging from 82 per cent to 126 per cent of live size.

Between each of the three individual measurements, the scanning
frame was returned to a neutral position and, after an interval
varying from two to ten minutes, the whole procedure was repeated
using a different scale factor. The measurements were later

decoded by Mr. Fleming and the results obtained are shown in Table 7.

From an analysis of these results it was found that the average
standard deviation (SD) of the three measurements in the 30
trials was 1.2 millimetres. Apart from a single SD result of
4.55 millimetres in a patient whose fetus had a CRL of over 75 mm, all
the SD's were less than 2.6 mm. It was also found that there was
a tendency for the SD's to increase with an increase in the CRL
(Figure 48), a finding which was probably due to the effect of
random fetal movements which start at about nine weeks of menstrual

age and which become more frequent and more vigorous



Figure 49a.

Four pictures of the same fetus taken at decreasing levels
of ultrasound power output. The first and last are
unacceptable clinically, while those at -12dB and -18dB
show the fetus with an almost identical crown-rump length
(34 and 32 mm respectively).
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Figure 49b.
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Change in the fetal CRL image, from a maximum measurement)
with decreasing levels of ultrasound power output; mean
values obtained from 9 experiments.



in fetal RL (mm)

Changes

Patient
No.

Table 8.

Decrease in Power Output Level (dB)

-2 -4 -6 -8 10 12 -14 -16
0 +0.5 0 -2 -3 -5 -4

0 -3 -0.5 0 0 -2.5 -2.5 -5 -8
0 -2.5 -1.5 -2 -4 -5 -7

0 -1 -2 -2 -3 -7 -11

0 1 -1 0 -0.5 -2 -6

0 0 -0.5 0 -3 -3.5 -4.5 -7

0 +1 +1 +0.5 +0.5 -5

0 0 -2 -2.5-3 2.5 -2.5 -5

0 -0.5 -1 -2.5 -2 -4 -6

Change in fetal CRL from a maximum measurement as a result
of a progressive reduction in ultrasonic power output level
(in relation to the highest power output level which allows
an acceptable clinical image of the fetus).



with increasing fetal size.
Evaluation of Individual Random Errors

Measurement from the photograph Of the four individual
potential sources of random error itemised earlier, that of
measurement of the length of the fetal echo complex from the
photograph is the most easily quantified. A consecutive non-
selected series of 50 photographs were extracted from the files
and three independent measurements made of the fetal CRL's in
each case. The average SD obtained in the 50 "trials" was

found to be 0.26 mm.

Machine sensitivity This is a more complex factor involving

both transmitter power output levels and receiver sensitivity
characteristics. In the clinical situation however, it has

been found that in any given individual, acceptable pictures are
only obtained from a very limited range of machine settings and
that within this range the length of fetal echoes varies only
marginally. From a practical standpoint the receiver sensitivity
is kept constant and the transmitter power output increased as
high as possible commensurate with good definition of the ends

of the fetus and with a minimum of "background noise" echoes

within the confines of the gestation sac.

In order to quantify the change in length of the fetal echoes
with change in transmitter power output the following experiment

was performed on a series of nine patients.

The long axis of the fetus and its maximum length were located
as previously described and the scanning gantry locked in position.
The receiver attenuation system was left constant and the power
output level increased to a level beyond which the picture became
unacceptable, that is when the gestation sac became filled with
"background noise" echoes. A series of scans of the fetus was
then performed along exactly the same plane and with an identical
scanning action, each at a power output level of 2 dB below the
previous one. Polaroid photographs were taken of the resulting

pictures and the length of the fetal echo complexes measured
(Figure 49a) .

The results obtained from the nine experiments are shown in

Table 8, and are summarised, in graphical form, in Figure 49%b.
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On perusal of the original photographs it was considered
that acceptable pictures had only been obtained over a small
range of power output at the upper end of the scale, and that
with decreasing power output, the fetal echo complex and gestation
sac outline had become "fragmented" due to an insufficient number
of echoes. The "maximum range" within which acceptable pictures
was obtained, and therefore acceptable fetal measurements, was
6 dB. In this range the variation in fetal length was just over
plus or minus 0.5 mm.
Operator judgement of the fetal lie and the effect of fetal and

maternal movements

The random errors incurred in the technique as a result of
these factors could not be quantified accurately on an individual
basis. However, given that the overall reproducibility of the
technique is plus or minus 1.2mm. and that the two areasof
potential error just described account for over half thisvalue,
then the average error due to operator judgement and fetal or
maternal movement must be small. It is appreciated, on the other
hand, that in an individual case the error may be very much
larger, especially when the fetus is particularly active, and
on occasions may be as much as 3 to 4 mm.
v, 3:3 Systematic Errors of the Crown-Rump Length Measurement

Technique

In this section those errors which are incurred in all CRL
measurements will be considered. In broad terms such errors are
due to inaccuracies in the measurement system itself, they are
usually constant, and in contrast to the random errors described
in the previous section, they are not related to the human element.
This group of errors, which may be conveniently grouped under the
heading 'systematic errors', give a measure of the difference
between the observed measurement and the real or absolute measure-

ment .

In the CRL measurement technique the following were considered

to be areas where systematic errors might be present.

Oscilloscope Scale Factor It is recognised that there are small
but definite variations in the accuracy with which the ultrasonic
transducer position may be represented on the display screen, even

between machines of the same type. Such variations are the result
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of the practical 1limits within, which the individual components

may be manufactured and made to function.

The magnitude of this potential error was assessed by
scanning in a linear manner a simple wire target in a water
bath, the distances between adjacent wires having been measured
accurately with a Vernier gauge. The distances between the
resulting echoes on the oscilloscope screen were then measured
with dividers and the difference calculated in terms of a
percentage. In this way, the "scale factor (registration)
error" of the Diasonograph used in this study was found to be
+3 per cent in respect to the basic oscilloscope scale factor
of 0.94 to 1. Similar experiments were conducted on four other
ultrasound machines of the same type in the Glasgow area and
revealed registration errors ranging from -0.8 per cent to +3 per

cent.

Beam Width Effect (Lateral resolution) As discussed in Chapter

II, 1, an ultrasonic "beam" has a measurable width, the dimension

of which is directly related to the design of the transducer and

the distance from the transducer face. In practice it is also
related to the transmitter power output and receiver sensitivity
levels in use at a given time. As a result of the beam having

a measurable width, a short line rather than a single discrete dot
is produced on the oscilloscope screen when a single point reflector
is being scanned. This is due to the fact that as the beam sweeps
across the point reflector a returning echo will be produced

throughout the time that the point remains within the beam.

In order to evaluate the magnitude of the systematic error
produced by this effect, a series of in vitro experiments was
devised using dead but fresh animal fetuses. In each case,
the fetus was measured very accurately using calipers and a
Vernier gauge, then suspended in a water bath at 37 C and its
length rechecked.The scanning frame was next aligned along the
long axis of the fetus and ultrasonic pictures similar in echo
density to those obtained from in vivo human fetuses were produced.
The ultrasonic image of the fetus was photographed and measured
in the usual way. Confirmation that the longest length of echoes
has been located was achieved by repeating the measurement at very
closely spaced intervals. Eight such experiments were performed

using six mouse fetuses and one cow and one pig fetus. Their



APPROX. \

SONAR IMAGE SONAR IMAGE

- SURFACE ONLY

Figure 50.

-INCLUDING INTERNAL STRUCTURE

Diagram illustrating the hypothesis that the echoes
forming the extreme ends of the fetal image are
derived not from the skin surface but from deeper
structures. In this way the practical error incurred
by 'beam width' is less than the theoretical error.
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lengths ranged from 22 to 87 mm. After correction for the scale
factor error of +3 per cent described above, the mean difference
between the actual fetal measurements and the measurements from
the ultrasonic images was found to be 1.04 mm (SD 0.18 mm) with

an absolute range of 0.6 mm to 1.9 mm.

The magnitude of the error produced by this effect is consider-
ably smaller than that which would be expected from theoretical
calculations. For example, a single wire scanned by a 2.5 MHz
transducer at a power output level commensurate with that which
reaches a fetus in utero, gives an echo approximately 5 mm 1long.
If this error were applicable in CRL measurements, an overestimate
of 5 mm would be anticipated, half of the "line" from the outer
skin surface extending beyond the actual boundary of the fetus
at each of its lateral ends. A possible explanation for this
discrepancy between the experimental and the theoretical errors
lies in the fact that since the ultrasound beam is tangential to
the rounded surfaces of the crown and the rump of the fetus during
the scan, 1little or no echoes would arise from the extremes of
these areas. Thus the echoes which form the boundaries of the
ultrasonic image have probably arisen from structures within the
fetus itself. This concept is illustrated in Figure 50. If
this hypothesis is correct then it is fortuitous that the 1length
of the echoes derived from these structures close to the ends of
the fetus are of such a length that a very close approximation to
the true boundary is obtained. This approximation, as shown by
the experiments with the machine sensitivity settings described
in the previous section, seems to hold over a range of six decibels

of transmitter power output.

Calibration Velocity There is a potential error which may be
incurred in the CRL measurements if the "calibration velocity"

of the apparatus differs from the actual average velocity in the
tissues between the transducer and the fetus. For example, if
the actual velocity is slower than the calibration velocity, then
the ultrasonic image of the structure being examined will be

magnified in direct proportion to the difference between the two.

Based on the known velocity of ultrasound in fat, muscle,
and urine, and the estimated thicknesses and depths of these
structures in the lower abdomen between the skin surface and

the uterine cavity, Hall (1975) calculated that the true average
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A comparison of ultrasonic fetal CRL measurements and
post-abortion direct measurements in a series of 41
missed abortions.
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velocity of ultrasound in this part of the body is 1530 metres per
second. As the apparatus used in this study was calibrated to
1540 metres per second, an overestimate of 0.7 per cent in the

measurements had been incurred.

Summary

The systematic errors incurred in the CRL measurement technique,
and with the apparatus which was used in this study, summate to
an average overestimate of the actual length of a fetus by
one millimetre plus 3.7 per cent.
Vv, 3:4 "In Vivo'* Comparison of Ultrasonic and "Actual"

Crown-Rump Length Measurements

In order to obtain some measure of the accuracy of the technique
in the practical situation, "in vivo" measurements were made of
fetuses in a series of 41 cases of missed abortion (i.e. where
the fetus was shown to be dead by the absence of fetal heart move-
ments) . When the fetus was eventually aborted a direct measure-
ment of the CRL was performed with the fetus placed in what was
considered to be a normal degreee of flexion. At the time of
this measurement, the corresponding ultrasonic value was not known
to the observer. The "in vivo" and direct measurements were
compared and the results plotted as shown in Figure 51. In 32
cases (78%) the difference between the measurements was 3 mm or
less, and the maximum difference was 7 mm (2 cases). A least
squares regression analysis of the data showed a highly positive

correlation between the measurements (r = 0.994).

While it is appreciated that a fetus might not necessarily
maintain an attitude of flexion after death the correlations are
sufficiently close to allow an assumption that the ultrasonic

measurements are indeed those of the crown-rump length.
v, 3:5 Normal Crown-Rump Length Growth Curve

The series analysed in this thesis comprises 424 fetal CRL
measurements derived from pregnancies with menstrual ages ranging
from 6 weeks and 2 days to 14 weeks and 4 days. In all cases
the viability of the fetus was confirmed by the demonstration of
fetal heart movements. Only patients considered to have
"impeccable dates" were included in this part of the study (see
section 1:3 of this chapter). Where a patient had had more than

one CRL measurement performed only the first was used for the



Confirmation of normal pregnancy - 349

Recurrent abortion - 58
Large for dates (clinically) - 6
Small for dates (clinically) - 8
Hyperemesis gravidarum - 3

TOTAL - 424

Table 9. Indications for the first
ultrasonic examination in the
424 pregnancies from which a
normal CRL growth curve was
derived.



CRL Values Derived
"Menstrual Number

Age" of CRL (mm) from Regression Analysis (mm)
(weeks + days) Patients Mean 2sD Mean 28D
6+2 4 6.0 1.2 6.6 2.9
6+3 2 6.5 0.7 7.3 3.0
6+4 4 7.0 2.3 8.0 3.1
6+5 4 6.5 1.3 8.7 3.3
6+6 7 9.7 2.1 9.4 3.4
7+0 4 9.3 1.0 10.2 3.5
7+1 6 10.7 3.4 10.9 3.
7+2 11 11.2 2.1 11.8 3.8
7+3 6 12.7 2.2 12.6 4.0
T+4 6 13.2 3.1 13.5 4.1
7+5 10 15.3 1.8 14.4 4.2
7+6 9 15.6 2.1 15.3 4.4
8+0 6 17.5 1.9 16.3 4.5
8+1 14 18.6 2.8 17.3 4.6
8+2 8 18.8 2.4 18.3 4.8
8+3 7 20.4 2.5 19.4 4.9
8+4 9 21.0 1.9 20.4 5.1
8+5 8 21.0 1.2 21.6 5.2
8+6 11 23.3 1.6 22.7 5.3
9+0 7 25.1 2.9 23.9 5.5
9+1 9 25.4 2.3 25.1 5.6
9+2 9 26.7 2.2 26.3 5.7
9+3 8 27.0 1.4 27.6 5.9
9+4 8 28.8 3.4 28.9 6.0
9+5 13 30.4 3.7 30.2 6.1
9+6 17 31.3 2.2 31.5 6.3
10+0 6 32.7 2.7 32.9 6.4
10+1 10 34.0 3.3 34.3 6.5
10+2 9 34.4 3.2 35.7 6.7
10+3 11 36.0 4.0 37.2 6.8

Table 10a. The basic mean and 2SD values of CRL for each day
of menstrual age from 6 weeks and 2 days to
10 weeks and 3 days, together with the mean and
2SD values derived from the regression analysis.



CRL Values Derived

"Menstrual Number

Age" of CRL (mm) from Regression Analysis (mm)

(weeks + days) Patients Mean 2SD Mean 2SD
10+4 8 37.1 4.5 38.7 6.9
10+5 7 43.4 3.3 40.2 7.1
10+6 12 39.4 3.3 41.8 7.2
11+0 6 45.3 2.9 43.4 7.3
11+1 13 44 .2 3.4 45.0 7.5
11+2 8 47.5 2.5 46.6 7.6
11+3 9 49.1 3.0 48.3 7.7
11+4 10 50.3 4.4 50.0 7.9
11+5 7 52.6 4.6 51.7 8.0
11+6 8 55.1 3.8 53.5 8.1
12+0 8 58.5 4.1 55.3 8.3
12+1 10 56.2 2.9 57.1 8.4
12+2 7 58.9 2.9 58.9 8.6
12+3 7 60.9 5.3 60.8 8.7
12+4 5 62.4 4.8 62.7 8.8
12+5 5 63.0 5.4 64.7 9.0
12+6 5 64.0 3.7 66.6 9.1
13+0 5 69.8 3.3 68.6 9.3
13+1 10 70.0 4.2 70.7 9.4
13+2 5 71.0 5.2 72.7 9.5
13+3 3 76.3 2.5 74.8 9.7
13+4 3 72.7 3.8 76.9 9.8
13+5 1 78.0 - 79.1 9.9
33+6 3 78.0 4.0 81.2 10.1
1440 7 84.3 8.3 83.4 10.2
14+1 4 84.0 3.7 85.7 10.3
14+2 3 90.7 5.0 87.9 10.5
1443 1 88.0 - 90.2 10.6
14+4 1 96.0 - 92.5 10.7

Table 10b. The basic mean and 2SD values of CRL for each day

of menstrual age from 10 weeks and 4 days to
14 weeks and 4 days, together with the mean and
2SD values derived from the regression analysis.
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Mean growth curve of the fetal CRL from 6% to 14 weeks
of menstrual age, together with the 2SD limits,
derived from a non-linear regression analyses of 424
measurements. (y = 7.586 - 0.669x + 0.015x ).



"Menstrual Mean CRL Values Corrected

Age" Derived from Mean
(weeks and Regression Analysis Values
days) (romm) (rom)
6+2 6.6 5.4
6+3 7.3 6.0
6+4 8.0 6.8
6+5 8.7 7.5
6+6 9.4 8.1
7+0 10.2 8.9
7+1 10.9 9.5
7+2 11.8 10.4
7+3 12.6 11.2
7+4 13.5 12.0
7+5 14.4 12.9
7+6 15.3 13.8
8+0 16.3 14.7
8+1 17.3 15.7
8+2 18.3 16.6
8+3 19.4 17.7
8+4 20.4 18.7
8+5 21.6 19.8
8+6 22.7 20.9
9+0 23.9 22.0
9+1 25.1 23.0
9+2 26.3 24.1
9+3 27.6 26.4
9+4 28.9 26.9
9+5 30.2 28.1
9+6 31.5 29.3
10+0 32.9 30.7
10+1 34.3 32.0
10+2 35.7 33.4
10+3 37.2 34.8

Table 1lla. Mean CRL values derived from the regression analysis
from 6 weeks and 2 days to 10 weeks and 3 days,
together with these values after correction for the
systematic errors (1 mm + 3.7 per cent) of the ]
technique. These latter figures represent "absolute
CRL values.



"Menstrual Mean CRL Values Corrected

Age" Derived from Mean
(weeks and Regression Analysis Values
days) (rom) (rom)
10+4 38.7 36.3
10+5 40.2 37.7
10+6 41.8 39.3
1140 43.4 40.8
11+1 45.0 42 .3
11+2 46.6 43.9
11+3 48.3 45.5
11+4 50.0 47.1
11+5 51.7 48.8
11+6 53.5 50.5
12+0 55.3 52.3
12+1 57.1 54.0
12+2 58.9 55.7
12+3 60.8 57.6
12+4 62.7 59.4
1245 64.7 61.3
12+6 66.6 63.1
13+0 68.6 65.1
13+1 70.7 67.1
13+2 72.7 69.0
1343 74.8 71.0
13+4 76.9 73.1
13+5 79.1 75.2
13+6 81.2 77.0
14+0 83.4 79.3
14+1 85.7 81.5
14+2 87.9 83.6
14+3 90.2 85.9
14+4 92.5 88.1

Table 1lib. Mean CRL values derived from the regression analysis
from 10 weeks and 4 days to 14 weeks and 4 days,
together with these values after correction for the
systematic errors (1 mm + 3.7 per cent) of the
technique. These latter figures represent "absolute
CRL values.



purposes of compiling a normal growth curve in order that the

data would be truly cross-sectional.

The indications for the initial examinations are shown in
Table 9. The great majority (349/424) of patients were referred
simply to allow normal data to be collected and to confirm that
the pregnancy was a continuing one. Fifty eight patients gave
a history of two or more previous abortions, and in all cases
the pregnancies progressed normally to beyond 28 weeks. Of the
remaining 19 patients six were thought on clinical grounds to be
large for dates, and eight thought to be small for dates.

These patients all fulfilled the criteria detailed above and

were therefore included. A later review of the results showed

that in each of these cases the CRL measurement fell within the
normal range. The last three patients presented with excessive
vomiting and were examined to exclude the presence of a hydatidiform

mole.

The number of patients, the mean values and the 2SD limits
were calculated for each day of the period under study, and the
results are shown in Tables 10a and b. A non-linear regression
analysis of the data was then performed to obtain the mean "line
of best fit" together with its 2SD limits (Figure 52). The
equation describing the "mean" 1line was :-

y = 7.586 - 0.669x + 0.015x2
with 2sD = - (0.136x - 3.07)

where y = CRL; and x = gestational age (menstrual age in days). The
mean and 2SD values derived from this regression analysis are

also shown in Tables 10a and b.

The equation was solved for y = 0, (i.e. CRL = 0 mm), and

x found to equal 25 days.

vV, 3:6 "Absolute" Crown-Rump Length Values

In order to obtain CRL values which are closer to the "real"
mean growth curve, the mean values derived from the regression
analysis (Tables 10a and b) were corrected for the systematic
errors detailed earlier, i.e. the figures were reduced by 1 mm
for the "beam width effect", and 3.7 per cent for the scale factor
and velocity calibration errors. Both sets of figures are shown

in Tables 1lla and b.
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(impeccable menstrual histories) in a series of 94

patients in whom the ultrasonic measurements had been

performed "blind".
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Figure 54. The differences (days) between the "CRL" ages and
‘tnenstrual" ages (impeccable menstrual histories) in a
series of 94 patients in whom the ultrasonic measurements

had been performed "blind".
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v, 3:7 Estimation of Gestational Age Using Crown-Rump
Length Measurements
While it is appreciated that each individual CRL measurement
is subject to the systematic errors described earlier, and cannot
therefore be considered as a "true” CRL measurement, the use of
the basic ultrasonic value is still valid in the estimation of
gestational age, provided that the measurements used in compiling

the normative data also incurred these same errors.
Statistical Analysis

The 424 CRL measurements were further analysed to determine
the best "point estimate" of gestational age for a given CRL,and
the confidence range within which this estimate could be stated.
This "point estimate" was found to be given by the formula

8.235 y~CRL + 22.825
with a 95 per cent interval estimate of- 4.6 days. Given three
independent measurements this estimate would be reduced to - 2.6
days. This range varies for different CRL values between 10 and

80 mm but only to an insignificant degree (< 0.01 day).

The curve described by this second equation and its confidence
limits are almost identical with that derived from the earlier
"regression analysis". Therefore, the figures listed in Tables
10a and b can be used to provide an estimate of gestational age

from a CRL measurement.
Clinical Trials

A. Two "blind" trials were performed to assess the clinical
accuracy of CRL measurement as a means of estimating gestational
age. In both, patients with "impeccable dates", were examined
on a "blind basis" and a CRL measurement performed i.e. the

operator was kept unaware of the menstrual age of the pregnancy

until after the ultrasonic examination was completed. The menstrual
ages and the ultrasonic ages were then compared. The data from
94 such pairs are presented in Figures 53 and 54. In all but

four cases, the difference between the estimates was four days

or less, the difference in each of the remaining four cases being
five days. The mean discrepancy was -0.2 days with 2SD limits

of t 4.4 days. A statistical analysis showed a highly positive
correlation between the menstrual and the ultrasonic CRL estimates

of gestational age (r = 0.987).
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Figure 55. The differences (weeks) between the ages of pregnancies
determined by bimanual examination of the uterus and the

"menstrual" ages in a series of 40 patients with impeccable

menstrual histories.
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Figure 56 . The differences (days) between the "crRL" ages (performed
"blind") and the menstrual ages in the same group of
40 patients shown in Figure 55.



B. Forty of the patients, included in this last analysis, formed
part of a larger and more extensive "blind trial" performed to
assess the range of error of a number of methods of estimating
gestational age. These included CRL measurements and clinical
bimanual examination of the uterus in the first trimester,

and biparietal diameter (BPD) measurements at 18 to 22 weeks,

and at 34 to 38 weeks. This series comprised 72 patients in the
first trimester of pregnancy randomly selected by the nursing
staff or junior house officer at the first antenatal clinic
visit. In each case a senior obstetrician (experienced registrars
and above) was then invited to estimate the age of the pregnancy
by bimanual examination of the uterus, without prior knowledge

of the menstrual history. The patients then had a fetal CRL
measurement performed, and subsequently, biparietal diameter
measurements at approximately 20 and 36 weeks. All ultrasonic
measurements were performed "blind", the integrity of the trial
at the latter two visits being maintained by randomising the
return appointments within the four-week periods (20 - 2 weeks;
36-2 weeks). The "BPD" ages were estimated by reference

to Campbell’s normative BPD data (1969, 1970).

Of the 72 patients, 40 were considered to have "impeccable"
menstrual histories, 30 to have "doubtful" menstrual histories,
and two were found, quite unexpectedly, to have 'early pregnancy
failures' (one blighted ovum and one missed abortion - see

section 2 of this chapter).

The following comparisons were made and the results compiled
in the form of histograms (Figures 55-59).
a) Bimanual Examination Age/Menstrual Age (Impeccable dates) -
Figure 55
In eleven of the 40 patients (28%) in this group, the age
of the pregnancy determined by bimanual examination of the

uterus was at variance by two or more weeks from the menstrual

age. The mean discrepancy was -1.0 day, with 2SD limits of
- 22.2 days.
b) CRL Age/Menstrual Age (Impeccable dates) - Figure 56

In only three of the 40 patients (8%) was the difference
over four days; the difference in the last three being five
days. The mean discrepancy was -0.43 days with 2SD limits of

- 4.7 days.
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Figure 57.

The differences (weeks) between the ages of pregnancies

determined by bimanual examination of the uterus and
the "CRL” ages (performed "blind”)

in a series of 70
patients.
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The differences (days) between the fetal "biparietal
diameter (BPD)" ages and the "CRL" ages in 52 patients.
The CRL measurements were obtained in the first trimester
and the BPD measurements between 18 and 22 weeks; all
were performed "blind".
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Figure 59.

The differences (weeks) between the fetal "biparietal

diameter" ages and the "CRL" ages in 41 patients. The
CRL measurements were obtained in the first trimester

and the BPD measurements between 34 and 38 weeks;

all were performed blind.
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Discrepancy (days) between the date of delivery predicted
from a CRL measurement in the first trimester and the
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menstrual histories. Patients with induced labour and
those delivering pre-term (< 37 weeks) have been
excluded.
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Figure 61. Discrepancy (days) between the date of delivery predicted

from a CRL measurement in the first trimester and the
actual date of delivery in 165 patients with "doubtful"
menstrual histories. Patients with induced labour and
those delivering a pre-term infant (judged by a
paediatrician) have been excluded.
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c> Bimanual Examination Age/CRL Age (All patients) - Figure 57

In the total group of 70 patients the bimanual examination
age differed from the CRL age by two or more weeks in 20
cases (29%), with mean and 2SD values of 1.8 and 25.5 days
respectively. The results in the two sub-groups, those with
"impeccable” dates and those with "doubtful" dates were almost

identical.
d) BPD Age at 18-22 weeks/CRL Age (All patients) - Figure 58

Fifty two of the 70 patients had a BPD measurement performed
between 18 and 22 weeks. In all but one patient the discrepancy
between the two predicted ages was 10 days or less. The

mean was -1.7 days and the 2SD limits - 11 days.
e) BPD Age 34-38 weeks/CRL Age (All patients) - Figure 59

Forty one patients were seen again between 34 and 38 weeks
for a second BPD measurement. The range of differences between
the two predicted ages was now much wider with four (10%)
being over four weeks. The mean difference was 5.5 days and

the 2SD limits - 30.4 days.

The results obtained on analysing separately the two sub-groups,
"impeccable" and "doubtful" dates, were very similar for both BPD/CRL

comparisons.

Vv, 3:8 "Crown-Rump Length" Age and Date of Onset of
Spontaneous Labour

One hundred and seventy two of the 424 patients with "impeccable"
dates were excluded from this part of the study either because labour
was induced (157 patients) or was pre-term (15 patients), i.e.
spontaneous labour ensued before 37 weeks. In all 15 pre-term
cases the paediatricians considered the infants to be less than
37 weeks mature. The distribution of the actual date of delivery
relative to the "CRL predicted date" of delivery is shown in
Figure 60; 95.7 per cent of the patients delivered within 10 days

of the predicted date.

A similar correlation was performed for a group of 165 patients
with "doubtful" dates (Figure 61). Patients who had induced or
pre-term labours were again excluded. In this case '"pre-term" was
a paediatric judgement alone. In this group 96.4 per cent of the

patients delivered within 10 days of the "CRL predicted date".



1 scan

-igire 62. A diagrammatic representation of the technique employed in
the ultrasonic estimation of "gestation sac" volume. The
vertical lines correspond to serial parallel section scans
taken at either 0.5 cm or 1 cm intervals (D). The sac volume
is thereby divided into a series of flat truncated cones. The
upper part of the figure (a) contrives to demonstrate this
subdivision in a two-dimensional form. The mathematical method
used to estimate the volume of the gestation sac is illustrated
in the lower part of the figure (b). The mean area of each
adjoining pair of areas is calculated, and then multiplied by
the distance between the two sections (D), thus giving an
estimate for the volume of each truncated cone. The total
volume of the gestation sac is then taken to be the sum of
these individual volumes.
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v, 3:9 Serial Crown-Rump Length Measurements and Outcome

Three or more CRL measurements were performed in one hundred and
thirty eight patients. In general the level of the results relative
to the mean and 2SD lines remained fairly constant, for example,

a fetus with a CRL measurement below the mean at the initial
examination almost always had similarly placed measurements at

the subsequent examinations.

The overall level of the first trimester CRL measurement was
compared with eventual fetal weight, but no correlation was
demonstrable. In particular there was no evidence to suggest
that those fetuses with serial CRL measurements at or near the
lower second SD line had a greater chance of being in the low
weight range at birth than those fetuses with CRL values in the

upper range.
Vv, 3:10 Description of Gestation Sac Volume Measurement Technique

A description of this technique together with a discussion of the
results obtained was originally published by the author in the

British Journal of Obstetrics and Gynaecology (1975). (Reprint enclosed.)

Throughout this section and the remainder of the thesis the
term '"gestation sac" will be used rather than "amniotic sac" as
the volume measured was the total fluid-filled portion of the
developing pregnancy which, until at least the eleventh week, comprises

both the amniotic sac and the extraembryonic coelom (Arey, 1965).

The technique employed to measure the volume of the gestation
sac was based on the principle that if two flat surfaces are placed
in parallel at a known distance from each other, and if the areas
of both surfaces are known, then the volume of the intervening space

may be estimated.

In the practical application of this principle to measurement of
the volume of a gestation sac, the procedure adopted was simply that
of making a series of parallel section scans at predetermined
intervals from one extreme end of the sac to the other. This
subdivides the sac volume into a number of "flat truncated cones"”
as shown diagrammatically in Figure 62(a). The volumes of each
of these sections may then be estimated individually. Intervals of
0.5 cm were used from the fifth to the tenth week of menstrual age
and 1 cm thereafter. In those cases in which the gestation sac

had a diameter of less than 1.5 cm, calculation of its volume was



Figure 63. Haff planimeter No.
areas.

315 used to measure the gestation sac
Variations in picture scale magnification can be

compensated for by altering the length of the lower tracing
arm.

Figure 64 . Gestation sac (GS) with artefact (reverberation) echoes
obscuring a segment of the sac wall. By projecting a line
from the sac wall where it is more clearly defined, a

complete outline of the sac can be achieved. B = bladder.
Scale 1:1.
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made from a measurement of its maximum diameter, as in such cases
the sac was almost invariably circular in cross-section. All

scans were displayed on the 0.94 to 1 display scale and photographed
with the Polaroid camera. The area of the gestation sac shown

on each section was measured using a HaffPlanimeter No. 315

(Figure 63), appropriate corrections having been made for the

scale factor of 0.94 to 1 and the additional 3.7 per cent due

to scale registration and velocity calibration errors described

in sub-section 3:3 of this Chapter. Corrections such as these

are easily made by adjusting the length of the planimeter tracing

arm thereby allowing a direct measurement to be made.
Practical Considerations

During the scanning process, attempts were made to satisfy
certain criteria, namely that the outline of the gestation sac
should be as complete as possible and that there should be no
(or very few) artefact echoes within the sac. In a proportion
of patients, especially those who are obese, or very slim, and
those in whom the uterus is retroverted, a balance had to be
made between these two criteria, and the best possible compromise
was often achieved only by careful adjustment of the power output
level and receiver sensitivity settings. From the above, it is
evident that the judgement of the operator may be important in
assessing when the picture is at its optimum, and thereafter, in
extrapolating the line of the sac outline when a segment is
obscured by artefact echoes (Figure 64). Notwithstanding the
above, it has been found that a clear and complete gestation
sac outline can be obtained in each of the serial sac sections
in the majority of patients, and that the criteria required for
an optimum picture can be satisfied over a relatively wide range

of control settings.

The second practical point which merits consideration is the
routine adopted in making allowances for the effect of beam width
on the lateral walls of the sac, that is those walls which are
parallel to the "line of sight” of the ultrasonic beam. The
effect of "beam width” in these areas is that the sac wall
echoes extend inwards beyond the true boundary of the sac, thereby
reducing the inner transverse diameter of the gestation sac image.
This problem does not apply to the antero-posterior diameter of

the sac as the ultrasonic system is capable of recording accurately



Figure 65. The 1line followed during planimetric
measurement of gestation sac area. On
the vertical walls the measurement 1line
runs approximately 1 mm lateral to the
line depicted by the echoes themselves,
thus compensating for the effect of beam
width. This correction is not required
in the more horizontal portions of the
sac wall. GS = gestation sac. Scale 1:1.
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the position of a structure whose plane is perpendicular to
that of the ultrasonic beam. During the planimetric measure-
ment of the individual sac areas therefore, the line followed
in the "vertical” portions of the sac section was one drawn

1 mm. lateral to that depicted by the echoes themselves. In
the more horizontal parts of the sac wall however, this
correction was not required and the sac outline followed more

exactly (Figure 65).
Calculation of Gestation Sac Volume

Given the variable outline of gestation sacs, it was
expedient to use an approximate method of estimating their
volumes, the simplest and most appropriate being a modification
of the "trapezoidal rule". This rule, which is normally used
for the estimation of the area under a curve, requires a knowledge
of the height of a series of points on the curve from a baseline,
together with the horizontal distances of each point from the
next. The product of the average of two adjacent height measure-
ments and their distance apart gives a measure of the enclosed
area. The total area under the curve is then the arithmetical
total of the individual areas so calculated. In applying this
rule to a three dimensional structure such as a gestation sac,
the values for height are replaced by those for the equivalent
area as shown diagrammatically in Figure 62(b). The volume of
the last segment was estimated on an arbitrary basis by halving
the area of the last sac section (An) and multiplying the

result by distance, D.
The equation is thus :-

/Al+A23j + r |A2+A3j N An-1+An

where V = volume of the sac
D = distance between the scans
and A = area of the sac as depicted on the two-dimensional scan.

In its reduced form the equation becomes :-

+ A2 +

On consideration of the solid geometry of this method it can be
shown that there is likely to be a small overestimation in the

calculation of the volumes from the central "slices" and an



Figure 66.

The skeleton of a model constructed as part of an
experiment to determine the accuracy of the mathematical
method of calculating gestation sac volume. The spaces
between the plates were filled with plasticine and the
volume of the whole was measured by a water displacement
technique. The result was then compared with the
calculated volume based on a knowledge of the areas

of each plate. Scale 3:2.



underestimation in the outer "slices".

To obtain an approximation of the potential error which

might be incurred by the calculation method per se, three

models of gestation sacs were constructed. For each model, a
series of shaped metal plates corresponding to the individual
"slices" of a representative gestation sac were constructed. The
surface areas of these plates were measured very accurately using
squared paper and fixed to a metal rod at predetermined intervals
(Figure 66). The spaces between the plates were then filled with

plasticine and the volume of the whole model measured by a simple
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water displacement technique. The value obtained was then compared

with the volume calculated by the mathematical method described
above. The percentage difference in each of the three models was
found to be 5.3, 4.7 and 1.4 respectively for models of 3.2 ml,
14.3 ml and 95.6 ml. In each case the calculated value was the

smaller of the two.

While these experiments were limited in terms of numbers,
they suggest that the mathematical method used is unlikely to
result in a large error in the estimation of gestation sac volume
v, 3:11 Sources of Error in the Measurement of Gestation

Sac Volumes

These may be divided into random and systematic errors, in

the same way as that described for the errors incurred in CRL

measurements.
Systematic errors

The individual sources of systematic error were considered
to be identical to those already evaluated for the CRL measure-
ment technique, namely the oscilloscope scale factor error of

3 per cent, a beam width effect of 0.5 to 1 mm, and a 0.7 per

(GSV) .

cent error in calibration velocity. Steps were taken to compensate

for these sources of error, as described earlier in this section.
Random errors

The potential sources of random error in this technique are
less easily defined, but must include such inter-related factors
as operator judgement when selecting the control settings to
obtain the best possible picture of the gestation sac section,
and errors which may be incurred when deciding the line of the

sac wall to be followed during the planimetric measurement.



Standard Deviation
(% of mean volume)
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Figure 67. Standard deviations of 3 "blind" gestation sac volume
measurements in each of 30 patients, and 5 blind measure

ments in each of 5 patients, in relation to the mean
gestation sac volume in the 35 individual trials.



Reproducibility of the Gestation Sac Volume Measurement Technique

The practical effect of these potential sources of random
error on the reproducibility of the technique was assessed in a

similar way to that described for the CRL measurement technique.

Three independent GSV measurements were made in each of
30 patients, and five measurements made in a further five
patients. Each set of scans was obtained at an interval of at
least 5 minutes and more usually 10 to 15 minutes, to allow
bladder filling or emptying. As a result of the alteration in
bladder size the pressure exerted on the uterus changes, and as
a direct consequence the shape of the gestation sac often also
changes. In this way the relative independence of each volume
measurement was assured, for while the shape of the gestation sac
may change, its volume must remain constant. Tie results obtained
in the 35 experiments are shown in graphical form in Figure 67.
It was calculated that the average standard deviation of each set
of sac volume measurements was 5.9 per cent for the triple volume
measurement group, and 5.4 per cent for the group in which five
sets of measurements had been performed. The values from which
these two figures were obtained ranged from one per cent to 9.6
per cent, with a tendency for the SD to decrease with increasing

sac volume.

Errors incurred during measurement from the photographs The
potential error incurred during the process of measuring the sac
areas from the photographs, was the only factor contributing

to the overall random error which it was considered possible to
quantify on an individual basis.
In order to evaluate the magnitude of this error a

consecutive non-selected series of 50 sets of photographs were

extracted from the files and three independent measurements made

of the GSV1s in each case. The average standard deviation obtained

in the 50 "trials" was 3.2 per cent with a range from zero to
seven per cent.

The patients in this series included groups from each week

of the first trimester, and whose GSV's ranged from 1 to 100 ml.

Vv, 3:12 "In VivoM Comparison of Ultrasonic and "Actual"
Gestation Sac Volume Measurements

A comparison between ultrasonic measurements of GSV'’s and
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direct measurements immediately thereafter at termination of
pregnancy by hysterotomy would be the ideal direct method of
evaluating the error of this ultrasonic technique. Such a
comparison, however, was almost impossible to organise because,

in accordance with hospital policy, all but one first trimester
terminations were carried out by the wvaginal route, in which
process the gestation sac was invariably ruptured. The information
from the one exception is recorded in Table 12 (Patient no. 10),

a patient at 10 weeks of menstrual age in whom a hysterectomy

had been performed.

In the absence of data from normal pregnancies, consideration
was given to a correlation between the ultrasonic and direct measure-
ments of GSV'’s in pregnancies which aborted spontaneously.
Unfortunately, in most cases of spontaneous abortion in the first
trimester, the sac wall is partially or completely devitalised
making clear definition of its outline more difficult, thereby
incurring a greater potential for error than in normal pregnancies.
In addition to this, there was the simple logistical problem of
accumulating aborted specimens with intact gestation sacs
from patients who had been scanned within the preceding 48
hours. Despite these problems it was considered that such a
correlative study would be of value. Table 12 shows the results
obtained in nine patients who aborted spontaneously within two days
of the last ultrasonic examination, and the one patient whose
pregnancy was terminated by hysterectomy on the day following an
ultrasonic examination. The estimates of fetal volume used in this
table were derived from the figures given by Streeter (1921) for
weight against crown-rump length, and assumed a specific gravity
for the fetus of 1.0 (Harrison and Malpas 1953). The maximum
error was found in Patient No. 4 where the difference was
4.0 ml., or 16 per cent. The average difference was 6.4 per cent.
The closest correlations were to be found in the three patients
in whom the tissues of the sac were noted to be fresh. Excluding
these three patients, examination of the data obtained from those
pregnancies in which the tissues were found to be partially
necrotic shows that there was a tendency for the ultrasonic estimation
of GSV to be greater than the corresponding direct post abortion
measurements. No judgement can be made as to whether this
overestimation was due to measurement error (bearing in mind the

poor nature of the tissues), or to loss of fluid from the sac



Mean

Menstrual Nuz?er "Gestation Upper Lower
Age K Sac" Second Second
(days) Exaélna— Volume Standard Standard

tions (ml.) Deviation Deviation
35-37 7 0.2 1.1 0.04
38-40 6 0.5 1.1 0.2
41-43 7 1.0 1.7 0.5
44-46 15 1.8 6.5 0.5
47-49 15 2.3 6.6 0.8
50-52 15 . 4.5 13.2 1.5
53-55 22 5.9 18.6 1.9
56-58 21 11.2 33.4 3.8
59-61 22 12.0 29.5 4.9
62-64 24 17.8 38.0 8.3
65-67 20 22 .4 51.3 9.8
68-70 30 29.5 51.3 17.0
71-73 26 38.0 81.3 17.4
74-76 20 44.7 75.9 25.7
77-79 18 53.7 102.3 27.5
80-82 ' 17 61.7 102.3 36.3
83-85 19 74.1 114.8 46.8
86-88 6 77.6 112.2 55.0
89-91 5 100.6 173.8 67.6
92-94 4 104.7 141.3 75.9

Table 13. Mean and 2SD values of '"gestation sac" volumes
in intervals of three days.



Figure 68.

Gestation sac’ volume (ml.)
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The smoothed mean and 2SD values (continuous 1lines)
of 319 gestation sac volume estimations from 5 to 14
weeks of amenorrhoea. The broken line represents the
mean gestation sac volume after subtraction of the
estimated fetal volume.
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during the abortion process. Notwithstanding these factors and
the small numbers involved, the degree of correlation between the
ultrasonic and the direct measurements, as shown in the two groups
in this experiment, would suggest that the technique in normal
continuing pregnancies is a reasonably accurate one, and that

an estimate of the overall potential error in the order of plus

or minus 10 per cent should include all but the very worst cases.

v, 3: 13 Normal Gestation Sac Volume Growth Curve

A series of 319 GSV measurements from 125 patients was
analysed. All patients had "impeccable'’ menstrual histories, as
defined earlier, and collaborative evidence of fetal age obtained
by a CRL measurement (see sub-sections 3:1 and 3:7 of this chapter).
Only those patients in whom the gestation sac outlines were well-
defined were included in this part of the study, as its principal
object was to determine normal valuesfor GSV's. In this way
variations in the normal range due tomeasurement error would Dbe
minimised. However, this excluded less than 5 per cent of possible

patients from the series.
All pregnancies progressed beyond 28 weeks of gestational age.

In order to reduce the scatter of results, the volume estimations
were analysed in groups of three daysrather than seven days
(there were insufficient data points to allow an adequate analysis
in incremenets of one day). On examinationof the data in each
of these three-day groups it was found thatthe results exhibited
a log-normal rather than a normal distribution. Mean and 2SD
values were therefore calculated from the logarithms of the
results. The values obtained are shown in Table 13, and in the
form of a smoothed graph in Figure 68. Included in this graph
is a line representing the mean estimated gestation sac fluid
volume, i.e. the mean GSV after subtraction of the estimated fetal
volume. Values for the fetal volumes were derived from Streeter’s
figures for weight against CRL (Streeter 1921) and assumed a
specific gravity for the fetus of 1.0 (Harrison and Malpas, 1953);
the CRL values used in these calculations were obtained from the

ultrasonic CRL data described earlier.

The mean GSV was found to increase exponentially from 1 ml.
at 6 weeks to 31 ml. at 10 weeks, and thereafter, in a more 1linear

fashion, to 100 ml. at 13 weeks, with corresponding values of
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Figure 69. A regression analysis of menstrual age against gestation
sac volume showing the mean line together with the lines

representing the first and second standard errors of the
estimate.
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1 ml, 28 ml. and 80 ml for the fluid volume alone. While the
rapid increase in volume of the gestation sac is paralleled by
a scatter of results which increases in absolute terms with
advancing gestation, the scatter, as a percentage of the mean,
actually decreases as the pregnancy advances.
Vv, 3:14 Estimation of Gestational Age Using Gestation
Sac Volume Measurements

A regression analysis of the 319 gestation sac volume measure-
ments was performed to determine statistically the limits of
error incurred in using such measurements as a means of estimating

gestational age. The curve fitted to the data is given by the equation
y= 38.9 + 9.29 log” x

where y = menstrual age (days), and x = gestation sac volume.
The correlation coefficient of this curve is 0.932, and two

standard errors of the estimate found to be - 9.8 days (Figure 69).



122

VI

DISC USSION
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Objective evaluation of the early pregnancy and of its
complications has long been a problem, principally because of the
relative inaccessibility of the gravid uterus at this stage to
direct methods of investigation. With the introduction and
refinement of sophisticated diagnostic ultrasound equipments in
the last ten years, this situation has changed drmatically;
using such equipment, it has become possible to "see", study
and measure the early developing conceptus in a way which was

hitherto impossible.

In this thesis, three new ultrasonic techniques devised by
the author for the objective assessment of various aspects of
early pregnancy have been described, together with the results
of their application to some of the more commonly encountered

problems of this critical period of 1life.
vi, 1 CONFIRMATION OF FETAL LIFE

From the results of human morphological, and comparative
embryological studies, it has been estimated that the human heart
starts to function approximately 21 days after conception, that
is at around five weeks of menstrual age (De Haan, 1965;

Corliss, 1976). Using the equipment, and the combined B and
A-mode technique described in this thesis, it has been found
possible to detect the presence of fetal heart movements with
complete reliability from seven weeks of amenorrhoea, and on
occasions from as early as 6 weeks and 0 days. This latter
observation, if we are to accept the patient's menstrual history,
and the opening statement of this section, was made some seven
days after the initiation of fetal heart activity. No other
technique has allowed the positive diagnosis of fetal life as
early as this, and with such a degree of reliability. The
question might therefore be posed of why should other techniques
not achieve similar results. In general terms those previously
described, including Doppler techniques with either abdominal
(Callagan et al, 1964) or vaginal (Jouppila, 1971) transducers,
and simple A mode systems (Kratochiwil and Eisenhut, 1967), all
have the problems of the operator having to search blindly the
whole volume of the pelvis or lower abdomen for the fetal heart,
an organ which at this stage has proportionately a tiny volume.
Furthermore, because of the extremely small amplitude of movement

of the cardiac structures, the fetal heart "sounds" (or movements)
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are easily obliterated by the higher amplitude of the "sounds"

(or movements) from the maternal pelvic blood vessels. The
improved accuracy of diagnosis reported by those who have employed
a vaginal transducer (Kratochwil and Eisenhut, 1967; Jouppila,
1971) may be attributed, both to the closer approximation of the
probe to the gravid uterus, and therefore to the reduction in

the volume to be searched, and to the fact that here the ultrasonic
beam is generally directed away from the maternal vessels. For
reasons of patient acceptance however, especially those who have
been admitted with vaginal bleeding, this latter technique has
never been widely used. Therefore, in devising the present method
the author was conscious of the desirability of using a trans-

abdominal rather than a vaginal approach.

The problems of the above techniques were resolved by first
visualising the early fetus with the B-mode thereby allowing
the ultrasonic beam to be directed accurately at the fetus. By
"labelling" the fetal echo complex as described in Chapter V, 1:1,
it was then possible to scrutinise the corresponding A-mode
echoes for evidence of movements in the certain knowledge that
they were derived from the fetus and not from surrounding
structures. The facility of expanding the A-mode up to a tenfold
magnification was also of great importance, because only by this
means was it possible to detect the extremely small excursion of
the moving heart structures (<1 mm) in many of the six and seven
week fetuses. While this combined technique may be considered as
a development of the A and TP mode approach described by
Kratochwil and Eisenhut (1967), the addition of the preliminary
B-mode location of the fetus makes it a very much faster and more
reliable technique. Given a reasonable degree of experience,
confirmation that the fetus is alive, in all but the earliest
cases rarely takes longer than a few minutes. However, a negative
report, with its possible clinical implications, should always
be the result of a much more prolonged search. In this study,
which included 121 patients with missed abortions, it was
considered that there were no false results when a fetus had been
positively identified within the gestation sac. Drumm and Clinch
(1975) wusing this technique reported two misdiagnoses in their
series of 69 patients in whom a missed abortion was diagnosed.
They ascribed their failures to inexperience in one patient (a

very early patient in the series), and to an underfilled bladder
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resulting in an unsatisfactory examination in the other. It
should be stressed again however, that a diagnosis of a missed
abortion in the current investigation was made only after a
systematic and meticulous search of the whole volume of the

fetus.

Diagnoses of fetal death using other techniques cannot be
made with such a degree of reliability, especially in the earlier
weeks (7-10 weeks), due to uncertainty as to whether the fetus

has been thoroughly and completely examined.

In a more recent report Piiroinen (1974) described a trans-
abdominal technique, similar in concept to the present one,
in which a conventional B-mode examination is first used to
locate the fetus. At this point Piiroinen substitutes a
5 MHz Doppler transducer for the pulsed-echo probe at its
exact position and angle, and then, by making small changes in
its direction, a search is made over the limited field containing
the fetus until the characteristic fetal heart tones are heard.
From a series of 99 examinations, he reported that accuracy
of diagnosis for both positive and negative results can be
achieved in pregnancies of eight weeks of amenorrhoea and beyond.
There were however only four patients with missed abortions during
this period. In the author's limited and somewhat anecdotal
experience of this approach, a positive result was usually easy to

obtain, but a negative report could not be given with confidence.

In view of the validated reliability of the technique described
in this study, its application to routine clinical practice is
self-evident. In particular, the management of patients with a
threatened or recurrent abortion is placed on a very much more
objective basis when the presence or absence of fetal life can be
determined with certainty, and patients may be reassured, or
appraised of the inevitability of abortion, as appropriate.
Furthermore, when the size of the uterus does not correspond
clinically to the stated menstrual dates, a less advanced but
continuing pregnancy is readily distinguished from a missed
abortion. Finally, before undertaking operations such as
cervical cerclage to prevent abortion due to incompetence of the
cervix, it is reassuring to have prior confirmation of the

viability of the fetus.



VI, 2 FETAL HEART RATE

This study confirms earlier reports that the fetal heart
rate falls from a level of 175 beats per minute at nine weeks
of gestational age to 150 beats per minute at 15 weeks (Muller
and Osier, 1969; Tenhaeff and Karajiannis, 1970; Jouppila, 1971;
Wladimiroff and Seelen, 1972). The improved sensitivity allowed
by the combined B, A-mode technique described here has allowed,
for the first time, human fetal heart rates to be documented for
the period 6 weeks and 3 days to 9 weeks. While there is a
considerable scatter of results it has been shown that the mean
rate increases from 125 beats per minute to 175 beats per minute
over this period. This change is highly significant, as is
the difference between the mean rates at 9 weeks and 15 weeks
(p < 0.001). In a subsequent investigation conducted by Piiroinen
(1975), in which a combined B mode/Doppler technique was employed,
an almost identical pattern of mean heart rate change was found.
While there were many fewer observations than in this current
study, it is interesting to note that the standard deviation

limits were smaller.

This early rapid increase in heart rate may be related to
the anatomical differentiation of the heart itself. Barry (1940)
has described an increase in rate which accompanies differentiation
of the atrium in the embryonic chick. This is probably associated
with the faster inherent rate of contraction in atrial muscle, and
with the gradual assumption of the pacemaker role by the developing
atrium (Barry, 1942). In the present study the period of rising
heart rate (6 to 9 weeks menstrual age) parallels the period of
separation and rapid morphological development of the atria, and
may reflect a similar sequence of structural and functional
differentiation. While specific pacemaker and conducting tissue
also appear in the heart during this same stage (Walls 1947) , their
influence on heart rate is probably small as they are as yet poorly

differentiated.

By nine weeks, when the heart rate begins to fall, the
heart form is well established. In an unpublished electron
microscopy study, Shaw Dunn (1973) noted that at nine weeks the
cardiac muscles cells were relatively undeveloped, but that
during the subsequent few weeks myofibrils, which form the

contractile apparatus of the cell, appear in large numbers for
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the first time. The development of myofibrils may be determined
by changes in the haemodynamic load (Carey 1921), and the presence
of these myofibrils may then affect the response of the heart wall

to the load, resulting in slower, more efficient contractions.

Histological studies have shown that wvagal fibres approach
the fetal heart at the ninth week, but absence of the enzyme
cholinesterase (Navaratnam, 1964) suggests that this system is
not functional at this stage and plays no part in the decrease
in heart rate. This supposition is further supported by the
electron microscopic studies of Gamble (1966) who showed that
myelinisation of the peripheral nerves, important for conduction

velocity, does not occur until the 12-22 week period.
vIi, 2:1 Bleeding in Early Pregnancy

In this study no difference was found, in either the mean
heart rates or the spread of results, when a comparison was made
between the values obtained from normal pregnancies and those
from pregnancies complicated by a "threat to abort" but which
continued past 28 weeks. In addition, the heart rates in a
group of 19 pregnancies examined prior to intrauterine fetal death
showed no significant deviation from the normal range; similarly,
normal rates were found in the nine patients with "early live
abortions" who aborted within one to five days of the last ultra-
sound examination. These observations suggest that for practical
purposes, the rate of the fetal heart is of no prognostic value
in patients whose pregnancies are complicated by wvaginal bleeding.
While it is probable that there is a change in the fetal heart rate,
or rhythm, prior to fetal death the findings of this investigation

infer that such a change must be a late, or even terminal, event.
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vI, 3 DIAGNOSIS OF EARLY PREGNANCY FAILURE

The emphasis in this part of the study was to define criteria
by which a non-continuing pregnancy might be diagnosed by ultra-
sound, and for such diagnoses to be independent of any knowledge
of the clinical or menstrual history. This latter caveat was
considered important if clinical action is to be taken on the
basis of the ultrasound findings, for the potential unreliability
of menstrual data in many patients leaves open the possibility
of ascribing a "small for dates" gestation sac to a non-continuing
pregnancy, rather than to a less advanced but viable pregnancy.
Clearly an error such as this would destroy the credibility of
the technique, and would militate against the option of offering
a patient an elective termination of what was considered to be

an abnormal pregnancy.

In earlier studies, notably those reported by Donald et al

(1972) and Heilman et al (1973), somewhat subjective criteria of
abnormality were used, of which a "poor", or small gestation sac
were the most frequent. Not surprisingly there were significant

false positive and false negative results (10-14%) in both series.
By introducing gestation sac measurements to the problem

(Jouppila, 1971; Kohom and Kaufman, 1974; Levi, 1973, 1976a)

a more objective assessment of a non-continuing pregnancy could

be made. However, as measurements were related by these authors

to gestational age, and as even then there was still an overlap

of normal and abnormal results, an absolute diagnosis on the basis
of a single examination remained untenable. In view of this, Donald
and his colleagues (1972), Varma (1972), and Kohorn and Kaufman
(1974), stressed the advisability of performing serial examinations

to confirm a suspected diagnosis.

In this investigation, early pregnancy failures were divided
into sub-groups, namely blighted ova, missed abortions, early and
late live abortions, and hydatidiform moles (Chapter V, 2).

Thus, it has been possible to formulate individual and more precise
diagnostic criteria for each. On this basis, it has been shown

that almost half of the cases of blighted ovum, all missed abortions,
and also (for practical purposes) all hydatidiform moles, could be

diagnosed with confidence at the first examination.



Vi, 3:1 Blighted Ova

Patients with a blighted ovum not diagnosed at the first
examination (52.5%) required a second, and occasionally a third,
examination before a definitive statement of abnormality was
possible. The diagnoses were then based on either an abnormally
slow growth rate of the sac (< 75% increase in volume per week),
or absence of fetal echoes in a sac which has achieved a volume
of > 3 ml. While the exclusion of the menstrual data, as an
additional factor in helping to reach a diagnosis, reduces
the detection rate at the first examination in this sub-group,
those pregnancies which are diagnosed positively as blighted

can then be managed or terminated without fear of error.

Given that it is not possible to make a definitive diagnosis
at the first visit in half of the patients, a warning can at least
be given that all might not be well if the gestation sac is seen

to be "small for dates".
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The single known misdiagnosis of blighted ovum was disconcerting,

and indeed was the reason for raising the criterion of abnormality
from 2.5 ml to 3.0 ml mid-way through the series. It is believed
that no other errors of this type were made, and that no continuing
pregnancies were terminated. While this supposition cannot be
proven beyond all doubt the pathological findings that the products
of conception were at least partially necrotic in all cases, is
supportive. Less significant was the absence of a fetus (apart
from a small disorganised nodule in six cases), as frequently

fetal tissue is not identified even at therapeutic termination of

normal very early pregnancies.

On a more academic note the small group of patients (Figure 30)
with gestation sac volumes (GSV) of over 10 ml would seem to be
atypical, the great majority of blighted ova never attaining this
size. It is possible that these pregnancies were in fact missed
abortions in which the fetus had become so macerated as to have
disintegrated. In either event, there was no practical diagnostic
problem as a sac of this volume, containing no recognisable fetus,

is unequivocably abnormal.

VI, 3:2 Missed Abortions

The diagnosis of a missed abortion is very much more simple,

being based on the single premise that if a fetus can be seen



within the gestation sac, yet no heart movements can be

detected on a thorough examination, then the fetus is dead. As
stated earlier, there were no false positive or false negative
diagnoses. Of the 120 patients in this group, supportive evidence
for the diagnosis was obtained in 100 by the finding of a
macerated fetus in the aborted products of conception, and in
all by the histological demonstration that the membranes and

trophoblast were at least partially degenerated.

The demonstration in many of these cases of areas of
apparently normal placental tissue, serves to explain the 80 per
cent of the urine pregnancy tests which were positive when the
diagnosis of missed abortion was first made. However, immediately
prior to spontaneous abortion, only 12 per cent of pregnancy

tests were positive.

A hypothesis for the natural history of events in missed
abortions could thus be that the fetus first dies and that the
placental tissue remains viable for a variable period. This is
reflected in the finding of a continued increase in volume of
the gestation sac and the persistance of significant levels of
urinary human chorionic gonadotrophin. In the ensuing four
weeks the trophoblast and decidua then die progressively, causing
intermittent vaginal bleeding and eventually a decrease in the
GSV. In parallel, the placental progesterone production will
fall and, with a reduction in the inhibitory influence of this
hormone on the uterus, contractions and ultimately spontaneous
abortion ensue. In this context, it is perhaps relevant that a
history of vaginal bleeding or abdominal pain was rarely
elicited for the period of one week before or after the estimated
time of fetal death. The typical story was that pregnancy symptoms
(breast fullness and tenderness, nausea, etc.) diminished and
disappeared some two to three weeks before abortion (approximately
2 weeks after the estimated time of fetal death), to be followed
later by vaginal bleeding, an occurrence which often preceded
spontaneous abortion by only a few days. In support of this
hypothesis, Nesbitt (1967) states "Regardless of the primary cause,
the precipitating cause of abortion is the regressive decidual
change, necrosis, and haemorrhage, and separation of the placenta.
In most instances the pathologic changes are secondary to fetal

death which invariably occurs for an average of six weeks before
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the abortus is expelled."

There were no cases of "cameous mole" in this series. This
was probably the result of abnormal pregnancies having been
terminated electively long before this pathological state was

reached.

The ultrasound data in the 19 patients examined prior to
fetal death showed no significant deviation from the normal ranges
or trends. Thus, impending intrauterine fetal death could not
be anticipated. Using the crown-rump length (CRL) as a marker
of when the fetus died, it was shown that in 73 per cent of cases
death had occurred by nine weeks of menstrual age, and by 14
weeks in all but one. Applying this information prospectively,

a patient 10 weeks advanced in pregnancy with a history of recurrent
abortion can be reassured that intrauterine death is unlikely

if fetal heart movements are still present. By the time she

reaches 14 weeks, she may then be told that, unless she has a

late live abortion (a less common occurrence), the chances of

her pregnancy progressing beyond 28 weeks are excellent.
Vi, 3:3 Hydatidiform Moles

The diagnostic problem in these patients is a more academic
one, in that it can on occasion be difficult to differentiate a
hydatidiform mole from a long-standing missed abortion, and vice
versa. This is particularly true when the placenta of the missed
abortion has undergone hydropic degeneration, or, in the case
of a hydatidiform mole, when there has been bleeding into the
molar tissue. In either event, however, the pregnancy can be
confidently labelled as non-continuing. Donald (1965) warned
of the additional danger of confusing a mole and a degenerated

uterine fibromyoma. There were no such cases in this series.
VI, 3:4 Management of "Established" Early Pregnancy Failure

As stated earlier, the primary object of this part of the study
was to formulate criteria for the ultrasound diagnosis of abnormal
pregnancies, such that these diagnoses could be applied prospec-
tively and with complete reliability in the active management of
established early pregnancy failures. Before applying these criteria
as a basis for intervention, clinical confidence in their accuracy
had to be established. Thus, in the earlier part of the series

most pregnancies were allowed to take their natural course and be



132

aborted spontaneously, or they were only terminated following
several confirmatory examinations at weekly intervals. However,
with increasing confidence, and an appreciation that no false
positive results were being obtained, it was felt that patients
could be offered elective termination of their pregnancies whenever
a firm diagnosis had been made. One hundred and sixty one (68%)
of the 236 patients in the three sub-groups - blighted ovum,
missed abortion and hydatidiform mole - had their pregnancies
terminated. While there were incidental clinical grounds to
support the ultrasound diagnosis in the majority, termination
of pregnancy was performed on the ultrasound evidence alone in
38 patients. None of these patients gave a history of vaginal
bleeding, and when performed, the urine pregnancy tests were

positive.

It may be argued that given time, all of these pregnancies
would have aborted spontaneously and that surgical intervention
was needless interference, indeed interference which might result
in trauma to the cervix. However, the great majority of patients
with spontaneous abortions will ultimately come to operation and
the early diagnosis by ultrasound allows what may have been an
emergency procedure to be carried out electively with at least
increased short-term safety for the patient. In this context,
two patients allowed home to await spontaneous abortion were
readmitted by Flying Squad in a shocked state, having bled
suddenly and profusely at home. Emergency resuscitation of
the patient and evacuation of the uterus was required. Conversely,
only two of the 161 patients treated electively required a blood
transfusion because of excessive blood loss, one of these
postoperatively to correct anaemia. However, because of
awareness of potential damage to the cervix during dilatation
it has become the practice to assess clinically the state of
the cervix before embarking on elective surgery. In this series
five patients found to have long, tightly closed cervices were
allowed home, to be seen at weekly intervals until the cervix

had become more favourable.

Additional considerations supporting an aggressive line of
management, are the avoidance of the psychological stress of
awaiting a spontaneous abortion, and the reduced costs of

hospitalisation if the problem is resolved expeditiously.



133

vIi, 3:5 Live Abortions

These pregnancies are to be distinguished from those in

which the fetus dies some weeks before spontaneous abortion.

In neither the early nor the late groups was it possible to
anticipate with certainty, a live abortion. However, the ultra-
sound findings in the series of nine early live abortions
consistently showed the GSV to be abnormally small in relation
to the CRL of the fetus, a feature which was uncommon ( < 5%) in
pPregnancies which progressed normally. While this low "sac-fetus
ratio" in the first 10 weeks of pregnancy is not diagnostic of
impending abortion it may serve as a warning that all may not be

well.

Reinold (1976), in a study of patients in early pregnancy
using a real-time ultrasonic scanner, observed that the number
of fetal movements decreased prior to spontaneous abortion, and
that almost without exception there was complete absence of body
movements when spontaneous abortion took place within the ensuing
few days. Furthermore, he found a good correlation of outcome
with the "quality" of the movements, these being judged as
strong and brisk, slow and sluggish, or absent. The latter two
were shown to have a much poorer prognosis for the fetus than
the first. This approach may well provide a useful additional
warning of impending abortion in this group, but unfortunately
will not be applicable before the ninth week since fetal movements
are not normally present until after this time. Nevertheless, it
is a line of investigation which merits further study in those

pregnancies of over 9-10 weeks.

In the late live abortion group ultrasound examinations
would appear to offer even less in the way of predicting impending
abortion. It is worth commenting however, that examinations
after 14 weeks were less detailed and were usually performed much

less frequently.

VI, 3:6 Relative Incidences of the Sub-Groups of Early
Pregnancy Failure
The blighted ovum and missed abortion groups form the major
portion of the abnormal pregnancies in this series. If the
miscellaneous group and the hydatidiform moles are excluded (most

of the latter having been referred from other hospitals), then
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the incidence of each is seen to be 39 per cent and 46 per cent
respectively. The equivalent figure for the early live abortion
group is 3.5 per cent, and for the late live abortions, 11.7 per
cent. These figures are similar to those derived by Fujikura and
his co-workers (1966) from a pathological study of 327 aborted
specimens. In detail, they found 5.5 per cent to be comprised

of totally empty intact sacs, and 23.5 per cent ruptured but
complete sacs with no evidence of a fetus or cord. Of their 72
(22%) incomplete specimens it is probable that a proportion were
anembryonic, and if half of this group were added to those above
then the incidences of blighted ovum in the two studies would be
remarkably close. The remaining 51 per cent all had an accompanying
fetus or evidence of a cord stump, and of these 31 (9.5%) showed
no evidence of maceration and might therefore be considered as
"live" abortions. It is of note that in this "live" group there
were no fetuses whose CRL's were equivalent to an age of between
10 and 14 weeks, a finding which exactly parallels that in this
investigation. All of the remaining fetuses were macerated

to a variable degree and might therefore be classified as "missed
abortions". Thus, it is clear from these studies that "missed
abortions" are a common occurrence and should not be confused

with the more uncommon pathological entity of "carneous mole".

In 210 aborted specimens Stratford (1970) found an associated
fetus in 146 (70%), of which a significant proportion were no
more than disorganised nodular or cylindrical embryos. Hertig
and Rock (1949) estimate that absence or gross deficiency of the
embryo occurs in some 50 per cent of all recognised pregnancies

ending in abortion by the tenth week of gestation.

This current study has also shown that early live abortions
occur infrequently and that their natural history, as illustrated
by ultrasound, is very different from that of missed abortions

and blighted ova.

vi, 3:7 Aetiologies of Early Pregnancy Failure and
The Implications for Clinical Management
A defect at the embryonal or fetal level, such as a
chromosomal abnormality (Carr 1963 and 1965) has been shown to
'account* for, or be associated with, up to 50 per cent of
spontaneous abortions, especially those which occur in the earlier

part of the first trimester. On a more speculative note, it is
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possible that smaller chromosomal abnormalities not yet

detectable by current techniques, or even deletion of genes
responsible for critical phases of development, might be

causative factors in many of the remaining cases. The

correlation of ultrasonic and genetic findings in spontaneous
abortion is an area of investigation which is being explored
currently by the author in collaboration with the Glasgow
University Department of Medical Genetics at Yorkhill.

Preliminary observations have shown that while 37 per cent of
missed abortions and blighted ova had abnormal karyotypes, the
incidence in the live abortions (11 cases) was nil. While

the numbers are small, these results suggest that a genetic

reason is less likely to be a major causative factor in early

live abortion than is the case in the missed abortion and blighted
ovum groups. As an alternative, an abnormality at the trophoblastic
level might be implicated, for the formation of amniotic fluid
(largely a function of the trophoblast at this stage) has been

shown to be consistently reduced.

The aetiological background to late live abortions, apart
from those associated with probable cervical incompetence, is
likely to be more diverse. No attempt has been made here to

investigate this particular problem.

It should be noted that a pregnancy which aborts after 14
weeks is not necessarily a second trimester problem, as many
patients, shown in the first trimester to have a missed abortion
or blighted ovum, do not abort their pregnancies until well after
the fourteenth week. This information may well be important when
planning the management of a future pregnancy in a patient with

a history of recurrent abortion.

Accepting that a blighted ovum is grossly abnormal, and that
in up to 50 per cent of missed abortions there is a major
chromosomal abnormality, then any form of treatment in either group
is most unlikely to be productive and would be difficult to justify.
Pursuing this line of reasoning, it may be argued that the normality
or otherwise of the majority of pregnancies is determined from a
very early stage, and that there is little in the way of specific
therapy that could possibly influence the outcome. Therefore,
in the prospective management of a patient shown to have a living

pregnancy after a number of blighted ova and/or missed abortions,
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psychological support (and this may include bed rest) is about
all that the clinician has to offer. In this context, the weekly
demonstration of fetal heart movements from seven weeks onwards
has been found to be extremely useful. Patients with early live
abortions on the other hand, with their patently different
natural history, may possibly be a group in whom appropriate
hormonal treatment might be effective. The problem however, is
that such cases are uncommon, and a properly constituted trial

would be difficult to organise.

VI, 3:8 Threatened Abortion

The abortion rate in the 367 patients referred initially
because of a ’''threat to abort" was 55 per cent, a figure which
lies well within the range of 28 to 81 per cent in previously
reported series (Colvin et al, 1950; Johannsen, 1970; Evans and
Beischer, 1970). From the results of this investigation it is
clear that a prognosis, either certain or provisional, can be
given on the basis of a single ultrasound examination in the
great majority. Of the 185 patients in whom fetal heart move-
ments were detected at the first examination, 160 (87%) had
pregnancies which continued normally, the remainder going on
to become missed or live abortions. Conversely, of the 182
patients in whom fetal heart movements were not detected,

177 (97%) aborted. The last five patients, who had normal
pregnancies, were all seen before six and a half weeks when

fetal heart movements would not normally be detectable.

Thus, the great majority of patients who present with a
so-called "threat to abort" fall into two fairly well-defined
categories: those in whom an ultrasound examination shows definite
or very suspicious evidence of an early pregnancy failure; and
those in whom the pregnancy is clearly alive. The bleeding in
the former group is then simply the early stages of the
spontaneous abortion process itself, while in the latter it would
appear to have 1little prognostic significance, at least for the
majority (Evans and Beischer, 1970). The actual cause of the
bleeding in this second group is obscure. However, in view of
the very rapid, and probably marginally different growth rates
of the developing placenta and the underlying uterine wall, it
is possible that small areas of separation, due to shearing

effects, will occur from time to time. Bleeding of varying
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amounts might then result.

As outlined in Chapter III, 4, biochemical and other
ancillary aids, while useful in predicting outcome, do not
provide the same quality or reliability of information. The
hormonal assays in particular merely reflect the functional
state of the trophoblast, and as has been shown in this study,
viable placental tissue is still present long after the fetus
has died, and even when no fetus is present. Their use in early

live abortions on the other hand might well be more informative.

VI, 3:9 Twin Conceptions

While the number of patients in this part of the study is
small, the data suggests that twin conceptions are more common
than is generally appreciated, and that it is probable the
incidence is in the region of 1 in 60 or even higher, rather
than 1 in 80. It is appreciated however, that patients with
twin pregnancies where one or both sacs are abnormal, are more
likely to be referred for ultrasound examination because of
their higher incidence of a "threat to abort". Conversely the
blighted sac in a number of twin pregnancies comprising a
normal sac and fetus together with an associated blighted ovum
may be missed during routine ultrasound examinations since the
abnormal sacs often appear only transiently during the first
trimester. Therefore such patients might not be examined at

the appropriate time for the blighted sac to be visualised.

Levi (1976b) as a result of his study, also considered
that more multiple pregnancies are conceived than ultimately come
to delivery. As support, he quoted the following from a
German textbook by Stoeckel (1945), "It appears that twins are
more often conceived than born; not only in addition to the
evidence of foeti papyracei, it may be that twin material is

reabsorbed due to early death, without leaving any trace."

The results of Heilman and his co-workers (1973) add little

to this problem, due to the highly selected nature of their
material.
Clearly this whole question could only be satisfactorily

resolved if a large and unselected group of patients were to be

scanned serially, and with care, from the early weeks of pregnancy.
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Two practical points have emerged from this investigation.
Firstly, the clinician should be circumspect about communicating
a diagnosis of a twin pregnancy until two fetuses, each with
evidence of fetal heart movements, are demonstrable. Secondly,
it would seem that the presence of a blighted ovum does not
adversely affect the development of a coexisting normal pregnancy,
and its presence is not generally associated with any compli-
cation apart from bleeding in the first trimester of pregnancy.
The one possible exception was the patient who aborted at 25 weeks.
A cause and effect relationship is unlikely however, as the

abnormal sac had disappeared by the twelfth week.
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Vi, 4 ESTIMATION OF GESTATIONAL AGE

A reliable estimate of the gestational age of a pregnancy
is one of the more important pieces of information which an
obstetrician requires in his optimal management of a pregnant
patient. Given this information he is free to assess the
complications of pregnancy, and to decide upon the ultimate
timing of delivery, without fear that his actions might result
in the birth of an unexpectedly premature infant. This latter
possibility is particularly acute in the recurring and very
difficult situation in which the uterus feels small for the
calculated menstrual age, but where the date of the last period
itself is in doubt. One is then faced with the problem of trying
to establish whether the uterus is small because of mistaken dates,
or small because of intrauterine growth retardation. Here,
early delivery would be indicated to forestall possible intra-
uterine death if growth retardation were the problem, while such
a course of action could prove disastrous if the reason were
mistaken dates, and a very immature baby delivered. Similarly,
a knowledge of the gestational age of the fetus is of great value
in the management of pregnancies complicated by diabetes mellitus,
hypertension, renal disease and rhesus isoimmunisation. In
addition to "at risk” patients, the practice of elective induction
of labour now encompasses patients with relatively minor
indications for delivery, and indeed, is often performed for
purely social convenience. For such a practice to be acceptable,
it is important that errors are not made in the timing of delivery,
and that no babies are delivered with "pseudodysmaturity due to
iatrogenic immaturity" (Bonham, 1969). In view of these and other
reasons it is clear that accurate ancillary methods of assessing

this important parameter are required.

From a biological standpoint the first trimester is the period
of pregnancy when it should be possible to make the most accurate
estimate of gestational age. This statement is based on the premise
that biological variation should be at its smallest during this time.
Since all pregnancies must start at the same size, that is, a
fertilised ovum, it will take some time before genetic and
environmental factors begin to exert their influences, and to
result in a significant variation in the size of the gravid uterus

and its contents. As pregnancy advances this variation increases, as



140

as is illustrated by the normative data derived in this
investigation for fetal CRL, and GSV, and in later pregnancy for
total intrauterine volume (Gohari et al. 1977) and the fetal
biparietal diameter (Campbell and Newman, 1971). In addition,

it is in the early weeks that the percentage increase in the

size of the fetus, gestation sac and uterus, is at its most
rapid (Streeter, 1921; Hytten and Lind, 1973). As outlined in
Chapter III, 5, however, clinical methods (Beazley and Underhill,
1970) and the ultrasonic techniques previously described (Donald,
196%9a; Abdulla, 1971; Heilman et al, 1969) are less than optimal,
with estimated potential errors in the estimation of gestational

age in the region of plus or minus two weeks.

In this investigation two new objective ultrasonic techniques
were developed which it was hoped would result in a more accurate
means of assessing gestational age in the first trimester of
pregnancy, namely GSV measurement, and measurement of the fetal
CRL. Of these, the latter has proved to be relatively simple
to perform, and to provide an improved accuracy of prediction.
Chronologically, measurement of GSV was the first to be investi-
gated. The rationale of attempting volume measurements was that
while gestation sac diameters may vary, due to such external
factors as pressure on the uterus by an overfilled bladder, sac
volume will remain constant. This technique however proved to
be time-consuming and cumbersome, and from the initial results it
soon became apparent that a significant improvement in prediction

accuracy was not going to emerge.

Coincidentally, however, it had become apparent that mensuration
of the fetus itself was possible from as early as six and a half
weeks of amenorrhoea, and early results with CRL measurements
proved encouraging. In view of this, consideration will first be

given to the latter technique.
VI, 4:1 Fetal Crown-Rump Length

The initial technique devised to measure the fetal CRL was
somewhat complex (Robinson, 1973) and was quickly dropped in
favour of the simpler and more practical method described in
Chapter Vv, 3:1.

Reproducibility of cit>wn-njumB_jlength measurements

Confirmation that the measurement performed was indeed that
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of the fetal CRL, was obtained from the series of missed abortions

in which pre-abortion ultrasound, and post-abortion direct measure-
ments, were compared. While this method of validating the technique
was not ideal, the fetus being dead, the very close correlation

of the values (r = 0.994) was gratifying. As few therapeutic
terminations were performed during the period of study, an equivalent

comparison with live fetuses was not possible.

In its practical application the technique poses no more
problems than does biparietal diameter measurement, and at
times is very much easier. The main difficulty encountered is
the persistently active fetus, and in this situation the only
solution is one of patience. While fetal movements may be quite
violent they usually last for only a few minutes, and are often
followed by periods in which the fetus is completely stationary.
An additional, but more theoretical, problem is the incursion
of the lower limbs into the plane of measurement causing
difficulty in defining the limits of the fetal "rump". In
practice this was rarely a significant problem, presumably because
the natural position of the fetal legs is one of flexion. These
and other potential sources of random error were evaluated in
the experiments designed to determine the overall reproducibility
of the technique. While the variation in repeated "blind”
measurements of an individual fetus was found to be small (- 1-2 mm)
it should be stressed that a reasonable degree of care and patience

is required to obtain optimal results.

Accuracy of CRL gestational age estimates

Reproducibility of the technique is only one of four factors
which influence the accuracy of a CRL measurement, and indeed any
measurement, as a means of estimating gestational age. The others
include biological variation of fetal CRL's at a given point in
pregnancy, the rate of CRL increase throughout the first trimester,
and the normality of the data used to derive the reference growth
curve. This study has shown, as expected, that biological variation
increases as pregnancy advances, and that the rate of growth
accelerates from 1 mm per day in the earlier weeks to almost
2.5 mm per day at the end of the first trimester. The last factor,
the normality of the data, is very much more of an imponderable.

By selecting carefully normal patients with normal regular menstrual

cycles, and by compiling a large series, it was hoped that the effect
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of Individual variations in the day of ovulation and conception ,
on the mean CRL values and their SD’s>might be minimised. The
ideal solution would have been to include only those patients
who had been tracked by serial hormone assays, or by basal body
temperature records, through the day of ovulation. On a
practical basis this was impossible due to a paucity of such

patients.

Notwithstanding the above, a statistical analysis of the
CRL data included in this study has shown that in 95 per cent of
cases a single measurement gives an accuracy of gestational age
prediction to within - 4.6 days. Given three independent
measurements of the same fetus the limits drop to 2.6 days. These
limits apply for fetuses with lengths ranging from 10 to 80 mm
(equivalent to 7-14 weeks gestational age). A comparable margin
of error was found in the clinical trial in which estimates of
age derived from "blind” ultrasound CRL measurements were
compared with the menstrual ages. In a series of 94 patients
with "impeccable" menstrual histories, the difference in 90
(96%) was four days, and in the remainder five days. The
correlation coefficient in this series of comparisons was very
high (r = 0.987), suggesting strongly that the two estimates of
age are almost identical. Kurjak et al (1976), in a similar
trial of 58 patients, found a correlation coefficient of 0.958,
while Drumm et al (1976) on a statistical basis reported 96 per
cent confidence limits of - 5.7 days. In this latter study the
authors had included 40 patients in whom ovulation dates were
"known" from basal body temperature records. The mean error
in assessing gestational age using a CRL measurement in this
sub-group was -0.19 days, the 2SD limits - 2.6 days, and the
maximum "error" 2.67 days. The improved accuracy of prediction
found in this sub-group suggests, in an indirect way, that a
significant proportion of the biological variation (scatter of
results) in CRL values is due to small discrepancies (of a few
days) between the "assumed fertilization age", and the actual
fertilization age. For practical purposes however the difference

in the ranges of error is insignificant.

The mean growth curves of CRL published by Drumm et al (1976),
and Kurjak et al (1976) are virtually identical to that derived

in this investigation (Figure 70), and those published previously

142
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by the author (Robinson, 1973; Robinson and Fleming, 1975).

Accepting that CRL measurements provide a very accurate
means of estimating gestational age, the potential error
incurred by other methods were evaluated, using "CRL age" as

a yardstick.
VI, 4:2 Bimanual Examination of the Uterus

This long hallowed clinical method of estimating the age
of a pregnancy was shown to have a potential error of - 25.5 days,
with the discrepancy in almost 30 per cent of the 70 patients
being two or more weeks. While a potential error of less than
two weeks would be satisfactory for most clinical purposes in
the remaining 70 per cent, there was no consistent factor
(obesity, retroversion etc.) which would help to discriminate
prospectively the two groups. In a sub-section of 40 patients
with "impeccable" dates, comparable results were obtained. These
findings confirm those previously reported by Beazley and Underhill

(1970) in a smaller study.

If one considers the wide scatter of GSV's in early pregnancy
(Chapter VvV, 3:13), it is not really surprising that bimanual
examination of the uterus should incur such a wide range of error,
since the gestation sac constitutes upwards of 50 per cent of

the total uterine volume from 10-11 weeks onwards.
VI, 4:3 Biparietal Diameter Measurement

In this practical clinical trial, it was shown that the
inherent potential error of a biparietal diameter measurement
as a means of assessing gestational age increased from - 11 days
to - 30 days, at approximately 20 and 36 weeks respectively.
These findings are in close correlation with the statistical

limits of error calculated by Hansmann (1974).
vit 4:4 Recommendations for the Estimation of Gestational Age

It is clear from the foregoing that the earlier a patient is
referred for an ultrasound estimate of gestational age, the more
accurate will be the result. In view of this, and a belief that a
knowledge of gestational age is extremely important for the manage-
ment of pregnancy, it is recommended that all patients with "at
risk" pregnancies, together with those whose menstrual histories

are other than "impeccable", should be referred for ultrasound



No. %

Uncertain dates 88 17.4
Irregular cycle (variable, or > 5 weeks) 63 12.5
"Pill" history (within 3 months of L.M.P.) 108 21.3
Vaginal bleeding before first antenatal visit 32 6.3
Uterine size (clinical) not equal to dates 22 4.3
"At risk" pregnancy 65 12.8
"Impeccable" dates and "low risk" pregnancy 128 25.0
TOTAL 506 100.0
Table 14. Analysis of the menstrual and clinical factors of

506 consecutive patients.



144

examination at the time of the first antenatal visit. In a

review of 506 consecutive patients attending the Queen Mother’s
Hospital it was found that no fewer than 75 per cent of patients
had what was considered to be a valid indication for examination

(Table 14).

As a result of these findings, and to afford a comprehensive
service, ALL patients attending the Queen Mother's Hospital for
antenatal care are now referred for a routine ultrasonic scan
at the time of their first clinic visits.

VI, 4:5 Correlation of "CRL Estimated Date of Delivery"
and Outcome

In the past, the accuracy of ancillary methods of estimating
gestational age were judged by how close was the estimated date
of delivery to the actual date. On this basis Campbell (1974)
considered that a biparietal diameter measurement was accurate
to within - 14 days in 93 per cent of "mature" deliveries, while
Varma (1973) using two measurements at an interval of three weeks,
and excluding growth-retarded babies, found 91.2 per cent of
her patients went into spontaneous labour within nine days of the
estimated date of delivery. In a comparative study between
ultrasonic biparietal cephalometry, radiology and liquor studies
in the prediction of the ultimate date of delivery, Underhill and
her colleagues (1971) showed that the ultrasound method was

significantly superior.

While this exercise was performed for CRL measurements (Figures
60 and 61, its relevance for this technique is somewhat doubtful
for a number of reasons: firstly, it is accepted that the date of
delivery in normal patients may itself vary widely (Treloar et al,
1967); secondly, owing to the induction policy of this hospital
pregnancies were rarely allowed to continue past 41 weeks and
thus the histograms shown in Figures 60 and 61, are skewed to the
left; finally, to allow comparison with other studies, babies
delivered before 37 weeks and considered pre-term by the paediatrician
were excluded. The results demonstrated that over 95 per cent of
patients, whose labours were neither pre-term or induced, began
labour spontaneously within 10 days of the date predicted by the
CRL measurements. There was no difference in outcome whether the

dates were reliable or unreliable. Very similar results were reported

by Drumm (1977).
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Figure 71. A comparison of the mean ultrasonic crown-rump length

values derived from the regression analysis and
corrected for the systematic errors of the technique,
with anatomical values reported in the literature. In
the lower portions of the curves of Streeter and Iffy
et al. the specimens had been measured in a flexed
position while in the upper portions the specimens had
been straightened before measurement.
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VI> 4:6 Absolute Crown-Rump Length Values

In an earlier section of this discussion the influence of
random errors in the technique was considered in relation to
the reproducibility of the measurements, and, as one of a number
of factors in relation to the accuracy of gestational age
estimations. However, it was not until corrections had been
made for the systematic errors incurred that any statement could
be given regarding the accuracy of CRL measurements in terms of
real or absolute values, or the accuracy of the growth curve when

compared with those compiled by embryologists (Figure 71).

The compilation of CRL growth curves by embryologists has
always been fraught with the problems of obtaining fresh,
undamaged specimens with no abnormalities, accompanied by a
reliable menstrual or conceptual history. It is not surprising
therefore, that there is such a wide scatter of values when the
growth curves of workers in this field are compared. On the
other hand, because of its non-invasive nature, ultrasound is in
a unique position to study and measure the developing fetus "in
vivo". In addition, when compiling an ultrasonic growth curve,
only those patients need be included who have "impeccable"
menstrual histories, and whose infants can be shown to be normal

at the time of delivery.

The accuracy of a growth curve is further dependent on there
being a sufficient number of observations in the series such that
random errors will tend to be self-eliminating. In this context,
random errors include those of the measurement technique described
earlier (Chapter V, 3:2), biological differences in fetal size,
and errors in fetal age due to variation in the timing of owvulation
and fertilization, even in a normal 28-day menstrual cycle. As
the number of observations used to compile the growth curve
totalled 424, and as the data was cross-sectional (one obser-
vation per patient), it may be contended that the mean ultrasound
values derived by '"regression analysis" and corrected for the
systematic errors of the measurement technique, should approximate

closely to the real or absolute mean values as found in nature.

Of the anatomical values reported in the literature and shown
in Figure 71, those published by Streeter (1921, 19<© and 1951) and
Iffey et al (1975) differ most consistently from the ultrasound

values. The discrepancy of Streeter’s curves is of particular
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importance as it is these values which are most widely quoted

as reference points in studies of other aspects of early
pregnancy development. In an attempt to explain this
discrepancy a careful study was made of his published data.
Firstly, the age of his specimens up to at least the eighth

week of menstrual age was determined by a direct correlation
with the fetuses of macaque or rhesus monkeys of known ovulation
age at corresponding developmental levels. He considered that
this method "appears to give more reliable age data than the
clinical histories obtained from patients". As the monkey

fetus develops faster, this approach must be open to serious
question. Secondly, fetuses of 35 mm or over (equivalent to
approximately 10 or more weeks of menstrual age) were straightened
from their natural flexed positions before measurement, thereby
adding several millimetres to their CRL's. As a result of this,
Streeter’s CRL curve shown in Figure 71 is "broken" at 10

weeks. Finally, in just over 50 per cent of those specimens in
which a stated menstrual age was given, there was a difference
of at least seven days from the "estimated age", and in many cases
the difference was two or more weeks. This, together with the
fact that a number of the specimens were damaged, poorly fixed,
or showed evidence of maceration, not unexpectedly resulted in
a wide scatter of results when the CRL values were plotted
against the given menstrual age. This latter point again high-
lights the problem of the very variable and at times poor
material with which the embryologist has to work. In view of
the foregoing there must be considerable doubt about the

accuracy of Streeter's growth curves.

Iffy and his co-workers (1975) however, in a much more
recent study, compiled their curve from apparently normal patients
who had undergone legal termination of pregnancy. In view of
this background, it was surprising to find that their data
differed so widely from the ultrasonically derived values. While
no clear explanation can be given, it is suggested that the
accompanying menstrual information may have been inaccurate in
many cases. This is a tenable explanation, as it is recognised

that a patient may falsify her menstrual history in order to

obtain a termination.
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These workers followed closely the methods of Streeter (1920)
in the collection and measurement of their specimens. This serves

to explain the biphasic shape of their CRL growth curve.

With regard to the data of Arey (1965), 1little informed
comment can be made as no correlative or background information

is given with his figures.

The two remaining curves, those of Mall (1918) and Patten
(1946) , are remarkably close to the ultrasonic curve determined
in this investigation. Of these, Patten’s values never differ
by more than 2.5 mm from the ultrasound values. It is of
particular note that this author compiled his curve "using the
measurements from the best preserved embryos with the most complete
and seemingly most dependable clinical histories". As the
emphasis of Patten’s and Mall's work was primarily directed at
the correlation of CRL to menstrual age, unlike that of Streeter,
it would be reasonable to expect that their results would be the
more accurate. Furthermore, the care with which Patten’s specimens
would appear to have been selected is paralleled, to a large
extent, by the selection of patients for the ultrasound study.
The resulting very close similarity of the two curves would
therefore support the contention that actual mean "in wvivo" CRL
values for human fetuses lie very close to the ultrasound values

derived in this investigation.

As a final point it is interesting to note that when the
equation describing the ultrasound CRL growth curve is solved for
a CRL value of nil, the equivalent menstrual age is 25 days (11 days
of conceptual age). Embryologically, at this age, the embryo has

a length of no more than 0.1 - 0.2 mm (Corliss, 1976).
vIi, 4:7 Gestation Sac Volumes

"Dissolution" of the Gestation Sac Outline

Most early workers in the field of early pregnancy diagnosis
by ultrasound made reference to an apparent "breaking up" or
dissolution of the gestation sac wall at around the eleventh week
of pregnancy. Donald (1967) who first described this feature
attributed it to the differentiation of the chorion frondosum and
the chorion laeve, while Heilman and his colleagues (1969)

presumed that it represented the fusion of the decidua parietalis,
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thereby eliminating an interface for reflection of the ultrasonic
waves. Troostwijk (1972) gave as his explanation the complete
filling of the uterine cavity by the gestation sac. Of these
theories, the first would seem to have the best embryological
basis, and, from an ultrasound standpoint, the loss of the
trophoblastic shell from the greater part of the surface of

the sac would, in effect, result in the elimination of a band

of good sound-reflecting surfaces, making it more difficult to
obtain good echoes from the sac wall. If this is indeed the
explanation then there would be no reason to suppose that fusion
of the decidua capsularis (or chorion laeve) and the decidua
parietalis occurs any earlier than the normally accepted time

of 14 to 16 weeks (Arey, 1965; Hamilton and Mossman, 1972).

Whatever the reason for this MdissolutionM, the ultrasonic
appearances seem to be a feature of the older equipment and
scanning techniques in use at the time of these studies, for, in
the course of this current investigation and using more versatile
and more sensitive equipment, it was often found possible to
delineate completely the margins of the gestation sac up to

and beyond the thirteenth and fourteenth weeks of pregnancy.
Growth of the gestation sac

Heilman et al (1969), Jouppila (1971), Troostwijk (1972),
Levi and Erbsman (1972) and others, have demonstrated by ultrasound
the rapid growth of the "gestation sac" in the first eleven weeks
of pregnancy by means of growth curves of gestation sac diameters,
circumferencesand areas. These observations went a long way
towards quantifying the more subjective descriptions of Donald
(1967 and 1969a). While their results infer an increase in the
volume of the gestation sac with advancing pregnancy, such data
cannot be used to provide more direct information. Furthermore,
depending on the degree of bladder filling, the shape of the sac
may vary from that of a sphere to almost pancake dimensions. Thus,
simple measurements of a gestation sac section would be unreliable
if used as a basis for calculating volume. However, the
technique described in this investigation does provide absolute
values for volume (within the limits of the experimental errors
described in Chapter V, 3:11). As the technique can be applied

to gestation sacs of varying shape, direct comparisons can be



Gestational
Age (weeks)

10+

11+

12+

13+

Table 15.

Ultrasound

Number
of Cases

50

46

19

Comparison of ultrasound

Volumes

Mean
(ml)

37

53

70

920

Direct Volumes

Number Mean
of Cases (ml)

9 30
10 50
14 76
13 95

"gestation sac" fluid

volumes and direct values of amniotic fluid

volumes derived from specimens obtained at

hysterotomy.



149

made between the sac volumes of different pregnancies, and in
the same pregnancy at different gestational ages. Experiments
designed to evaluate the reproducibility of the technique
showed that the potential range of error was in the region of

- 10 per cent. A similar figure was obtained when pre-abortion
ultrasound measurements and post-abortion direct measurements

were compared.

In compiling a mean growth curve, it is assumed that the
effect of these random errors, together with those discussed
in the context of CRL measurements, will be self-eliminating.
VI, 4:8 Comparison of Gestation Sac Fluid Volumes

and Direct Values

The mean values for GSV'’s as determined in this study,
after correction for estimated fetal volume, are close to the
values obtained by direct measurement in the 10 to 13 weeks
range (Table 15). The direct values used in this table are the
means of the results reported by Wagner and Fuchs (1962),
Rhodes (1966), Abramovitch (1968), and Gillibrand (1969) for
amniotic fluid volumes. While the ultrasound and direct
measurements are not absolutely comparable, because of the
inclusion of the extraembryonic coelom with the former technique,
the results obtained are very close. Arey (1965) states that
the amniotic cavity fills the chorionic sac at the end of the
second month (10 weeks of menstrual age), and that loose fusion
of the amnion and chorion then occurs. There is evidence however,
from those workers who have undertaken fetoscopy in human pregnancies,
that secure fusion may not be complete even at the fourteenth
week Scrimgeour (1974). Furthermore Wagner and Fuchs (1962)
in their study of amniotic fluid volumes reported small but
measurable quantities of fluid in this space. If it is accepted
that the extraembryonic coelom does not contribute a significant
proportion of the ultrasonically determined volumes in the latter
part of the first trimester, then the close correlation with the
direct volumes at this stage offers indirect evidence for the
validity of the ultrasonic measurements earlier in pregnancy where

no direct comparative figures are available.

It is of interest in this context that at no time was any

structure observed within the gestation sac which could be



150

confidently recognized as the amniotic membrane itself. The
probable explanation is that the acoustic impedance of the
very thin amnion is insufficient to reflect an echo which is

strong enough to be recorded by the equipment.
VI, 4:9 Clinical Application of Gestation Sac Volumes

Used as a routine method for estimating the age of pregnancies,
GSV measurement is time-consuming and somewhat cumbersome. of

more importance however, was the finding that the potential error

incurred was in the order of - 10 days, a figure twice that
when a CRL measurement is employed. In addition, the latter
measurement can be obtained more quickly and more easily. For

these reasons measurement of GSV’s in this context, was not
continued beyond the initial series (Robinson, 1975), and no
attempt made to obtain a wholly cross-sectional group of data

for analysis. Despite this, it is likely that the growth curves
and regression analysis curves (Figures 68 and 69) are reasonably

close to the true values.

Despite their limited role in estimating gestational age,
gestation sac volume measurements (as discussed earlier) have
been found to be of considerable value in the early and positive

diagnosis of blighted ova.
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VII

CONCLUSTIONS
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3)

4)
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6)
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Using an ultrasound technique devised by the author, (a
development of a technique previously described), it is
possible to detect with certainty the presence or absence
of fetal heart movements from seven weeks of amenorrhoea

and on occasions from as early as six weeks.

The human fetal heart rate increases from a mean of 125
beats per minute at six and a half weeks of amenorrhoea,
to a peak of 175 beats per minute at nine weeks, and falls

more slowly to a value of 150 beats per minute at 15 weeks.

It is suggested that the rise in heart rate is related
to the structural and functional differentiation of the
heart itself, while the fall may be a function of more
efficient cardiac action and the development of myofibrils

in the hitherto relatively undeveloped cardiac muscle cells.

The fetal heart rate does not appear to be prognostic of
impending intrauterine death or abortion in the first
trimester of pregnancy. However, the presence or absence
of fetal heart movements at the first examination in
patients with threatened abortion predicted the eventual
outcome (abortion or continuing pregnancy) in 92 per cent

of patients.

"Early pregnancy failures" may be conveniently subdivided
into missed abortions, blighted ova, hydatidiform moles,
and early and late live abortions. Missed abortions and
blighted ova together comprise almost 80 per cent of "early

pregnancy failures".

Given a meticulous examination, absence of fetal heart
movements in an otherwise well defined fetus may be taken
as clear evidence of death and the patient offered an
elective termination of her pregnancy.

It seems that the average age at which fetal death occurs
in missed abortion is eight and a half weeks; that very
few die 'in utero' after 14 weeks; that the average
interval between fetal death and spontaneous abortion is

32 days; and that death of the trophoblast and decidua,
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8)

9)

10)

11)

12)

13)

which had continued functioning after fetal demise, is the

ultimate precipitating cause of spontaneous abortion.

Ignoring the menstrual and clinical history, a definite
diagnosis of blighted ovum can be made in 47.5 per cent of
cases, and the patient offered an elective termination of
her pregnancy; the remainder require serial examinations

and measurements before a clear statement can be given.

On the basis of a small gestation sac volume in relation
to fetal size, impending abortion of a "live" fetus in the
first trimester of pregnancy may be anticipated. This
observation is not grounds for a definite diagnosis as
similar findings were noted in a small percentage of

continuing pregnancies.

It is suggested that the majority of "late live abortions"
may be due to cervical incompetence. While the data is far
from complete, it is unlikely that ultrasound will offer

information of prognostic value.

Hydatidiform moles offer little problem for ultrasonic

diagnosis.

In contrast to missed abortions and blighted ova, a genetic
abnormality is less likely to be a major aetiological factor

in early live abortions.

It is suggested that treatment directed at the prevention
of first trimester abortions is, in the majority of patients,
unlikely to influence the eventual outcome. A trial,
strictly controlled by ultrasonic and genetic studies, would

be required to clarify the problem.

On the basis of a small study it would appear that twin
conceptions are more common than is generally appreciated,
but that a significant proportion of the individual

conceptions are blighted ova.
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It is suggested that estimates of gestational age by
ultrasound, early in pregnancy, provide information
important for the later management of pregnancies,

particularly when elective delivery is deemed necessary.

Ultrasonic fetal crown-rump length measurements in the
first trimester of pregnancy provide an estimate of
gestational age to within - 4 to 5 days. No other
ancillary technique allows such a degree of accuracy

at this or any other stage of pregnancy.

Clinical examination and (later) biparietal diameter
measurement both incur a significant degree of error in
the estimation of gestational age, and this error increases

as pregnancy advances.

Ultrasound crown-rump length measurements correlate well

with some embryological data but not with others.

Gestation sac volume measurements are not recommended as

a routine means of assessing gestational age in the first
trimester as they are less accurate than crown-rump length
measurements, and as the technique itself is more time-

consuming and awkward.

Gestation sac volume measurements find a useful place in

the early diagnosis of blighted ova.

The three techniques described in this thesis allow a more
objective and more reliable evaluation of early pregnancy

and of its complications than was hitherto possible.
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