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Abstract

Fetal growth restriction (FGR) is a major cause of perinatal morbidity and mortality.
Identifying which pregnancies are at risk of FGR facilitates enhanced surveillance and
early delivery before fetal demise can ensue. However, existing risk stratification
strategies yield an unacceptably low detection rate. A robust and reliable first
trimester screening test for FGR would not only enable high-risk women to be
appropriately monitored but would facilitate future trials for possible interventions
to enhance fetal growth. Both the volume and vascularity of the first trimester
placenta has been demonstrated to be linked to adverse pregnancy outcomes
including FGR and pre-eclampsia. The investigation of novel ultrasound markers for
FGR are discussed along with the development of methods for fully automatic
placental volume estimation which has the potential for use as part of a multi-
variable population-based screening test.

Aim

To review novel automated techniques for ultrasound measurement of placental
volume and utero-placental perfusion, and to illustrate how these might have utility
in the development of a screening test for fetal growth restriction.

Introduction

Birth weight is dependent upon numerous factors including gestational age at the
time of delivery [1]; maternal characteristics [1-3]; and placental volume, vasculature
and function [4]. FGR is the term used to describe babies that do not achieve their
inherent growth potential, and this term is often used synonymously with ‘small-for-
gestational-age’ (SGA) although the two are distinctly different. SGA is defined as a
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birth weight <10t centile on either customised or population based growth charts,
and is frequently used as a surrogate marker for FGR in the research literature. This
is problematic because by definition SGA can include babies that are constitutionally
small and yet are achieving their growth potential, and may also exclude some that
do not achieve their growth potential but remain above the 10™" centile.
Nevertheless, SGA, especially SGA defined using customised centiles (cSGA), has
been shown to be associated with adverse perinatal outcomes including stillbirth
and therefore cSGA has been used as a surrogate outcome for FGR in most of the
studies discussed in this review.

Despite improvements in healthcare, the incidence of stillbirth in the United
Kingdom (UK) has remained relatively static over the last two decades [5] at around
44/10,000 [6, 7]. As the majority of FGR is not diagnosed prior to birth [8, 9], early
identification triggering appropriate management may prove to be the key to
reducing this dismal figure.

Risk stratification for growth restriction in the UK is generally based on an
assessment of maternal characteristics and history at the booking appointment with
the community midwife [10]. If serum pregnancy-associated plasma protein-A
(PAPP-A) has been measured as part of the trisomy screening protocol then this may
be taken into account too as low PAPP-A at 11-14 weeks is associated with an
increased risk of SGA [11]. The usefulness of this marker is limited by the uptake of
trisomy screening, which is around 66% in the UK [12]. Some women may be offered
uterine artery Doppler studies at 20-24 weeks’ gestation, but this is of limited
usefulness in the general population [13]. Pregnancies classified as lower risk are
then monitored with serial symphysio-fundal height measurements. This technique
performs poorly, with detection rates as low as only 14% in some studies [14]. The
increasing obesity epidemic in the obstetric population is also affecting the utility of
this method.

The diagnosis of FGR could be improved with the introduction of an effective first
trimester screening test. This would likely reduce perinatal morbidity and mortality
by facilitating enhanced surveillance of higher risk pregnancies, with intervention
when necessary. The aetiology of FGR is complex, but utero-placental insufficiency is
implicated in many of the cases [15]. The placenta is easily identifiable with
ultrasonography from 11-14 weeks’ gestation, along with much of it’s vasculature
[16], and thus placenta-based ultrasound markers are an attractive target for the
development of a screening test. Such a test would ideally be largely automated in
order to allow rapid and simple population-wide implementation, and would be
combined with maternal characteristics and biochemical markers such as PAPP-A to
form a multivariable test for FGR analogous to the ‘combined test’ currently offered
for fetal aneuploidies.

If FGR could be reliably predicted this would not only allow increased fetal
monitoring but would create an opportunity to investigate potential treatments. The
recent ASPRE trial demonstrated that administration of aspirin to a population
identified as high risk using a first trimester screening test reduced the incidence of
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pre-eclampsia compared with placebo [17], but was underpowered to detect an
effect on FGR/SGA and stillbirth. Gene therapy [18] has also been suggested as a
possible candidate for treatment of FGR and has shown promise in animal models.
Thus, if high-risk pregnancies can be appropriately identified, there is hope that
growth restriction and it’s associated morbidity and mortality could one day be
reduced if not prevented.

Placental volume

It has long been understood that the weight of the placenta at delivery is positively
correlated to birth weight [19, 20]. Since the 1970s it has also been possible to
assess the size of the placenta in early pregnancy using two-dimensional (2-D)
ultrasonography [21, 22], and it was suggested as early as 1981 that placental size
might be predictive of growth restriction [22]. However, difficulty in delineating the
required sonographic planes limited the usefulness of this technique. The advent of
three-dimensional (3-D) ultrasound in the 1990s improved the accuracy with which
measurements could be taken and this generated renewed research interest [23-25].
It has now been shown that low placental volume (PlaV) at 11-13 weeks is associated
with SGA/FGR [23, 26-28] and pre-eclampsia [28, 29], and that this is independent of
PAPP-A and nuchal translucency (NT) measurements [27]. It has also been shown
that the predictive accuracy for SGA can be improved by considering PlaV in
combination with other known risk factors — including maternal characteristics,
PAPP-A levels and placental growth factor levels [30].

A number of similar methods have been proposed for 2-D assessment of PlaV, in
which measurements from multiple 2-D scans in different planes are used to
construct an estimate of 3-D placental volume [21, 31-33]. These methods are
relatively simple and have the advantage of not requiring expensive 3-D ultrasound
technology proprietary software, both of which may not be readily available in
resource poor settings. However, assessments of PlaV generated using 2-D
ultrasound correlate poorly with validated 3-D ultrasound techniques and are
probably less reliable with certain placental shapes, particularly in the first trimester
[34]. This may be because the choice of analysis plane is very operator dependent.
The time-consuming nature of this method, it’s lack of inter-operator reliability, and
it’s unfavourable comparison with other methods means that measurement of PlaV
with 2-D ultrasound is not a good candidate for a screening test.

Segmentation of the placenta

Segmentation in any medical imaging modality involves demarcation of the borders
of the target organ to identify it within the overall image. The ease of this process
depends on the imaging modality used and the clarity of the borders of the target
organ. Segmentation using ultrasound presents a distinct challenge, as the borders
of the placenta can be very difficult to differentiate from the underlying
myometrium in the first trimester. The degree of difficulty varies depending upon
placental position (posterior placentas can be affected by artefacts from the
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overlying fetus), the degree of attenuation of the ultrasound beam (usually by
adipose tissue) or the presence of placental lesions.

Manual segmentation

The gold standard for 3-D placental segmentation is manual delineation of the
placenta. This technique involves breaking the 3-D image down into 2-D slices. An
operator then manually highlights the boundaries of the placenta on each slice. The
accuracy of the segmentation relies on the experience of the operator with placental
ultrasound images. Even in the best hands though, in early pregnancy there can be
very poor sonographic differentiation between the placenta and myometrium, which
leads to difficulty determining the true placental border [35]. Consequently, manual
delineation of the placenta is highly operator dependent and time-consuming,
making this method impractical for use as a screening test.

Semi-automated segmentation using Virtual Organ Computer-aided Analysis

(VOCAL™)

In this technique a 3-D image of the placenta is captured and a number of 2-D
segments are then generated by rotation around a user-defined axis. The number of
images depends on the angle of rotation (12°, 15°, 18° or 30°). The placental contour
must then be defined manually in each section. The VOCAL™ software then
generates a 3-D volume by interpolation around the axis. This method is purely
geometric and consequently estimation of volume in an irregularly shaped organ
may be more prone to error [35], this is important as it has been demonstrated that
the shape of the placenta in the first trimester is not always regular [34].

Assessment of PlaV using this commercially available tool is still time consuming and
requires considerable training and is therefore not suitable for use as a screening
tool. Further, VOCAL™ is proprietary software and requires that data be obtained
using manufacturer-specific ultrasound machines. There is also some uncertainty
regarding the repeatability and reproducibility of volume results produced using this
method, with certain iterations of the VOCAL™ software producing less reliable
results [36].

Semi-automated segmentation using the random walker algorithm

The random walker algorithm allows for semi-automated image segmentation [37],
which can produce a 3-D outline of the placenta in considerably less time and a less
operator dependent manner. This technique involves labelling (seeding) a small
number of pixels/voxels as belonging to either the placenta or the surrounding
tissue. Specialised software then calculates the probability that any given pixel/voxel
belongs to the area of interest, in this case the placenta, and the borders of the
placenta are therefore identified within the image.

The random walker algorithm overcomes the limitations of VOCAL™ with respect to
an irregularly shaped placenta, is less likely to over-estimated placental volume



187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

compared with 2-D techniques and its initialisation is significantly faster compared
with VOCAL (p = <0.001) [34, 35]. Despite faster volume acquisition, the random
walker method is comparable to manual segmentation with respect to
reproducibility and outperforms VOCAL™ in terms of inter-observer reliability [35].

Use of the random walker method requires relatively little training, demonstrates
good intra and inter-observer repeatability and is also non-proprietary, thus some of
the barriers to use as a screening test are reduced. However, this method can still be
affected by human error [35, 38].

Automated segmentation using deep learning

Deep learning is part of the broader field of machine learning, a specialised area of
computer science that focuses the use of statistical techniques to allow computer
systems to ‘learn’. In this context, ‘learning’ means using data to progressively
improve performance on a specific task without being explicitly programmed to do
so. Computers capable of deep learning make use of artificial neural networks,
systems designed to emulate some of the functionality of biological neural networks,
to perform tasks by ‘learning’ from demonstrated examples of the task performed
correctly, without requiring task-specific programming.

It has been shown that artificial neural networks can be trained using ‘ground-truth’
3-D placental images segmented with the random walker algorithm and quality
assured by clinicians (information provided by direct observation used to ‘teach’ the
skill in question) [39, 40]. The largest ‘ground truth’ data set, the size of which
correlates with the performance of the tool, was used with the novel neural
network, OxNNet, and resulted in a mean dice similarity coefficient (an index
representing similarity between predicted and manually estimated data) of 0.84
(range 0.72-0.92) [40] (see Figure 1). The placental volume estimates generated with
this method perform well in the prediction of SGA when compared with those
generated by the random walker algorithm, and outperform PlaV estimates
generated with VOCAL™ [35, 38, 41] (see Figure 2).

As OxNNet provides a fully automated and fast method for PlaV estimation this has
the distinct potential to be part of a population-based screening test [40]. Further
research and testing is needed, but as this tool can be applied to very large data sets,
investigation of the relationship between first trimester placental volume and shape
with rare adverse outcomes such as stillbirth is now a possibility for future studies.

Standardised placental volume and its utility

Placental volume increases with gestational age and therefore measurements taken
at different gestational ages between 11 and 13 weeks must take this physiological
variation into account. This can be achieved using a novel index, the standardised
placental volume (sPlaV), calculated as PlaV*3 (mm3) divided by CRL (mm) [42]. This
produces dimensionless and normally distributed results making it more
mathematically sound than the placental quotient from which it was derived, the
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latter being calculated as crown rump length (mm) divided by PlaV (mL or mm?3) and
having a unit of mm2[43].

A pilot study of 143 women has shown that sPlaV, derived using the random walker
algorithm, is significantly different in cSGA compared with appropriate for
gestational age (AGA) pregnancies (p = <0.001) and that combining sPlaV with PAPP-
A and NT produces a predictive model for cSGA. Receiver operating characteristic
(ROC) curves for prediction of cSGA in an unselected population using sPlaV alone
give an area under the curve of 0.77 (0.66 to 0.87), or 0.80 (0.69 to 0.92) when used
in combination with PAPP-A and NT [42]. Further investigation with a larger cohort is
required, but this is certainly demonstrates promise as a potential future screening
test.

Markers within the utero-placental vasculature

It has been known since the 1980s that high resistance changes in the uterine artery
(UtA) Doppler waveform were correlated with FGR/SGA and pre-eclampsia, this has
been studied extensively since [44]. There is also histological evidence that FGR/SGA
and PET are associated with disordered remodelling of the spiral arteries [45-47]. For
many years it was postulated that downstream deficiencies in spiral artery
remodelling produced increased resistance to blood flow, manifesting as in increase
in upstream vessel impedance. However, the observed changes in uterine artery
Doppler indices cannot be as a direct result of inadequate spiral artery remodelling
as the waveform does not change immediately after delivery of the placenta, when
the spiral arteries are completely closed [48]. Further, it has been shown that normal
UtA waveforms occur in cases of abdominal pregnancy where the spiral arteries are
not exposed to any trophoblast [49]. This is most likely because the maternal blood
is redirected through an arterio-venous anastomotic network in the myometrium,
which acts as a buffer. This has been modelled mathematically demonstrating that
the vessels most likely to be directly responsible for the changes seen in the uterine
artery waveform are the radial arteries [50] and not the spiral arteries. If the
association between deficient spiral artery remodelling and increased UtA
impedance is not causative, it is understandable why the uterine artery waveform
may not be an ideal screening tool as it is probably not sensitive enough to small
changes in the vasculature at the utero-placental interface. Therefore, the actual
vessels implicated in poor placentation (the spiral arteries) need to be examined
directly.

Spiral artery jets

Numerous attempts have been made to directly image the spiral arteries within the
myometrium but this has generated conflicting data [51-56]. Early attempts at
identification of the spiral arteries were based on their approximate location in the
placental bed and their distinctive bidirectional waveform. Unfortunately this
method is flawed as lack of defined anatomical landmarks means it is impossible to
measure vessels consistently at the same point, angle correction is not appropriate
due to the tortuous nature of the spiral artery, and seeking the classic waveform



281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

might lead to preferential selection of normal vessels for measurement [16].
However, using simple greyscale ultrasound it is possible to identify the utero-
placental interface, the point at which spiral arteries discharge into the intervillous
space. Here, a unidirectional stream of blood is discharged from the terminal end of
the spiral artery, such streams are termed spiral artery ‘jets’. Jets can be identified as
demonstrating unidirectional flow using colour Doppler, and pulsed-wave Doppler
can then be used to assess the haemodynamics and waveform of the jet itself [16].
The pulsatility index (PI) and resistance index (RI) of the spiral artery jets have been
shown to decrease with advancing gestational age, likely due to the progressive
remodelling of the vessel. As disordered remodelling is known to correlate with SGA,
this could be a potential screening target. Indeed, pilot data demonstrates that the
Jet Pl is significantly altered in cSGA pregnancies, an effect that was not seen in the
UtA Doppler indices [16]. Further, the jet mouth opening has been shown to increase
between 11-13 weeks and 34 weeks, and cSGA pregnancies show a trend towards a
smaller change in mouth size (p=0.05) [57]. Jet Doppler indices do show promise, but
visualisation of individual vessels and jets is still problematically time consuming and
requires considerable training. However, the advent of 3-D power Doppler has
provided a means of assessing blood flow across the entire utero-placental interface,
and thus this principle has continued to attract research interest.

The use of power Doppler imaging at the utero-placental interface

Power Doppler provides a visual representation of the concentration of moving red
blood cells by using the amplitude of Doppler signal to detect moving matter. It is
independent of velocity and direction of flow, which is helpful in the imaging of
tortuous vessels. Power Doppler is also virtually angle independent which allows
better detection of low-flow velocities compared with colour Doppler [58-60].

Power Doppler can be used with both 2-D and 3-D imaging techniques to produce
indices of vascularity and perfusion, giving 3-D power Doppler potential to capture
information about all of the spiral arteries supplying the placental bed in one go,
rather than measuring one at a time as in the case of spiral artery jets. Power
Doppler is, however, influenced by body habitus and machine settings, gain in
particular [61]. Standardisation is therefore essential in order to allow interpretation
of any results obtained.

Standardisation of 2-D power Doppler imaging is possible using the validated
technique of fractional moving blood volume (FMBV), in which a large blood vessel is
identified and used as a point of reference. Measurements of other vessels are then
compared with this ‘reference vessel’ (a point of 100% vascular amplitude) [62] on
the assumption that any beam path factors will alter signals from the area of interest
and the standardisation point to the same degree [63].

A novel 3-D image-processing technique has recently been developed which uses the
raw data exported directly from the ultrasound machine and allows the rapid
calculation of FMBV [64]. This technique can facilitate standardized measurement of
the vasculature of the entire utero-placental interface in the first trimester (FMBV-
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UPI). It has so far been used to assess the vascularity of the whole utero-placental
interface (FMBV-UPI) as well as that of the intervillous space (FMBV-IVS) [64].

Using this technique, a small pilot study has measured the vascularity of the utero-
placental interface and intervillous space in the first trimester [65]. This
demonstrated that pregnancies destined to develop pre-eclampsia have small
hypovascular placentas, whereas those destined to result in normotensive cSGA
have small placentas but with normal vascularity.

Conclusion

It is now possible to automatically measure the volume of the first trimester
placenta in real-time using a validated computerised tool, OxNNet. The placental
volumes generated outperform the commercially available tool VOCAL™ in the
prediction of cSGA. Pilot data suggests that both placental volume and vascularity
measurements have utility in the prediction of pre-eclampsia and cSGA. If complete
automation of the vascularity index 3-D FMBV can be achieved, this has real
potential to be another factor in a possible multi-variable a screening test for both
conditions. Larger scale data collection is currently underway to further test the
findings of these pilot studies and work continues to improve the fully automated
process for segmentation of the placenta from 3-D US. Thus, the development of a
fully automated screening test for growth restriction incorporating placental
ultrasound markers in the first trimester is a realistic and exciting prospect for the
near future.
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Method

Advantages

Disadvantages

Manual
segmentation

Gold standard for delineation of
the placenta.

Very time consuming
Highly operator dependent [35].

VOCAL Faster than manual Still too time consuming for use
segmentation. as a screening tool
Proprietary software requiring
the use of manufacturer specific
ultrasound machines
Prone to error with irregularly
shaped organs such as the
placenta[35].
Reproducibility and reliability of
results may be limited [36].
Random Good intra and inter-observer Able to deal with irregularly
walker repeatability [35]. shaped placentae [38].
Non-proprietary. Still prone to some degree of
Requires relatively little human error [38].
training.
Faster and less operator
dependent [37].
Deep Calculated PlaVs perform well Dependent of quality of ground
learning compared with random walker  truth data set[39, 40].
and outperform VOCAL in the
prediction of SGA [35, 38, 41].
Fully automated and fast [40].
Table 1

Comparison of methods of placental segmentation
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Figure 1
An example of the same placenta segmented using the random walker algorithm
(right) and the fully automated method OxNNet (left).

Figure 2

ROC curve comparing placental volumes derived using OxNNet and VOCAL™ (from
Looney et al [41]).

Figure 3

3-D ultrasound image of with placenta, with the placenta segmented out In pale blue

and vascularity recorded with power Doppler ultrasound in orange.
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