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General introduction and outline of the thesis

Introduction

Preterm birth is a growing public health problem that has significant consequences for
families. Preterm births account for 12.5% of all births in the United States. The costs for
society are at least 26 billion dollars a year [1]. Low birth weight (<2500g) and birth
weight that is small for gestational age (SGA) are associated with increased morbidity and
mortality perinatal and in later life [2].

There is a growing body of evidence that complications in pregnancy are the result of
the intra-uterine conditions in the first trimester of pregnancy. Monitoring fetal growth
during the first trimester of pregnancy is expected to be of significant value in assessing
complications in pregnancy. Smith et al. was the first to report about the relationship
between first trimester fetal two-dimensional ultrasound measurements and an increased
risk of preterm birth, a low birth weight or being small for gestational age (SGA) at birth
[3]. Bukowski et al. confirmed the relation between slow growth in the first trimester of
pregnancy and a low birth weight, in pregnancies after assisted reproductive technologies
excluding delayed ovulation as an explanation for the findings [4]. Although they expected
that a delayed implantation would result in a longer duration of pregnancy, they found
the opposite association, confirming that the delayed implantation could not explain the
observed associations [4]. Mook-Kanamori et al. recently confirmed these earlier reports.
They reported that fetal growth below the 20 percentile in the first trimester of pregnancy
is associated with an increased risk of adverse birth outcomes such as preterm birth, low
birth weight and SGA [5]. The differences between normal and abnormal growth in early
pregnancy are small if the fetal size is measured with routine two-dimensional ultrasound
by the crown-rump-length (CRL). Figure 1 shows the measurement of the CRL during a first
trimester scan.

There are several different definitions used in earlier reports for small fetal size in the
first trimester in relation to complicated pregnancies. Abnormal growth is calculated
as a difference in expected fetal size (according to the last menstrual period) minus the

Figure 1. The measurement
of the CRL at the first trimester
scan.




Chapter 1

Figure 2. A rendered
three-dimensional image of
a fetus at the first trimester
ultrasound examination.

calculated fetal size by ultrasound (CRL/BPD) in days, ranging from -1 to -10 days [3,6,7].
The weakness of all these results is the low predictive quality, therefore it is not a good
screening test for selecting the high risk pregnancies.

Adding the third dimension with three-dimensional ultrasound, fetal volume measurements
might give more information about fetal development than two-dimensional ultrasound
measurements. Figure 2 shows a three-dimensional image of a first trimester fetus at the
first trimester ultrasound examination.

Fetal volume measurements were subject of earlier studies, where the volume measurements
proved to be reliable and reproducible [8,9], even in twins [10,11]. A significant correlation
between fetal volume and CRL is already confirmed, with an up to 35-fold increase of
the fetal volume and a 4.5-fold increase of the CRL in the first trimester of pregnancy
[8,9,10,12,13]. As the fetal volume rises 7 times faster than the CRL, it can be expected
that slight abnormalities in the CRL will be more obvious in fetal volume measurements.
Falcon et al. reported that the chromosomal abnormal fetus has a significant smaller fetal
volume than the chromosomal normal fetus whereas the CRL in trisomy 21 and Turner
syndrome were normal [9,13]. These findings suggest that, in cases with a normal CRL, it
is possible to detect early growth impairment with fetal volume measurements. Detection of
the fetus with a small fetal volume might result in earlier detection of high risk pregnancies.
A longitudinal follow up study is necessary in order to obtain this knowledge.

Volume measurements with three-dimensional ultrasound

The introduction of three-dimensional ultrasound in clinical practice has allowed for the
volume of a scanned object to be assessed using computer calculations. For obtaining the
volume datasets, the Voluson 730 3D ultrasound device (General Electrics, United Kingdom)
with the RAB4-8P wide band convex volume probe was used. The ultrasound probe is a
4D-broadband electronic curved-array transducer with a frequency range of 4-8 MHz.

12
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2D fluid 3D fluid

Figure 3. Explaining that the acquired volume
dataset consists of numerous two-dimensional

slices.

Figure 4. A voxel is a three-dimensional pixel.

Figure 5. The convex shape of an acquired
dataset.

Figure 6. An example of an acquired volume
dataset with the adjustable x-, y- and z-planes
shown.
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—T Figure 7. A graphical explanation of the rotation of
the object of interest around its axis.

Figure 3 explains that a volume dataset acquired by the transducer consists of numerous
two-dimensional slices. Each slice is made up of pixels, all these two-dimensional slices
together result in an acquired dataset that is made up of voxels. Voxels are the calculated
three-dimensional pixels as a result of adding all the two-dimensional planes together. This
is graphically explained by figure 4. The acquired three-dimensional dataset has a convex
shape as is shown in figure 5, this has to be taken into account when calculating distances
or when determining the position of the voxels of interest.

After obtaining the three-dimensional dataset it is possible to go through the dataset in the
x-, y- or z-axis or fo rotate the dataset around these axes in order to obtain the optimal
image of the object of interest for the volume calculations. An example is shown in figure 6.
The most commonly used method for volume calculations is the rotational multi-planar
technique called VOCAL (Volume Organ Computer-aided Analysis). This technique
consists of the following steps: the contour of the object of interest is outlined and the
object of interest is rotated around its axis to a known number of degrees. The rotation
of the object of interest around its axis is shown in figure 7. After this the next contour is
outlined. This procedure continues until the object of interest is rotated 180°. The rotational
step can be chosen, the options are 6°, 9°, 15° or 30°. This results in respectively in 30, 20,
12 or 6 contours to be drawn around the object of interest. A volume is then fitted around
all of the outlined contours. Which rotational step is most suitable depends on whether the
object of interest is regular or irregular [14]. Finally, the program calculates the volume of
the fitted object. An example of a calculated (fetal) volume is shown in figure 8. The VOCAL
software is installed in most commonly used three-dimensional ultrasound devices and is
used in the search for new diagnostic tools in obstetrics and gynaecology. Earlier reports
described the accuracy and reproducibility of this technique in several settings. Hui-Xiong
et al. described three-dimensional measurements of hepatic tumours conducted both in
vitro and in vivo with the aid of the VOCAL technique [15]. They compared the results
with mathematical two-dimensional calculations and concluded that the VOCAL technique

14
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greatly reduced the time required to conduct volume measurements and the manual
labour required for volume measurements with a high accuracy and reproducibility. Raine-
Fenning et al. compared the slice-by-slice technique with the VOCAL technique in vitro and
compared the different degrees of rotation for each object of interest [14]. Both methods
overestimated the actual volume, but all measurements had an error of less than 4%.
Ruano et al. compared three-dimensional measurements of lung volume with the VOCAL
technique and post mortem volume measurements of the fetal lungs [16]. These authors
reported that the VOCAL technique produced accurate volume measurements. Moeglin et
al. measured the volume of the fetal lungs and compared the results of the slice-by-slice
technique with the results of the VOCAL technique [17]. This study found no statistically
significant difference between the two ultrasound methods. Most publications that have
conducted volume calculations with the VOCAL technique have been performed in vivo
[16-18].

It is the general opinion that volume calculations with ultrasound will be of diagnostic
value in general gynecologic and obstetric practice [19]. Although it is a more advanced
technique, this procedure is still rather time consuming and requires quite an effort as
the investigator needs to be focused and motivated and should have the opportunity to
draw all contours around the object of interest without being distracted. For these reasons,
introduction in daily practice is still difficult. Drawing all the contours exactly around the
object of interest requires concentration and a steady hand. Slight mismatches may have
quite an influence on the calculated volume. Because of the complexity of the method
it was hypothesized that there would be a learning curve for these measurements. An
extensive literature search yielded no reports of learning curve studies on this subject.
There are some reports about learning new ultrasound techniques, but they are all about
ultrasound training programs in another sefting, not concerning volume measurements,
e.g. performing ultrasound scans after abdominal trauma [20,21].

Figure 8. An image of a
reconstructed fetal volume
after outlining all the
contours.
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Because of the still rather complex and time consuming technique for volume measurements,
further enhancement of the available techniques or development of a new technique is
advisable.

Outline of the thesis

This thesis aims to answer the following questions:

1. Is there a learning curve for volume measurements with three-dimensional ultrasound?

2. How large is the measurement error of the three-dimensional ultrasound measurement
of the first trimester fetal volume and does it depend on the volume measured?

3. lIs it possible to calculate the volume of an object of interest in an ultrasound dataset
with semi-automated computer calculations?

4. Are fetal volume measurements with three-dimensional ultrasound measurements
reproducible?

5. Is it possible to select pregnancies with a high risk of preterm birth and/or a low birth
weight by measuring the first trimester fetal volume?

To answer these questions we conducted the following studies, of which the results are
presented in the thesis:

In chapter 2, we focus on the learning curve of three-dimensional ultrasound volume
measurements. This will be analyzed in vitro, using the multi-planar technique VOCAL. The
volume related measurement error of in vitro volume measurements by three-dimensional
ultrasound with the rotational multi-planar technique will be discussed in Chapter 3. The
third in vitro study (Chapter 4) reports of the preliminary results of a newly developed semi-
automated method for volume measurements with three-dimensional ultrasound. First, this
study was performed in vitro to compare the new method with VOCAL, and then it was
tested in vivo on a first trimester fetus.

The second part of the thesis reports of the results of the clinical studies concerning fetal
volume measurements. In Chapter 5, the inter- and intra-observer variation of first trimester
fetal volume measurements with three-dimensional ultrasound are computed to evaluate
if fetal volume measurements are a potential useful diagnostic tool in the first trimester of
pregnancy. Chapter 6 describes the protocol of the prospective cohort study concerning fetal
volume measurements with three-dimensional ultrasound in the first trimester of pregnancy,
in relation to pregnancy outcome. Chapter 7 discusses the outcome of this prospective
cohort study in which first trimester fetal volume measurements with three-dimensional
ultrasound were evaluated as a potential tool for selecting pregnancies with a high risk of
preterm birth and/or a low birth weight. In Chapter 8, the results will be summarized and
recommendations for clinical application and future research will be presented.
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Chapter 2

Abstract

Objectives Evidence is increasing that volume calculations by three-dimensional
ultrasound are of clinical importance in obstetrical and gynecological practice. However,
the current available methods for volume calculation might be too complex for introduction
in common practice. The goal of the present research project is to describe the learning
curve for volume calculations by three-dimensional ultrasound.

Methods A three-dimensional ultrasound device (Kretz Voluson 730) with a rotational
multi-planar volume measurement program (VOCAL) was used, together with a three-
dimensional ultrasound phantom of 21.5 cm?3.

All volume measurements were performed by 6 investigators who were blinded for the
actual volume and for the results of their volume calculations. The time needed for each
measurement was registered. Statistical analysis was performed with the CUSUM method
and linear mixed-effects models.

Results The overall mean volume was 24.6 cm?® (range 21.8-30.5 cm3). There was no
significant learning effect. The time needed for one measurement first decreased and then

stabilized after a few measurements at 72 seconds.

Conclusion There appears to be no learning curve for three-dimensional ultrasound
volume measurements with the VOCAL technique.

20




Learning curve for volume measurements

Introduction

Since the introduction of three-dimensional ultrasound in clinical practice, it became
possible to measure volumes of a scanned object with computer calculations. It is the
general opinion that volume calculations with ultrasound will be of diagnostic value in the
general gynecologic and obstetric practice [1]. The current available methods for volume
calculation are however rather complex and time-consuming. For this reason introduction
in daily practice is still difficult.

The most frequently used method to obtain volume measurements from 3D volume datasets
is VOCAL" (Volume Organ Computer Aided analysis) [2]. The technique consists of the
following procedures: the contour of the object of interest is outlined, the object of interest
is rotated around a fixed axis and the next contour is outlined. This procedure continues
until the object of interest is rotated 180°, then a volume is fitted around all outlined
contours. Finally the program calculates the volume of the fitted object. This method is
currently installed on most of the three-dimensional ultrasound devices and used in the
quest for new diagnostic tools in obstetrics and gynecology. Volume calculations with the
VOCAL technique are rather complex. Drawing all the contours exactly around the object
of interest requires concentration and a steady hand. Slight mismatches may have quite
an influence on the calculated volume. Because of the complexity of the method it was
hypothesized that there would be a learning curve for these measurements. An extensive
literature search yielded no reports of learning curve studies on this subject. There are
some reports about learning new ultrasound techniques. But they are all about ultrasound
training programs in another setting, not concerning volume measurements. For example
performing ultrasound scans after abdominal trauma [3,4].

The goal of the present paper is to discuss the learning curve for three-dimensional volume
calculations with the VOCAL technique.

Materials and Methods

An ultrasound phantom was created and filled with water at room temperature. A latex
protective cover for ultrasound transducers was filled with exactly 20 cm?3 of sterile water.
However after testing, using the water displacement method according to Archimedes,
the actual volume appeared to be 21.5 cm3. This object was submerged and scanned
with a three dimensional ultrasound device (Kretz Voluson 730, GE Healthcare, United
Kingdom). The RAB4-8P broadband (4-8MHz) curved-array transducer for real-time 4D
imaging was used. The angle sweep was 759. Figure 1 shows the acquired image after a
three-dimensional volume scan.

This method is used in earlier studies [5-13]. After data acquisition, the three-dimensional
dataset was stored on a hard disc. 3D View™ (General Electronics, Sonoview ) with

21
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Figure 1. Three-dimensional image of the scanned object.

Figure 2. Result of a volume measurement with the VOCAL-technique.

the rotational multi-planar technique (VOCAL) was used for volume measurements. An
example of a calculated volume is shown in figure 2.

When the rotational interval between the outlined contours is changed in larger steps, fewer
contours need to be drawn. After testing, there was minimal difference in measurement
results, which was confirmed in the report of Raine-Fenning et al [14]. They reported only
significant differences in measured volumes when irregular shaped objects are measured.
As a regular shaped object was used, it was decided that too many rotational steps would
take too much time and would require too much concentration from the investigator in
repeated measurements. Therefore, rotational steps of 30° (6 contours) were used in the
present study.

22




Learning curve for volume measurements

All volume measurements were performed by six investigators with broad experience in
two-dimensional obstetric ultrasound imaging, but without any experience with three-
dimensional ultrasound volume measurements. An expert in three-dimensional volume
measurements performed the same measurements. The volume of the object was measured
twelve times by each investigator. The measurements were performed on a personal
computer.

For each volume measurement the necessary time to perform the procedure was registered.
The investigators were blinded for the actual volume of the object, for the results of their
volume calculations, and for the time needed for one measurement.

To analyze the learning curve, the CUSUM method [15] was used, where failure was
defined as a measurement error of more than 10% compared to the control measurement
(the measurements performed by the expert). The acceptable and unacceptable failure
rates were set at 0.05 and 0.15, and the probabilities of type | and Il errors were chosen
to be 0.10. As a result, the CUSUM decreases with s = 0.1281 after each success and
increases with 1-s = 0.8719 after each failure, where the lower boundary limit hy = -1.19
and upper boundary limit h; = 1.19.

Additionally the measurements and the time needed to perform a measurement were
analyzed using linear mixed-effects models. These models were used, since they take into
account the correlation between the outcomes from the same subject. The procedure to
select the final model was as follows. We started with a model that included a linear
(B, =linear effect) and quadratic trend (B,=quadratic effect) as well as a random intercept
and random slope. The final model was obtained by a top-down procedure using likelihood
ratio tests based on maximum likelihood estimation. The results from this final model
were then acquired using restricted maximum likelihood estimation to obtain unbiased
estimators [16]. P-values < 0.05 were considered statistically significant. Statistical analysis
was performed using SPSS™ (Chicago lllinois, USA) version 15.0 for windows.

Results

Table 1 shows the results of all twelve volume measurements (cm3) by the 6 investigators
(Ato F). The mean volumes for each investigator and for each measurement are reported.
The results of the measurements by the expert (control) are also shown.

Figure 3 shows the measurements for each observer, with the consecutive measurements

on the x-axis and the calculated volume in cm3

on the y-axis. The thick line represents
the mean volume of each measurement over all investigators. It is obvious that the line
does not approach the actual volume after a certain number of measurements, as is to be
expected in a training situation. The measurement error rather seems to increase. The thick

striped line represents the control measurements by the expert.

23
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Table 1. The measured volume (cm3) for each measurement and each investigator. The average
measurements for each measurement and for each investigator. The measured volumes by the expert

(control).
Measurement A B C D E F Average Control
1 21.8 23.4 23.9 23.8 22.3 29.8 24.1 23.0
2 23.0 22.7 241 23.5 22.5 26.2 23.7 23.0
3 23.8 22.8 23.1 24.6 25.7 27.4 24 .4 23.8
4 22.7 255 24.2 24.9 24 .4 26.0 24.6 22.1
5 22.7 23.7 26.3 22.5 23.8 24.8 24.3 23.3
6 24.8 25.3 24.3 23.7 24.7 26.3 24.8 23.4
7 24.8 23.0 23.6 22.4 26.3 28.7 24.6 23.5
8 25.0 24.3 24.2 23.2 22.9 26.6 24.3 22.5
9 254 23.5 25.7 24.3 25.0 29.4 25.6 23.2
10 24.8 22.6 24.7 22.8 24.7 28.5 24.7 22.7
11 25.0 24.9 25.1 22.7 22.9 25.7 24.5 23.5
12 25.1 23.0 25.6 23.0 26.1 30.5 25.6 22.5
Average 241 23.7 24.6 23.5 24.3 27.5 24.6 23.0
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Figure 3. Results of the consecutive volume measurements for each investigator. The mean volume of each
measurement is connected and presented by the thick black line. The volume measurements performed by
the expert (control) is presented by the black dotted line. X-axis: Measurement number. Y-axis: Volume in cm3.

In order to analyze the learning curve we used the CUmulative SUM (CUSUM) method, the
results are shown in the graph (figure 4). A significant learning effect is obtained, i.e. the true

failure rate does not significantly differ from the acceptable failure rate, if the decreasing

curve would pass two boundary lines of the CUSUM-chart. Figure 4 shows that there is no

significant learning effect for all investigators. The curve of investigator F indicates that the
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true failure rate for this investigator is significantly larger than the acceptable failure rate,
while no statistical interference can be made for the other investigators.

The linear mixed effects analysis showed a linear trend, i.e. mean absolute difference with
control = 1.28 + 0.08 * measurement number, with a statistical significant slope (2-sided

— orervers Figure 4. The CUSUM-graph of the results of the

952" msm Observerb measurement of all investigators.
= = Observer ¢
» v s Observer d
8.33—-- seses Observere —----------
= = = Observer f

Measurement number

p = 0.039). This means that there was no significant decline in the measurement error,
the measured volume even slightly increases after more measurements. All measurements
overestimated the volume of the object (overall mean = 24.6 cm?3, range 21.8-30.5 cm?).
Looking at figure 3, it is obvious that the results of investigator F are different from the
results of the other investigators. There is a larger measurement error with more fluctuation
in the measurements. In order to state the effect of the measurements of investigator F
on the overall results, the analysis is repeated without this investigator. The linear mixed
model analysis applied to the data without investigator F confirmed that there was still no
significant decline in measurement error.

In table 2, the time needed for each consecutive measurement is reported. Additionally, the
mean time needed for each investigator and for each measurement is calculated.

These individual and mean results are shown in Figure 5 for each measurement by each
investigator. The thick black line represents the mean time needed for each measurement
over all investigators. This figure shows that the time needed for a measurement first
decreases and stabilizes after four measurements, which was confirmed by the random
intercept and slope model with a significant linear (B, = -9.25, SE = 2.74, p < 0.01) and
quadratic trend (B, = 0.51, SE = 0.16, p < 0.01). The overall mean time needed for one
measurement was 72 seconds (range 42-200 seconds).
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Figure 5. The results of the time needed for each consecutive volume measurement for each investigator.
The mean time needed af each measurement is connected and presented by the thick blue line. X-axis:
Measurement number. Y-axis: Time in seconds.

Discussion

Earlier reports show that the VOCAL technique can be used for volume calculations. Hui-
Xiong et al [5] described in vitro and in vivo three-dimensional measurements of hepatic
tumors with the aid of the VOCAL technique and compared the results with mathematical
two-dimensional calculations, they concluded that the VOCAL technique greatly reduced
the consumed time and manual labor for volume measurement with high accuracy and
reproducibility. Raine-Fenning et al [14] compared the slice-by-slice technique with the
VOCAL technique in vitro and compared the different degrees of rotating the object of
interest. Both methods overestimated the actual volume. In irregular objects the VOCAL
program proved significantly better than the slice-by-slice technique. In regular objects
there were no significant differences, the same applies to the rotational degrees. Ruano
et al [17] compared three-dimensional measurements of lung volume with the aid of the
VOCAL technique and post mortem volume measurements of the fetal lungs. They reported
accurate volume measurements. Moeglin et al [18] measured the volume of the fetal lungs
and compared the results of the slice-by-slice technique with the results of the VOCAL
technique, there was no statistical significant difference between measurement results of

26




Learning curve for volume measurements

Table 2. The time (Seconds) needed for each measurement for each investigator. Including the average
time needed for each measurement and for each investigator.

Measurement A B C D E F Average
1 68 129 58 81 102 200 99.4
2 73 64 59 71 77 182 83.6
3 59 53 74 60 83 144 78.1
4 50 51 57 73 114 130 76.0
5 59 50 50 75 84 83 64.4
6 50 53 46 92 108 79 67.7
7 45 51 60 92 101 81 70.0
8 48 51 61 67 93 71 64.6
9 42 64 50 70 94 99 67.0
10 43 57 55 94 86 110 71.4
11 43 43 50 79 91 62 59.7
12 48 43 60 86 99 65 65.9
Average 52.3 59.1 56.7 78.3 94.3 108.8 72.3

the two ultrasound methods. Most of the publications about volume calculations with the
VOCAL technique are performed in vivo [19-21].

Unfortunately there was no opportunity to use a commercial available ultrasound phantom.
In the need of an adequate ultrasound phantom, we tested a lot of materials. Finally, we
followed earlier reports and used a latex protected cover for ultrasound transducers filled
with 20 cm3 sterile water [5-13]. The latex cover results in a clear transonic image with a
thin regular wall with only minimal loss of image quality on the posterior part of scanned
volume. It was stated that drawing these regular contours is difficult enough in order to test
the learning curve for volume measuring skills.

Further, it was stated that drawing contours with a computer mouse is as difficult as with
a roller ball. And because of the repeated measurements that it was ergonomically better
to perform the measurements sitting behind a desk with a computer mouse. When 3DUS
volume measurements are infroduced in standard patient care, this will probably be the
routine for off-line volume calculations. The measurements can be performed when the
ultrasound device is in use for the next patient, even by another investigator.

It was expected that the measurement error would decrease after more measurements,
but this is contradicted by the reported results. Almost all investigators showed only minor
changes in volume measurements (Figure 3). The mean line even slightly rises over time.
This might be caused by fatigue and less concentration after multiple measurements.
However, it is questionable if this slight rise in measurement error is clinical important.
Unfortunately, there was an overall overestimation of the volume, this suggests that there
might be a structural overestimation with this method as is reported earlier by others [14].
There might be some explanations for the overestimated volume. As we are interested in
measuring small fetal volumes, we used a small volume. Further, there is always a little
blurring of the edge around an object, so the object appears to be larger. Furthermore
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the investigators had no interest in the measuring results. Although they took a lot of
effort in these measurements, their results might be less exact comparing to trained and
devoted researchers. As all investigators measured the same volume images with the
same instructions, we stated that the overestimation does not influence the learning curve
for volume measurements. Therefore we conclude that the results of this study show that
there is no significant learning curve for the performance of three-dimensional ultrasound
volume measurements with the VOCAL technique.

The investigators need less time after four measurements, this suggests that there might be
a slight learning curve according to the time needed for a measurement (Figure 4).

After this study it is concluded that it is not necessary to develop a training program for
volume measurements with the VOCAL technique, if the investigators are experienced with
common ultrasound and used to working with a computer.
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Abstract

Background: The goal of this study was to calculate the accuracy of three-dimensional
volume measurements with the rotational multi-planar technique VOCAL (Volume Organ
Computer-aided Analysis).

Methods: An ultrasound phantom with thirfeen objects (volume: 10.2-40.5 cm3) was
created. After data acquisition, the volumes of the objects were measured with the VOCAL
technique.

Results: A linear mixed model analysis showed a significant linear (B = -0.008, 95%Cl
-0.014, -0.002, p = 0.005) and a significant quadratic trend (B = 0.0001, 95%Cl
0.000004, 0.0002, p = 0.040). The absolute error increases significantly with the
increasing volume of interest with 0.044 cm3 for each cm? rise of the volume of interest.
The actual volume increased from an initial value of 10 cm3 to values of 20 ecm3, 30 cm3
and 40 cm3, resulting in a decrease in the mean estimated percentage error from 15.4%

to 10.6%, 8.0% and 7.5%.

Conclusion: The results of this study showed that volume measurements with three-
dimensional ultrasound and the VOCAL software can be used for volume measurements in
vivo. However, it is important to assess the measurement error and to consider these error
values when interpreting the results in daily practice.
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Introduction

The introduction of three-dimensional ultrasound in clinical practice has allowed the volume
of a scanned object to be assessed using computer calculations. It is the general opinion
that volume calculations with ultrasound are of diagnostic value in general gynaecological
and obstetric practices.

Several years ago, a new three-dimensional volume measurement technique, the rotational
multi-planar technique called VOCAL (Volume Organ Computer-aided Analysis), was
introduced.

The VOCAL software is installed in most commonly used three-dimensional ultrasound
devices and is used in the search for new diagnostic tools in obstetrics and gynaecology.
Earlier reports described the accuracy and reproducibility of this technique in several settings.
Hui-Xiong et al. [1] described three-dimensional measurements of hepatic tumours
conducted both in vitro and in vivo with the aid of the VOCAL technique. They compared
the results with mathematical two-dimensional calculations and concluded that the VOCAL
technique greatly reduced the time required to conduct volume measurements and the
manual labour required for volume measurements with a high accuracy and reproducibility.
Raine-Fenning et al. [2] compared the slice-by-slice technique with the VOCAL technique
in vitro and compared the different degrees of rotation for each object of interest. Both
methods overestimated the actual volume, but all measurements had an error of less
than 4%. Ruano et al. [3] compared three-dimensional measurements of lung volume with
the VOCAL technique and post mortem volume measurements of the fetal lungs. These
authors reported that the VOCAL technique produced accurate volume measurements.
Moeglin et al. [4] measured the volume of the fetal lungs and compared the results of
the slice-by-slice technique with the results of the VOCAL technique. This study found no
statistically significant difference between the two ultrasound methods. Most publications
that have conducted volume calculations with the VOCAL technique have been performed
in vivo [3-5]. The reported in vitro studies all used a limited number of measured objects
with different shapes and volumes. An in vitro study to analyse the measurement error in
objects with the same shape and consecutive volumes is missing in the current literature [2].
This is, to our knowledge, the first in vitro study to describe the relation between the volume
of an object and the measurement error in vitro, with a continuous range of volumes. As
we are inferested in fetal volume measurements in the first trimester of pregnancy, we used
volumes accordingly. The goal of this study was to investigate whether the measurement
error of three-dimensional ultrasound volume measurement is related to the volume of the
object of interest using the rotational multi-planar technique (VOCAL).
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Materials and Methods

An ultrasound phantom was created and filled with tap-water at room temperature. A latex
protective cover for ultrasound transducers was filled with a known amount of sterile water
(volumes ranging from 10 to 40 cm?3), creating sixteen objects with a known content. The
actual volume of these sixteen objects was calculated using the water displacement method
of Archimedes (calculated volumes ranged from 10.2 to 40.5 cm?3). The sixteen obijects
were submerged and scanned with a three-dimensional ultrasound device (Voluson 730,
GE Healthcare, Zipf, United Kingdom). The RAB4-8P wide band convex volume probe,
a real-time 4D-broadband electronic curved-array transducer with a frequency range of
4-8 MHz, was used. The angle sweep was 75°. Figure 1 shows the acquired image after a
three-dimensional volume scan. This method has been used in previous studies [1, 6-12].

Figure 1. Image acquired using a three-dimensional volume ultrasound scan.

Figure 2. Volume calculation of an image acquired with 3D view.
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After data acquisition, the three-dimensional dataset was stored on a hard disc. 4D
View™ software (General Electrics, Sonoview Il) was used with the rotational multi-planar
technique (VOCAL) for the volume measurements. An example of a measured volume is
shown in Figure 2.

Volume measurements with this technique consists of the following steps: the contour of
the object of interest is outlined and the object of interest is rotated around its axis to a
known number of degrees. Then the next contour is outlined. This procedure continues
until the object of interest is rotated 180°. A volume is then fitted around all of the outlined
contours. Finally, the program calculates the volume of the fitted object. Although an
advance compared to earlier techniques, this procedure is still rather time consuming. The
investigator needs to be focused and motivated and should have the opportunity to draw
all contours around the object of interest without being distracted.

With a larger rotational step, fewer contours need to be drawn. After testing, there was a
minimal difference in the measurement results, as was expected according to the report by
Raine-Fenning et al. [2]. They reported that with irregular objects, the VOCAL program with
rotational steps of 6° or 9° was found to be significantly better than the VOCAL program
with rotational steps of 15° and 30° and the slice-by-slice technique. In regular objects,
there were no significant differences between the rotational steps. Consequently, rotational
steps of 30° (6 contours) were used in the present study.

All volume measurements were performed by ten investigators who all have at least several
years of experience as sonographers at one of the departments of obstetrics and gynecology.
So they all have a great deal of experience in gynecologic and obstetric two-dimensional
ultrasound imaging and calculations. Several of them also participated in a learning curve
study that concluded that there is no learning curve for volume measurements with three-
dimensional ultrasound [13]. In our hospitals ten experienced sonographers were available.
The volumes of the different objects were calculated in a random order. The measurements
were performed on a personal computer, sitting at a desk and using a computer mouse,
because this arrangement would typically be used in daily practice. The investigators were
not aware of the actual volume of the object or the measurement results.

Others [2,3,13] performed multiple measurements ranging from two to five measurements
of each object, without a clear explanation for the repetition of the measurements. It is
expected that multiple measurements will even out, and thus reduce the measurement error.
However, multiple measurements will probably not represent the daily practice. To investigate
these expected results, the objects in this study were measured twice by each investigator.
First, the average of these two measurements was used in the analysis. Then, the results of
only the first volume measurements were analysed and compared to the first analysis.

The measurement error was defined as the difference between (the average of) the
measured volume and the actual volume of the object. The effect of the actual volume on
the absolute value of the measurement error (the absolute error) and on the percentage of
absolute measurement error (percentage error), i.e. 100% * absolute error / actual volume,
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were analysed using linear mixed models to account for the dependency in the repeated
measurements by the same investigator [16]. First, the random part was determined
considering only a random intercept or a random intercept and slope. Second, the linear
or quadratic trend of the absolute and percentage errors over the actual volumes was
assessed using scafterplots of the individual curves. Additionally, the quadratic term was
evaluated using the likelihood ratio test based on maximum likelihood estimation. P-values
< 0.05 were considered to be statistically significant. Statistical analyses were performed
using SPSS version 17.0.

Results

The average measurements overestimated the actual volume in seventy per cent of the
cases, with measurement errors varying from -3.9 cm3 to 8.4 cm3. A summary of the
results is shown in Table 1. Next to the actual volume, the mean and SD of the average
measured volume, the observed and absolute measurement error, and the percentage
error are reported for every measured object.

The individual trends of the absolute error of the observed volume measurements are
plotted against the actual volume, shown in Figure 3. The overall estimated mean trend,
obtained from a linear mixed model, is also plotted in this figure. The linear mixed model
analysis showed that the quadratic trend was not significant (p = 0.816), but the absolute
error increased significantly and linearly with the actual volume (p = 0.042), which is in

Table 1. Mean values (SD) of the observed volume, measurement error and percentage of absolute error
for different actual volumes.

Actual Measured Measurement Absolute Percentage error

volume lume (cm?) error (cm?) measurement (%)
{cm3) vo error (cm?3) °
10.2 121 (1.2) 1.9(1.2) 1.9(1.1) 18.8(10.9)
12.4 13.6 (1.6) 1.2(1.6) 1.5(1.2) 12.4(9.5)
14.5 15.9 (1.4) 1.4(1.4) 1.5(1.2) 10.4 (8.4)
17.2 17.3(1.7) 0.1(1.7) 1.3(0.9) 7.6 (5.5)
19.0 22.0(2.0) 3.0(2.0) 3.0(2.0) 15.7 (10.6)
21.5 23.6(2.3) 2.1(2.3) 2.2(2.2) 10.2(10.3)
241 24.6 (2.4) 0.5(2.4) 1.7 (1.6) 7.2(6.5)
26.2 27.4(2.7) 1.2(2.7) 2.1(2.0) 8.2(7.7)
29.3 30.9(3.7) 1.6 (3.7) 3.1(2.4) 10.5(8.2)
32.2 31.0(2.2) -1.2(2.2) 2.0 (1.5) 6.1(4.7)
33.2 35.5(3.4) 2.3(3.4) 3.0(2.7) 9.1(8.1)
34.3 35.4(2.7) 1.1(2.7) 2.2(1.8) 6.4(5.3)
36.0 39.2(3.7) 3.2(3.7) 3.7(3.1) 10.3 (8.7)
38.5 40.6 (2.8) 2.1(2.8) 2.7(2.1) 7.1(5.4)
41.0 43.1(3.0) 21(3.0 2.8(2.3) 6.8 (5.5)
41.5 43.9 (2.6) 2.4(2.6) 2.8(2.1) 6.8(5.1)

! Measured volume is the average of two measurements.
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Figure 3. Individual average measurements shown relative to the mean trend (thick line) of the absolute

measurement error over the actual volume. The X-axis shows the actual volume, while the Y-axis shows the
absolute measurement error.
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Figure 4. Individual average measurements shown relative to the mean trend (thick line) of the percentage
measurement error. Mean trend equation: -0.008* volume +0.0001*volume? as a function of the actual
volume. The X-axis shows the actual volume, while the Y-axis shows the percentage error.

agreement with the individual trends in Figure 3. The absolute errors increased significantly
with 0.044 cm? per cm?3 increase of the actual volume.

Additionally, the percentage error decreased with the actual volume, as shown in Figure
4. This figure also shows that the percentage error is especially large for small objects (of
approximately 10 cm?3). The percentage error initially decreases rapidly with increasing
volume and stabilizes at a percentage age error of 8%. This quadratic trend was also
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confirmed with a linear mixed model analysis showing that if the actual volume increases
from 10 cm3 to 20 cm3, 30 cm® or 40 cm3, the mean estimated percentage error decreases
from 15.4% to 10.6%, 8.0% and 7.5%, respectively.

In the daily practice, it would be more practical to perform the measurements just once.
Therefore, the same analysis was performed for the first measurements only. Although it is
obvious that these single measurements can have a larger percentage measurement error
(see figure 5) compared to the average of two measurements (see figure 4), the results were
similar, i.e. a significant decrease in percentage measurement error with a larger volume.
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Figure 5. Individual measurements, only the first measurement relative to the mean trend of the percentage
error. The X-axis shows the actual volume, while the Y-axis shows the percentage error.

Discussion

This study demonstrates that the percentage error in this volume range is especially large
for small objects. As expected, percentage error linearly declines with an increasing volume
of inferest. The percentage error stabilizes at 8%. The percentage measurement error
evens out when calculating the average of two volume measurements. Single volume
measurements resulted in a higher percentage measurement error for each object, but
showed similar decrease in percentage error with increasing volume. The absolute error
increases significantly with the increasing volume of interest with 0.044 cm3 for each cm?3 rise
of the volume of interest. We used a latex protected cover for ultrasound transducers filled
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with 10-40 cm3 of sterile water [1,6,7,9-12,15,17] with an inferval of 2 cm3, producing
measurements for 16 objects. The actual volume was calculated using Archimedes’ water-
displacement technique. The latex cover produces a clear transonic image with a thin
regular wall with only a minimal loss of image quality on the posterior part of the scanned
volume. It was stated that drawing these regular contours is difficult enough in order to
evaluate the volume related measurement error of volume measurements with the VOCAL
software.

Further, drawing contours with a computer mouse is as difficult as drawing these contours
with a roller ball. Because of the repeated measurements, it was ergonomically better to
perform the measurements with a computer mouse while sitting behind a desk. When three-
dimensional ultrasound volume measurements are introduced into standard patient care,
this will likely be the protocol used for off-line volume calculations. The measurements can
be performed when the ultrasound device is in use for the next patient, or even by another
investigator.

The percentage error, i.e. absolute measurement error expressed as a percentage of the
actual volume, was expected to be smaller for larger objects, as slight discrepancies in
volumes for smaller objects will result in a larger percentage error. This expectation was
confirmed by the linear mixed model analysis. The individual trends in the percentage
error (Figure 4) showed that, for most investigators, this percentage decreased with actual
volume. As the different objects were measured in a random order, changes in training or
concentration could not explain these results.

It is important to be aware of the volume-dependent percentage measurement error and
take the increase in absolute error into account when introducing this measuring technique
into a daily practice.

Overall, the VOCAL technique overestimated the actual volume of the objects. This
result suggests that there might be a structural overestimation with this method, as
reported previously in other studies [12]. There are several potential explanations for the
overestimation of the actual volume. First, we measured small volumes (10.2-41.5 cm?3),
which were comparable to the fetal volumes that we are interested in. Consequently, small
mismatches when delineating the contour of the object of interest in small volume have
a relatively large effect on the measurement error. As is shown in figure 4 and 5, double
measurements result in a more stable measurement error. Secondly, some blurring is
always observed around the edge of an object, causing the object to appear larger. As
the investigators who performed all the measurements are all experienced sonographists
without any experience in volume measurements with three-dimensional ultrasound, one
can imagine that blurred edges can cause some measurement error.

The mean percentage error in this report differs from the report of Raine-Fenning, this can
in our opinion be explained by the following: we used smaller objects range12-44 cm3
compared to 22-28 and 50 cm?3. The smaller objects have a larger percentage error than
the volumes comparable by the volumes used by Raine-Fenning. This is shown by table |
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and figure 4. The absolute percentage error of the larger objects reaches the error reported
by Raine-Fenning. They reported signed percentage differences, which can also be an
explanation for the larger measurement error. It is generally known that averaging over
repeated measurements evens out the measurement error. Raine-Fenning performed each
measurement five times. As they reported, it took a lot of time to perform their measurements.
Our opinion is that five volume measurements for each object of interest is not suited for the
daily practice. Therefore, we decided to perform each measurement twice, and compare
these results with those from a single measurement. Furthermore, the measurements in our
study are performed by independent investigators (not the authors as in the report of Raine-
Fenning), in order fo mimic the result of daily practice as much as possible. It is well known
that the results of new tests are mostly slightly less when performed by non-researchers.

In conclusion, the results of this study show that volume measurements conducted with
three-dimensional ultrasound and VOCAL software can be used for volume measurements
in vivo. However, it is important to take the absolute and percentage measurement error
info account, and to use this knowledge to interpret the results in daily practice.
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Abstract

Objective: Complications in pregnancy are suggested to be the result of intra-uterine
conditions in the first trimester of pregnancy. Crown-rump-length differences between normal
and abnormal growth are small. Three-dimensional ultrasound volume measurements
might give more information. Commonly available methods for volume measurements
are not suited for daily practice. This is a report of preliminary results of a promising,
more practical semi-automated method for volume calculations with three-dimensional
ultrasound.

Methods: Volume datasets of sixteen objects (10.2 to 41.5 cm3) were obtained. Euclidean
Shortening Flow and Perona&Malik were used as image enhancement techniques. To
identify the contour of the object of interest the image gradient was calculated. The points
of interest were detected by the iso-intensity and the edge-detection technique. Volume
measurements with VOCAL are used as a reference.

A volume dataset of a first trimester fetus was acquired to test this method in vivo.

Results: The mathematical calculations with iso-intensity (average = -1.57 cm3, SD =
4.05 for Perona&Malik and average =-1.38 cm3, SD = 2.47 for Euclidean Shorfening
Flow) showed results comparable with the VOCAL method (average = +1.28 cm?3, SD =
2.07). We also succeeded in detecting all voxels in the whole contour of a twelve weeks
fetus.

Conclusion: Mathematical volume calculations are possible with the semi-automated

method. We were able to apply this new method on a first trimester fetus. This new method
is promising for future use in the daily practice.
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Introduction

There is a growing body of evidence that complications in pregnancy are the result of the
intra-uterine conditions in the first frimester of pregnancy. Monitoring fetal growth during the
first trimester of pregnancy is expected to be of significant value in assessing complications
in pregnancy such as an increased risk of preterm birth, a low birth weight or being small
for gestational age (SGA) at birth [1,2,3]. The differences between normal and abnormal
growth in early pregnancy are small if the fetal size is measured by the crown-rump-length
(CRU) [1,4,5].

Three-dimensional ultrasound (3DUS) volume measurements might give more information
about fetal development than two-dimensional ultrasound (2DUS) measurements. Fetal
volume (FV) measurements were subject of earlier studies, these measurements proved to
be reliable and reproducible [6,7,8], even in twins [2,10]. A significant correlation between
FV and the CRL is already confirmed, with an up to 35-fold increase of the FV and a 4.5-
fold increase of the CRL in the first trimester of pregnancy [6,7,9,11,12]. As the FV rises
7 times faster than the CRL, it can be expected that slight abnormalities in the CRL will be
more obvious in FV measurements. Falcon et al. reported that the chromosomal abnormal
fetus has a significant smaller FV (10-15%) than the chromosomal normal fetus whereas
the CRL in trisomy 21 and Turner syndrome were normal [7,12].

These findings suggest that it is possible to detect early growth impairment with FV
measurements, in cases with a normal CRL. Detection of the fetus with a small FV might
result in an earlier detection of high risk pregnancies. Despite these promising results, FV
measurements with 3DUS are still not used in the daily practice. This is understandable,
as the current methods for 3DUS volume measurements are not fit for the daily practice,
because the measurements are time consuming and rather difficult to perform.

Recently new methods for 3DUS volume measurements became available. Such as
XI'VOCAL, Sono-AVC and the measurements in |-space with V-scope. We tried to use
XI-VOCAL and Sono-AVC for FV calculations at twelve weeks of gestational age, our efforts
were unsuccessful. V-scope is not yet generally available. Only Rousian et al. reported of
FV measurements with this new technique [31]. Rousian et al. also compared the different
methods for volume measurements, VOCAL, inversion mode, SonoAVC and V-Scope [32].
They concluded that VOCAL and inversion mode are useful for volume measurements of
hypo-echoic structures. Sono-AVC appears to underestimate the volume, as is confirmed by
Sur et al [33]. So, all these new developed techniques are not suited for FV measurements
in the daily practice.

The goal of this study was to perform explorative research in order to develop a more
practical semi-automated method for volume calculations with 3DUS images. This new
method will enable the sonographer to calculate the volume of an object only by pointing
out the grey value of the voxels of interest. First the method was developed and tested in
vitro. Secondly the method was tested in vivo on the dataset of a first trimester fetus.
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Methods

Image acquisition

An ultrasound phantom was created and filled with water at room temperature. A latex
protective cover for ultrasound transducers was filled with a known amount of sterile water
creating sixteen objects with a known content (volumes ranging from 10 to 40 cm3). The
actual volume of these sixteen objects was calculated using the water displacement method
according to Archimedes. The range of the actual volumes was: 10.2 to 41.5 cm?.

All sixteen objects were submerged and scanned with a three-dimensional ultrasound
device, the Kretz Voluson 730 (General Electrics, United Kingdom). The RAB4-8P wide
band convex volume probe, a real-time 4D-broadband electronic curved-array transducer
with a frequency range of 4-8 MHz, was used. The angle sweep was 75°. Figure 1 shows
the acquired image after a three-dimensional volume scan. This method has been used in
previous studies [13-21]. After data acquisition, the three-dimensional dataset was stored
in Cartesian coordinates for offline calculations.

A volume dataset of the fetus was obtained during the first trimester ultrasound examination.
After obtaining the ideal plane for nuchal translucency-measurement, an automatic 3DUS
sweep was performed, and then the acquired dataset was stored for offline processing.

Figure 1. An image of one of the scanned
objects

Image processing

To develop a more practical method for volume measurements with three-dimensional
ultrasound, it was necessary to detect the voxels of interest in a volume file (a voxel is @
three-dimensional pixel in a volume dataset). The sum of all chosen voxels will be the
calculated volume of the object of interest.

First the volume file was stored in Cartesian coordinates, so that it is possible to identify
the position of the voxels of interest and perform mathematical calculations. Then, in order
to reduce artefacts, image enhancement was applied. Two non-linear diffusion techniques
were used for image enhancement: Euclidean Shortening Flow (ESF) and Perona and Malik
(P&M) [22,23]. After that, the image gradient was calculated to identify the edge of the
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Figure 2. The effect of image enhancement.When the Figure 3. The points of interest selected
gradient of the image is obtained, the contrast with the with the edge-detection technique
surrounding of the object is better. The upper two images

show the original image and the gradient of this image.

The lower two images show the gradient after image

enhancement

object of interest [24-28]. An example of the effect of image enhancement and the gradient
of the image is shown in figure 2. After these preparation procedures, were the points of
interest detected by using two different contour detection techniques: Edge-detection and
iso-intensity algorithms. The edge-detection technique located points at the border of the
object of interest from the central point of the object [23,29]. The inner edges were used
for object definition as is shown in figure 3. The iso-intensity technique located the points
with the same gray-value that represent the border of the object of interest, an example is
shown in figure 4. Using the detected points of interest of the object, the volume was fitted
(Fig. 5) and then the volume of this object was calculated.

As a result of two different image enhancement techniques and two volume fitting methods,
four combinations were used for calculating of the volume of each object. The results of
these combinations were compared in order to find the most accurate combination. As a
reference, the volumes of the obijects were calculated with 3D View™ software (General
Electronics, Sonoview ) using the rotational multi-planar techniqgue VOCAL (Volume
Computer aided Analysis). Because of the regular shaped objects, a rotational step of 30°
was used, according to the report of Raine Fenning et al [30]. An example of a calculated
volume with VOCAL is shown in Figure 6. The measurements were performed by one
investigator, an expert in 3DUS volume measurements.
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Figure 4. The points of interest obtained with the  Figure 5. A fitted volume around the points of
iso-intensity method interest

Figure 6. The calculated volume after finishing the last contour in volume computer-aided analysis

Statistical analysis

For the statistical analysis SPSS™ (Chicago lllinois, USA) version 13.0 for Windows was
used. Bland and Altman plots were created to calculate the individual agreement of the five
measurement methods (4 mathematical and the VOCAL method for volume calculation)

with the actual volume.

Results

Three of the sixteen datasets appeared of insufficient quality, it was not possible to
mathematical calculate the volume. With VOCAL all objects could be measured.
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Figure 7 shows the Blant-Altman plots for all (combinations of) methods. The mathematical
calculations with edge-detection had the largest measurement error with an average
of -5.03 cm3 (SD = 3.19) for P&M enhancement and -6.03 cm3 (SD = 2.54) for ESF
enhancement. The mathematical calculations with iso-intensity (average = -1.57 cm3, SD
= 4.05 for P&M and average = -1.38 cm3, SD = 2.47 for ESF) showed better results,
which were comparable with the VOCAL method (average = +1.28 cm3, SD = 2.07).

The Bland-Altman plots show that the edge-detection method yields volume measurements
that are biased downwards, where the measurements obtained with the iso-intensity
method and the VOCAL method are on average close to the actual volume. As for the
individual differences from the actual volumes, the volume measurements with iso-intensity
combined with ESF (from -6.0 to 2.5 cm3) and the VOCAL method (from -0.9 to 5.4 cm?)
are preferred over the volume measurements with iso-intensity combined with P&M (from

-10.9 to 4.0 cm3).
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Figure 8. The fetus after enhancement of the acquired image and the detected points of interest for volume
calculation of the fetal head and body

According to the Bland and Altman plots, the calculations with iso-intensity and the VOCAL
method are the best methods for volume calculations.

This new method was tested in vivo on a fetus with a gestational age of 12 wks. Figure 8
shows the fetus after image enhancement with ESF and the detected points of interest in the
fetal head and body using iso-intensity. A volume of the fetal head and body could be fitted
and calculated. The calculated volume was 23.4 cm®, which is in the normal range for
fetal volumes. Finally, we also succeeded in detecting all voxels, with iso-intensity and ESF,
in the whole contour of a fetus with a gestational age of twelve weeks. The image is shown
in figure 9, the fetal contour including the limbs is clearly visible. Unfortunately we are
technically not yet able to calculate the volume of these detected non-ellipsoid volumes.

Figure 9. The voxels of interest of a first trimester
fetus with iso-intensity. The fetal contour including
the fetal limbs is clearly visible
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Discussion

The goal of this study was to perform explorative research in order to develop and verify a
more practical semi-automated method for volume calculations with 3DUS images. The
results of this study show that mathematical volume calculations are possible with the semi-
automated method.

There is a structural underestimation of the volume with this method, possibly because of
the detection of the inner contour of the object. The VOCAL technique has a structural
overestimation of the volume, probably caused by blurring of the contours of the object.
It was not possible to calculate the volume of three objects with the new method while all
volumes were calculated with the VOCAL technique. The logic explanation for this is that
a mathematical method only detects raw data, whereas the human brain is able to fill in
the logic ‘blanks” while drawing the contour of the object of interest. This means that this
method will need some manual support in some cases of low quality images. Overall
resulting in a faster method for volume calculations with less human effort.

In the future, new software that recognizes the expected shape of the measured object
and automatically fills in the logic blanks in the image could be added to improve the
performance of this new method. Unfortunately, the main limitation of the mathematical
method is that it is only possible to calculate the volume of an ellipsoid structure. In order to
be able to calculate the volume of irregular objects we intent to use the spherical harmonics
technique in the future.

Furthermore, we were able to apply this new method on a fetus with a gestational age of 12
wks. With iso-intensity for image enhancement and ESF for detecting the points of interest
at the contour of the fetal head and body, as shown in figure 9. The calculated fetal volume
was 23.4 cm3, which is in the normal range for fetal volumes at twelve weeks of gestation.
Finally, we also succeeded in detecting voxels in the whole contour of a fetus, including
the limbs, with a gestational age of twelve weeks as is clearly visible in figure 9. To our
knowledge, this is the first report of detecting the voxels of a whole fetal contour by computer
calculations. Unfortunately we are not yet able to calculate the volume of these detected
(non-ellipsoid) volumes. Further development of this method using spherical harmonics
might succeed in calculating the volume of irregular objects.

Conclusion

We were able to perform mathematical volume calculations with three-dimensional
datasets. This new developed method is, despite its limitations at this moment, promising
for future use in the daily practice and earns further development.
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Abstract

Aims: The aim of this study is fo determine the inter- and intracbserver variation of volume
calculations of human fetuses at a gestational age of 1140 — 1376 weeks by three-
dimensional ultrasound (3DUS).

Methods: 3DUS datasets were acquired during nuchal translucency measurements. The
fetal volume was measured in 65 cases by two independent investigators. The Virtual Organ
Computer aided Analysis (VOCAL™) imaging software was used to manually calculate the
fetal volume (rotational step 9°). Inter- and intraobserver variation were assessed by Bland-
Altman plots and Intraclass Correlation Coefficients (ICC).

Results: Both inter- and intracbserver reproducibility were highly reliable as shown by the
Bland-Altman plots and an ICC of respectively 0.934 and 0.994.

Conclusion: Fetal volume calculation by 3DUS with VOCAL and a rotational step of 9° is
feasible and has a high inter- and intraobserver reliability in the first trimester of pregnancy.
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Introduction

Monitoring fetal growth during the first trimester of pregnancy is of significant value in
assessing complications in pregnancy. This is confirmed by the recent paper of Mook-
Kanamori et al, in which they report that first trimester growth restriction is associated with
an increased risk of adverse birth outcomes like preterm birth, low birth weight and small
for gestational age at birth [22]. Preterm birth is a growing public health problem that has
significant consequences for families. Preterm birth accounts for 12.5% of all births in the
United States. The costs for the society are estimated 26 billion dollar a year [4]. Low birth
weight (<2500g) and birth weight that is small for gestational age are associated with
increased morbidity and mortality perinatal and in later life [3,17].

The difference between normal and abnormal growth in early pregnancy is small, especially
when the fetal size is measured two-dimensionally by the crown-rump-length (CRL). Three-
dimensional ultrasound (3DUS) volume measurements might give more information about
fetal development. Earlier reports already confirmed a significant correlation between fetal
volume (FV) and the crown-rump-length (CRL), with an up to 35-fold increase of the FV and
a 4.5-fold increase of the CRL in the first trimester of pregnancy [2,7,12,13,18]. As the FV
increases faster than the CRL in the first trimester, it is possible that early signs of abnormal
growth will be more obvious in the FV than in the CRL. Falcon et al reported that smaller
FV’s in the first trimester are associated with chromosomal abnormalities [12].

The first attempt to reconstruct three-dimensional (3D) fetal images with ultrasound
recordings was performed in the early 1980s [9]. Compared to two-dimensional ultrasound
(2DUS), a 3DUS volume scan is acquired faster, is less operator dependant and calculates
volumes of irregular objects more accurate [2,5,6,11,13,15,24,25]. In-vivo studies
confirmed these conclusions [11,15].

Rotational measurement of a volume is possible with the VOCAL (Virtual Organ Computer
aided Analysis) imaging software, an extension of 3D View™ (General Electrics, United
Kingdom). The VOCAL software allows volume calculation by rotating the object of interest
around a central, fixed axis through a number of sequential steps. An experimental study
in vitro demonstrated that this technique is more accurate than the multiplanar method for
volumetric calculation of irregular shaped objects [25].

In order to calculate the FV, a dataset is obtained during the routine first trimester ultrasound
scan. The dataset can easily be obtained when there is a clear mid-sagittal image of the
fetus at rest. Then the dataset is stored on a hard disk for offline measurements.

The actual measurement of the fetal volume is more complex, as it is necessary to delineate
the fetal contour in many cross sections. A well-known problem of ultrasound in general is
the loss of image quality in the deeper layers in the region of interest. Resulting in shadows
and blurred edges of the object of interest.

The human factor is also important in volume calculations: The investigator has to decide
where to draw the actual edge of the fetal contour in all cross sections of the obtained
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volume. The investigator needs a steady hand and good concentration. Therefore it is
important to determine the inter- and intra-observer variation of 3DUS FV measurements
in advance of a prospective follow up study of the relation between FV and complications
in pregnancy.

In this study the inter-and intraobserver variation of abdominal 3DUS FV measurements
of the fetal head and rump in 65 consecutive pregnant women with a gestational age of
1170 _13%6 weeks are calculated. If the inter- and intraobserver variation of fetal volume
calculations are acceptable, a follow up study will be performed, in order to investigate if
the FV is related to complications in pregnancy.

Materials and Methods

A prospective cohort study, which was performed at the Mdéxima Medical Centre, a
teaching hospital in Eindhoven-Veldhoven, the Netherlands. The protocol was approved
by the hospital’s medical ethics committee and informed consent was obtained prior to
inclusion in this study.

Fetal imaging

The Kretz Voluson 730 3D ultrasound scanner (General Electrics, United Kingdom) was
used with the RAB4-8P wide band convex volume probe, a real time 4D-broadband
electronic curved-array transducer with a frequency range of 4-8 MHz. The angle sweep
was 759,

The three-dimensional volumes were acquired during the standard (abdominal) first
trimester scan by an investigator (investigator 1) certified for nuchal translucency (NT)
measurements. The gestational age was established by menstrual dates and confirmed by
routine fetal biometry.

Inclusion criteria were: Singleton pregnancy age > 18 years, gestational age between 11+9
and 13+¢ weeks. Exclusion criteria were: Multiple pregnancy, and an uncertain gestational
age. Patients were included after signing an informed consent form. Each patient filled a
questionnaire about their general and obstetric history.

For volume acquisition the fetus had to be motionless during scanning. The time needed to
acquire each dataset was registered.

Data acquisition

First, a routine first trimester (abdominal) ultrasound scan was performed according to
the Dutch national guidelines [23]. The NT-measurement was performed according to the
guidelines of the Fetal-Maternal-Foundation [26].

3D View™ (General Electronics, Sonoview Il) was used to receive, store digitally and
measure the fetal volumes from the 3DUS-datasets. After obtaining the ideal plane
for NT-measurement, an automatic 3DUS sweep was performed, which consisted of
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multiplanar and surface reconstruction modes. The acquired datasets were collected and
stored on a hard disk for offline processing and volume calculation. Investigators Il and |l
performed the volume calculations, they were used to working with the VOCAL program
and blinded for the results of the first trimester scan.

The VOCAL imaging software (an extension of 3D View™) consists of several available
modes for volume calculations, the “manual mode” is most frequently used. This mode is
more flexible as it employs to manually define the contours of the object of interest with a
computer mouse. As the human embryo has an irregular shape, the manual mode was
used to outline the Region Of Interest (ROI), the fetal head and rump, in all cross sections. It
is not possible to include the fetal extremities in these measurements, because the software
does not allow defining separate structures in one cross section. Therefore the ROl has to
consist of one continuous object in every cross section.

With VOCAL it is possible to use four different rotational steps that define the angle through
which the object of interest is rotated. These steps are 69, 99, 159 or 309, which results in
respectively 30, 20, 12 or 6 cross sections for each volume measurement, as the dataset
is rotated 1800 to complete one volume measurement.

The fetal volumes were calculated with a rotational step of 99 in the A(axial)-plane, which
is a longitudinal plane. This 99 rotation is to be preferred in irregular objects, as it is as
reliable as the 69 rotation, but significantly faster to perform [25]. The 99 rotational step
results in a sequence of 20 longitudinal sections of the fetus around a fixed axis. In each
of these planes the two-dimensional (2D) contour of the fetus (excluding the limbs) was
defined manually, as described by others [13,18,19]. The VOCAL program then calculates
the volume of the defined contour. After calculation the computed reconstruction of the
fetus is displayed together with the fetal volume (Figure 1). The undulating surface of the 3D
image is caused by the rotational steps and represents the ROI’s in each measured plane.
The dataset was of inadequate quality when the fetal contour was unclear in any rotational
plane, so it was not possible to calculate the FV.

In 65 consecutive cases the FV was measured by two independent investigators
(interobserver variation). The measurements were repeated by one of the investigators in
a second session (intraobserver variation). This investigator was blinded for the results of
the first measurements. The time needed for each volume calculation was registered. After
collecting the results statistical analysis was performed.

Statistical analysis

The inter- and intraobserver variation was analyzed by the method described by Bland
and Alfman [8], by calculating the Intraclass Correlation Coefficient (ICC) and the
95% confidence intervals (95% Cl). The ICC is defined as the correlation between two
measurements from the same subject. It varies from O to 1, which indicates the maximum
reliability. Values above 0.70 are usually accepted as good ICC. For the statistical analysis
SPSS™ (Chicago lllinois, USA) version 13.0 for Windows was used.
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Figure 1. Three-dimensional fetal volume calculation with the VOCAL imaging program (volume in cm3).

Results

In total 65 consecutive fetal volume scans were analysed. Fifty datasets (76.9%) were of
adequate quality for volume calculations. When it was not possible to define the fetal
contour in any rotational plane (for example blurred edges), the image was of inadequate
quality. Inadequate image quality was caused by maternal overweight, BMI > 30, (n=4/15,
26.7%), fetal movements (n=6/15, 40%) both resulting in lower image quality. Another
reason for failure was an unfavourable position of the fetus during scanning (n=5/15,
33.3%), for example when the fetus lies partially against the uterine wall. Then it is
impossible to distinguish the fetal contour from the surrounding structures. Several of these
datasets show an initial clear 2D image, but after rotating the fetal image becomes unclear.
The average maternal age was 33.4 years (range: 17-41 years), the average parity was
0.88 (range: 0-3). The mean gestational age was 12+3 weeks (range: 1173-13*3weeks).
The mean measured volume was 19.57 cm3 (range: 8.35 to 36.85 cm?). Figure 2 shows
the average measurements of observer | and the measurements of observer Il. The X-axis
represents the gestational age (days), the Y-axis the measured fetal volume (cm3).

Only Falcon et al already described fetal volumes, they found about the same results [13].
In their report the normal fetus was a fetus with normal chromosomes. The follow up of
these pregnancies was not reported.
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Figure 2. The fetal volumes measured by the observers, gestational age in days.

Figure 3 shows the Bland-Altman plot of the two sets of fifty FV measurements by observer
IIl. The mean difference is 0.11 cm?3 with a 95% confidence interval between -1.29 and +
1.50 cm?. There is an equal pattern of scattering around the mean in the FV measurements
of observer |l.

Figure 4 shows the data regarding the mean of the two sets of measurements by observer
Il and the measurements by observer Ill. The mean difference is -1.42 cm® with a 95%
confidence interval between -5.76 and + 2.93 cm3. There is also an equal pattern of
scattering. There is a trend that observer lll measures larger volumes in smaller fetuses than
observer |.

To assess the reproducibility of the fetal volume measurements with 3DUS the Intraclass
Correlation Coefficient (ICC) was calculated. The volume measurements of the two
different observers (interobserver reliability) were highly reliable; ICC: 0.934 (95% ClI:
0.887-0.962). The intracbserver reproducibility had even a higher grade of reliability;
ICC: 0.994 (95% CI: 0.990-0.997).

3DUS volume scans were acquired during nuchal translucency measurements. The mean
time to perform the 2DUS scanning (nuchal translucency measurement) was 14 minutes
(range: 10-18). Mean time for the subsequent acquisition of the 3DUS volumes was 5
minutes (range: 3-7). With the 3DUS volumes, the mean time needed to perform the offline
fetal volume measurement was 4 minutes (range: 3-5).
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Figure 3. Bland-Altman plot of 3DUS volume measurements by observer 1 (intraobserver variation). On

the x- and y-axis fetal volumes in cm?.
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On the x- and y-axis fetal volumes in cm3.
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Discussion

Several authors reported about FV measurements [7, 13, 18, 19, 21], most of them
also used the commercial available VOCAL software [7,13,19,21]. In this program it is
technically impossible to measure several objects in one image. Therefore it is not possible
to measure FV with the limbs included as there is always an image in which the limbs
are not continuous with the fetal rump or face. Blaas et al [7] used Echo-PAC 3d for
measurement of the FV, with this method is was possible to include the limbs in the volume
measurements. They reported that the limbs represent 5-10% of the total volume. They
found a poor interobserver variation regarding the fetal limb measurements.

Aviram et al [2] measured the FV with the limbs included and reported only that there were
no significant differences between the examiners. Falcon et al [13] reported no ICC, the
mean measurement difference regarding the intra-observer variation seems to be higher
(-0.087 vs 0.11) with a broader range in measured differences (-3.18 to 4.92 vs -1.29 to
1.50). The interobserver variation in their report appears to be lower (-1.09 vs -1.42), but
there is also a broader range in measured differences (-6.70 to 4.53 vs -5.76 to 2.93).
Both studies show good intra- and interobserver variations for FV measurements. The
smaller range in measurements in our study might be due to the smaller rotational step.
Raine-Fenning et al showed the impact of the different available rotational steps using the
VOCAL software [24,25]. Their conclusion was that volume measurements of irregular
objects were more reliable with a rotational step of 6 or 9°. Earlier inter- and intraobserver
variation studies of FV were performed with a rotational step of 30° [2,7,13].

The purpose of this study was to determine the reproducibility of FV measurements at a
gestational age of 1170 - 13%6 weeks with three-dimensional ultrasound using the VOCAL
method and a rotational step of 9°. Inter- and intraobserver reproducibility of FV by 3DUS
appears to be highly reliable, with a very good ICC of 0.934 and 0.994 respectively.
Despite a trend to measure larger volumes by one of the observers (figure 4) there is a high
reliability between the two observers’ measurements. This is probably caused by the fixed
axis (as a point of reference in the VOCAL imaging program) and clear difference in gray
scale on the ultrasound scans between fetus and amniotic fluid environment.

However, in 15 cases (23%) the image quality was insufficient for FV calculations. The
main reasons for failure of the FV measurements were fetal movements during ultrasound
scanning (n=6/15;40%) and an unfavourable fetal position of the fetus (n=5/15;33.3%).
In these 11 scans, the initial 2DUS image was of good quality. After rotating the volume
box the fetal contours became unclear, resulting in failure of the FV measurement. Obesity
(n=4/15;26.7%) was also a reason for poor image quality, in these cases the general
2DUS scan was difficult o perform. Vaginal ultrasound might be a good alternative option.
The image quality of the whole volume box should always be checked before the end of
the exam, even with a perfect 2DUS image. Then if the volume box is of inadequate quality,
rescanning the patient is still possible. It is to be expected that future enhancements of

63

Chapter 5




Chapter 5

acquisition time will result in further improvement of image quality and less artefacts caused
by fetal movement. These points will result in less failure of the FV measurements.
Assessment of normal values of 3DUS FV measurements in pregnant women with a
gestational age of 1179 — 1376 weeks is feasible. The inter- and intraobserver agreement
of fetal volumetry by 3DUS is very high. A small rotational step of 9° results in an acceptable
range of measured volumes.
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Abstract

Background: First frimester growth restriction is associated with an increased risk of adverse
birth outcomes (preterm birth, low birth weight and small for gestational age at birth).
The differences between normal and abnormal growth in early pregnancy are small if the
fetal size is measured by the crown-rump-length. Three-dimensional ultrasound volume
measurements might give more information about fetal development than two-dimensional
ultrasound measurements. Detection of the fetus with a small fetal volume might result in
earlier detection of high risk pregnancies and a better selection of high risk pregnancies.

Methods: A prospective cohort study, performed at the Mdxima Medical Centre, in
Eindhoven-Veldhoven, the Netherlands. During the routine first trimester scan with nuchal
translucency measurement 500 fetal volumes will be obtained. The gestational age s
based on the first day of the last menstrual period in a regular menstrual cycle and by
the crown-rump-length. The acquired datasets are collected and stored on a hard disk
for offline processing and volume calculation. The investigator who performs the volume
measurements is blinded for the results of the first trimester scan. The manual mode will be
used to outline the Region Of Inferest, the fetal head and rump, in all cross sections. The
fetal volumes are calculated with a rotational step of 99.

First, the relation between fetal volume and gestational age, for a set of participants
with normal pregnancies (training set), will be assessed. This model will then be used to
determine expected values of fetal volume for a normal pregnancy, which will be referred to
as expected normal values. Secondly, for a new set of participants with normal pregnancies
and a set of participants with complicated pregnancies (fogether defined as validation
sef), the observed fetal volumes (FV_,...4) are compared with their expected normal

values (FV ) and expressed as a percentage of the expected normal value. The mean

expected
difference ir:) percentage error between the set of normal versus complicated pregnancies
will then be compared using the independent-samples t-test. Finally, logistic regression
analysis will be applied to the validation set of participants to analyze the possibility of
predicting the pregnancy outcome after fetal volume calculation in the first trimester, using

this percentage error.

Discussion: After this study it is clear whether FV measurement in the first trimester can
detect high risk pregnancies. If it is possible to detect these pregnancies, more intensive
follow up in these pregnancies might result in fewer complicated pregnancies and fewer
fetal morbidities.
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Background

Preterm birth is a growing public health problem that has significant consequences for
families. Preterm birth accounts for 12.5% of all births in the United States. The costs for
society are at least $26 billion dollar a year [1]. Low birth weight (<2500g) and birth
weight that is small for gestational age (SGA) are associated with increased morbidity and
mortality perinatal and in later life [2].

There is a growing body of evidence that complications in pregnancy are the result of
the intra-uterine conditions in the first trimester of pregnancy. Monitoring fetal growth
during the first trimester of pregnancy is expected to be of significant value in assessing
complications in pregnancy. Smith et al. was the first to report about the relationship
between first trimester fetal two-dimensional ultrasound (2DUS) measurements in relation
to an increased risk of preterm birth, a low birth weight or being small for gestational
age (SGA) at birth [3]. Bukowski et al. confirmed the relation between slow growth in
the first trimester of pregnancy and a low birth weight [4]. These pregnancies were a
result of assisted reproductive technologies excluding delayed ovulation as an explanation
for the findings. They also report that a delayed implantation would result in a longer
duration of pregnancy. However they found the opposite association, confirming that the
delayed implantation could not explain the observed associations [4]. Mook-Kanamori et
al. recently confirmed these earlier reports. They reported that fetal growth below the 20t
percentile in the first trimester of pregnancy is associated with an increased risk of adverse
birth outcomes such as preterm birth, low birth weight and SGA [5].

The differences between normal and abnormal growth in early pregnancy are small if the
fetal size is measured by the crown-rump-length (CRL). There are several

different definitions used in earlier reports for small fetal size in the first trimester in relation
to complicated pregnancies. Abnormal growth is calculated as a difference in expected fetal
size (according to the last menstrual period) minus the calculated fetal size by ultrasound
(CRL/BPD) in days, ranging from -1 to -8-10 days [3,6,7]. The weakness of all these results
is the low positive predictive value, therefore it is not a good screening test in order to select
the high risk pregnancies.

Three-dimensional ultrasound (3DUS) volume measurements might give more information
about fetal development than 2DUS measurements. Fetal volume (FV) measurements
were subject of earlier studies, where the volume measurements proved to be reliable and
reproducible [8,9], even in twins [10,11]. A significant correlation between FV and the
crown-rump-length (CRL) is already confirmed, with an up to 35-fold increase of the FV
and a 4.5-fold increase of the CRL in the first trimester of pregnancy [8,9,10,12,13]. As the
FV rises 7 times faster than the CRL, it can be expected that slight abnormalities in the CRL
will be more obvious in FV measurements. Falcon et al. reported that the chromosomal
abnormal fetus has a significant smaller FV than the chromosomal normal fetus whereas
the CRL in trisomy 21 and Turner syndrome were normal [2,13]. These findings suggest
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that it is possible to detect early growth impairment with FV measurements, in cases with a
normal CRL. Detection of the fetus with a small FV might result in earlier detection of high
risk pregnancies

A longitudinal follow up study is necessary in order to obtain this knowledge.

The obijective of this study is to determine whether it is possible to detect a fetus at risk for
preterm birth and/or low birth weight for gestational age by measuring the fetal volume
with three-dimensional ultrasound in the first trimester of pregnancy.

Methods

This is a prospective cohort study, performed at the Méxima Medical Centre, a teaching
hospital in Eindhoven-Veldhoven, the Netherlands.

Recruitment

500 Participants who have an appointment for the routine first trimester ultrasound scan with
nuchal translucency measurement are asked to participate in this study. Inclusion criteria:
Singleton pregnancy, age > 18 years, gestational age between 1179 and 137 weeks.
Exclusion criteria: Multiple pregnancy and an uncertain gestational age. An uncertain
gestational age is defined as an unknown date of the first day of the last menstrual period
and a varying or unknown length of the menstrual cycle. Participants are included after
signing an informed consent form. Each participant fills out a questionnaire about their
general and obstetric history. The participant fills another questionnaire after the delivery.
The participants are referred from other surrounding hospitals and midwives for the first
trimester ultrasound scan and the nuchal translucency measurement, therefore this is a low
risk population.

Fetal imaging

The Kretz Voluson 730 3D ultrasound scanner (General Electrics, United Kingdom) is used
with the RAB4-8P wide band convex volume probe, a real time 4D-broadband electronic
curved-array transducer with a frequency range of 4-8 MHz. The angle sweep is 759, The
three-dimensional volumes are acquired during the standard abdominal first trimester scan
by an investigator certified for nuchal translucency (NT) measurements. The gestational age
is established by menstrual dates and confirmed by routine fetal biometry.

For volume acquisition the fetus has to be motionless during scanning.

Data acquisition

The routine first trimester (abdominal) ultrasound scan and NT-measurement are performed
according to infernational guidelines [14,15]. 3D View™ (General Electronics, Sonoview
1) is used to receive, store digitally and measure the fetal volumes from the 3DUS-datasets.
After obtaining the ideal (midsagittal) plane for NT-measurement, an automatic 3DUS
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sweep is performed, which consists of multiplanar and surface reconstruction modes.
The acquired datasets are collected and stored on a hard disk for offline processing and
volume calculation. The investigator who performs the volume measurements is blinded for
the results of the first trimester scan.

The VOCAL imaging software (an extension of 3D View™) consists of several available
modes for volume calculations, the “manual mode” is most frequently used. This mode is
more flexible as it employs to manually define the contours of the object of interest with @
computer mouse. As the human embryo has an irregular shape, the manual mode will be
used to outline the Region Of Interest (ROI), the fetal head and rump, in all cross sections. It
is not possible to include the fetal extremities in these measurements, because the software
does not allow to define separate structures in one cross section. Therefore the ROI has
to consist of one continuous object in every cross section. This method was also used by
Falcon et al. [9,13].

With VOCAL it is possible to use four different rotational steps that define the angle through
which the object of interest is rotated. These steps are 69, 99, 159 or 309, which results in
respectively 30, 20, 12 or 6 cross sections for each volume measurement, as the dataset
is rotated 1800 to complete one volume measurement.

The fetal volumes are calculated with a rotational step of 99 in the A(axial)-plane, which is a
longitudinal plane. This 99 rotation is to be preferred in irregular objects, as it is as reliable
as the 60 rotation, but significantly faster to perform [16].

Figure 1 An image of a fetal volume reconstruction.
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The 99 rotational step results in a sequence of 20 longitudinal sections of the fetus
around a fixed axis. In each of these planes the two-dimensional (2D) contour of the fetus
(excluding the limbs) is defined manually, as described by others [10,11,13]. The VOCAL
program then calculates the volume of the defined contour. After calculation the computed
reconstruction of the fetus is displayed together with the fetal volume (Figure I). There can
be an undulating surface of the 3D image, which is caused by the rotational steps and
represents the ROI’s in each measured plane. We have previously reported that the inter-
and intraobserver agreement of fetal volume measurements by 3DUS is very high [17].

Statistical analysis

First, for a set of participants with normal pregnancies (training set), the relation between
fetal volume and gestational age (GA) will be assessed using multiple linear regression. The
influence of fetal gender and parity will be observed, if needed different training sets will be
generated. This model will then be used to determine expected values of fetal volume for
a normal pregnancy, which will be referred to as expected normal values. Secondly, for a
new set of participants with normal pregnancies and a set of participants with complicated

pregnancies (together defined as validation set), the observed fetal volumes (FV, ) are

bserved
) and expressed as a percentage

Fv /

bserved expecfed)

FVexpected' The mean difference in percentage error between the set of normal versus

complicated pregnancies will then be compared using the independent-samples t-test.

compared with their expected normal values (FVexpeded

of the expected normal value, i.e. percentage error = 100% * (FV,

Finally, logistic regression analysis will be applied to the validation set of participants to
analyze the possibility of predicting the pregnancy outcome after fetal volume calculation
in the first trimester, using this percentage error. For the statistical analysis SPSS™ (Chicago
lllinois, USA) version 18.0 for Windows will be used. A two-sided p-value < 0.05 is
considered statistically significant. As we use a smaller rotational step, there might be a

difference with the results of Falcon et al. [9].

Sample size

At the routine first trimester scan with nuchal translucency measurement, 500 fetal volumes
will be measured. 50% of these volumes (n=250) will be used as the training set and the
other 50% as the validation set. Since it was expected that at least 10% of all pregnancies
will be complicated by pre-term delivery or a low birth weight for gestational age, the
validation set consists of 50 complicated pregnancies and 200 normal pregnancies.
Based on the independent-samples t-test to compare the mean percentage error between
complicated and normal pregnancies, these sample sizes are sufficient to detect a medium
standardized effect size (Cohen’s d = 0.5) with sufficient power (80%) using a significance
level of 5% and accounting for 10-20% lost to follow up.

The protocol is approved by the hospital’s medical ethics committee and informed consent
will be obtained prior to inclusion in this study.
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Discussion

After this study it is clear whether FV measurement in the first trimester can detect high risk
pregnancies. If it is possible to detect these pregnancies, more intensive follow up in these
pregnancies might result in less complicated pregnancies and less fetal morbidity.

We expect to perform measurements in a normal population. Based on the definition
of SGA, it is to be expected that 50 fetuses will be SGA (10%), and 62 deliveries will be

preterm (12,5%).

Summary

This study is designed to provide information on whether FV volume measurements with
three-dimensional ultrasound in the first trimester of pregnancy can be helpful in selecting

high risk pregnancies.
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Abstract

Objectives To determine if fetal volume(FV) measurements with three-dimensional
ultrasound in the first trimester of pregnancy can detect the fetus is at risk for preterm birth
and/or low birth weight.

Methods In this prospective cohort study, 538 participants were included during the
routine first trimester ultrasound examination. Volume measurements were performed with
VOCAL using a rotational step of 9°. Firstly, the relation between FV and gestational age
for a set of participants with normal pregnancies(training set), was assessed using multiple
linear regression analysis, which was then used to determine the expected normal values.
Secondly, for a new set of participants with normal pregnancies and a set of participants
with complicated pregnancies(preterm birth and/or low birth weight), i.e. the validation
set, the observed fetal volumes(FV_, ..} were compared with their expected normal
values(FV

expected
difference in mean percentage was then assessed with independent-samples 1-test. Finally,

) and expressed as a percentage of the expected normal value. The

logistic regression analysis was applied to the validation set to analyse the ability to predict
the pregnancy outcome with FV calculation.

Results Linear regression analysis of FV as a predictor of preterm birth and/or low birth
weight or low birth weight alone did not result in significant (p=0.630 and 0.290,
respectively) or clinical relevant results(standardized effect sizes of 0.061 and 0.179,
respectively). As a consequence, the predicting quality was also very low (AUC=0.508 and
0.545 respectively).

Conclusions Fetal volume measurements in the first trimester of pregnancy are not suitable
for the prediction of high risk pregnancies.
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Introduction

There is a growing body of evidence that complications in pregnancy, such as preterm birth,
low birth weight and birth weight that is small for gestational age (SGA), are the result of the
intra-uterine conditions in the first trimester of pregnancy. Preterm birth is a growing public
health problem that has significant consequences for families. Preterm birth accounts for
12.5% of all births in the United States. The costs for society are at least 26 billion dollar
a year [1]. Low birth weight (<2500g) and birth weight that is SGA are associated with
increased morbidity and mortality in the perinatal period and in later life [2].

Monitoring fetal growth during the first trimester of pregnancy is expected to be of significant
value in assessing complications in pregnancy. Smith et al. was the first to report about the
relationship between first trimester fetal two-dimensional ultrasound (2DUS) measurements
and an increased risk of preterm birth, a low birth weight or being SGA at birth [3]. Bukowski
et al. confirmed the relation between slow growth in the first trimester of pregnancy and
a low birth weight [4]. Mook-Kanamori et al. recently confirmed these earlier reports by
reporting that first trimester growth restriction (below 20 percentile) is associated with an
increased risk of adverse birth outcomes such as preterm birth, low birth weight and SGA
[5]. Odeh et al. found a smaller crown-rump-length (CRL) in pregnancies complicated by
pregnancy induced hypertension or SGA [6].

The differences between normal and abnormal growth in early pregnancy are small if the
fetal size is measured by the CRL. There are several different definitions used in earlier
reports for small fetal size in the first trimester in relation to complicated pregnancies.
Abnormal growth is defined as the expected fetal size (according to the last menstruation
period) minus the calculated fetal size by ultrasound (CRL/BPD) in days, ranging from -10
to -1 days [3,7,8]. The weakness of all these results is the low positive predictive value,
therefore it is not a good screening test for selecting the high risk pregnancies.
Three-dimensional ultrasound (3DUS) volume measurements might give more information
about fetal growth than 2DUS measurements by adding the third dimension in the analysis.
Fetal volume (FV) measurements were the subject of earlier studies, showing that these
volume measurements were reliable and reproducible [9,10], even in twins [11,12]. A
significant correlation between FV and the CRL was already confirmed, with an up to
35-fold increase of the FV and a 4.5-fold increase of the CRL in the first trimester of
pregnancy [9-11,13,14]. As the FV rises 7 times faster than the CRL, it can be expected
that slight abnormalities in the CRL will be more obvious in FV measurements. Falcon et
al. reported that the chromosomal abnormal fetus has a significant smaller FV (10-15%)
than the chromosomal normal fetus whereas the CRL in trisomy 21 and Turner syndrome
were normal [10,14]. These findings suggest that it might be possible to detect early growth
impairment with FV measurements, in cases with a normal CRL. This has recently been
confirmed by Fajardo et al., in their study FV measurements performed significantly better
than CRL in predicting inter-twin growth disturbances [15]. Antsaklis et al. reported in their
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pilot study that the FV correlates best with birth weight, compared to CRL and gestational
sac volume [16]. Despite the fact that they did not take the gestational age at birth into
account, their results are promising. Detection of the fetus with a small FV might result in
earlier detection of high risk pregnancies, with the possibility to customize healthcare in
these cases. A longitudinal follow up study is necessary in order to obtain this knowledge.
The objective of this prospective cohort study is to determine if it is possible to detect
whether the fetus is at risk for preterm birth and/or low birth weight for gestational age
by measuring the fetal volume with three-dimensional ultrasound in the first trimester of
pregnancy.

Materials and Methods

This is a longitudinal prospective cohort study, performed at a teaching hospital in the
Netherlands. Participants were included during the routine first trimester ultrasound
examination for three years. Fetal volume measurements and data collection were

completed afterwards.

Recruitment

All 538 consecutive participants with an appointment for the routine first trimester ultrasound
scan with nuchal translucency (NT) measurement were asked to participate in this study.
The inclusion criteria were: a singleton pregnancy, maternal age > 18 years, gestational
age between 1170 and 1376 weeks. Exclusion criteria were: a multiple pregnancy and
an uncertain gestational age. An uncertain gestational age is defined as an unknown
date of the first day of the last menstrual period or no knowledge of the length of the
menstrual cycle. Participants were included after signing an informed consent form. Each
participant filled out two questionnaires, one about their general and obstetric history
and another one after the delivery about the pregnancy, delivery and neonatal outcome.
The participants were referred from other surrounding hospitals and midwives for the first
trimester ultrasound scan and the nuchal translucency measurement, which indicates that
this is a low risk population.

Fetal imaging

The Kretz Voluson 730 3D ultrasound scanner (General Electrics, United Kingdom) was
used in combination with the RAB4-8P wide band convex volume probe, a real time
4D-broadband electronic curved-array transducer with a frequency range of 4-8 MHz.
The angle sweep was 759. The three-dimensional volumes were acquired during the
standard abdominal first trimester scan by an investigator certified for NT measurements.
The gestational age was established by menstrual dates and confirmed by routine fetal
biometry. For volume acquisition the fetus had to be motionless during scanning.
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Data acquisition

The routine firsttrimester (abdominal) ultrasound scan and NT-measurement were performed
according to international guidelines [17,18]. 3D View™ (General Electronics, Sonoview )
was used to receive, store digitally and measure the fetal volumes from the 3DUS-datasets.
After obtaining the ideal (midsagittal) plane for NT-measurement, an automatic 3DUS
sweep was performed, which consists of multi-planar and surface reconstruction modes.
All the ultrasound scans were performed by one sonographer. The acquired datasets were
collected and stored on a hard disk for offline processing and volume calculation. The
volume measurements were performed by one of the four investigators who were blinded
for the results of the first trimester scan. Each dataset was measured once.

The VOCAL imaging software (an extension of 3D View™) consists of several available
modes for volume calculations, of which the “manual mode” is the most frequently used.
This mode is more flexible than the other modes as it employs to manually define the
contours of the object of interest with a computer mouse. As the human embryo has an
irregular shape, the manual mode was used to outline the Region Of Interest (ROI), the fetal
head and rump, in all cross sections. It was not possible to include the fetal extremities in
these measurements, because the software does not allow one to define separate structures
in one cross section. Therefore the ROl had to consist of one continuous object in every
cross section. This method has also been used by others [10-12,14,16].

With VOCAL it is possible to use four different rotational steps that define the angle through
which the object of interest is rotated. These steps are 6°, 9°, 15" or 30", which results in
respectively 30, 20, 12 or 6 cross sections for each volume measurement, as the dataset
is rotated 1800 to complete one volume measurement. The fetal volumes were calculated
with a rotational step of 9" in the A(axial)-plane, which is a longitudinal plane. This 9°
rofation is to be preferred in irregular objects, as it is as reliable as the 6° rotation, but
significantly faster to perform [19].

The 9” rotational step results in a sequence of 20 longitudinal sections of the fetus around a
fixed axis. In each of these planes the two-dimensional (2D) contour of the fetus (excluding
the limbs) was defined manually, as described by others [10-12,14,16]. The VOCAL
program then calculated the volume of the defined contour. After calculation the computed
reconstruction of the fetus was displayed together with the fetal volume. Figure 1 shows the
image of a calculated volume.

There can be an undulating surface of the 3D image, which is caused by the rotational steps
and represents the ROIl’s in each measured plane. We have previously reported that the
inter- and intraobserver agreement of fetal volume measurements by 3DUS is very high [20].
The four investigators also completed the data files concerning the pregnancy outcome.
When no questionnaire was received, a reminder was send to the participants. Non-
responders were contacted by phone and the hospital database was searched for
information about the pregnancy outcome.
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Figure 1. An image of a fetal volume reconstruction.

Statistical analysis

Primary analysis: pregnancies complicated by preterm birth and a low birth weight were
extracted from the cohort. The remaining cohort was defined as ‘normal’. First, for a
random sample of these ‘normal’ pregnancies (defined as the training set), the relation
between FV and gestational age (GA) at time of the ultrasound scan was assessed using
multiple linear regression analysis, accounting for fetal gender and parity. This model was
then used to determine expected values of fetal volume for a normal pregnancy, which are
referred to as expected normal values. Secondly, for a new set of participants with normal
pregnancies and a set of participants with complicated pregnancies (together defined as the
validation set), the observed fetal volumes (FV_, .. were compared with their expected
) and expressed as a percentage of the expected normal value,
Fv )/FV,

bserved © ' "expected xpecte
in percentage error between the set of normal versus complicated pregnancies was then

normo| va | ues (Fvexpeded

i.e. percentage error = 100% * (FV, 4- The mean difference
compared using the independent-samples t-test. Finally, logistic regression analysis was
applied to the validation set in order to analyse the possibility of predicting the pregnancy
outcome after fetal volume calculation in the first trimester, using this percentage error.
The prediction quality is presented by the area under the ROC curve (AUC). Complicated
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pregnancies were defined by preterm birth and/or low birth weight for gestational age, or
only by low birth weight for gestational age.

Secondary analysis: as mentioned in the background section, earlier reports described
a relation between CRL and preterm birth and/or low birth weight with a low positive
predictive value, concluding that CRL is not a suitable tool for risk selection [3-8]. As these
data were available in this study we performed an analysis to test this statement using the
same analysis as for the analysis for FV measurements.

During this study, Gaillard et al. introduced individual growth curves in order to exclude
the individual influence of fetal growth [21]. This formula uses more parameters, including
ethnicity. Because of their interesting results we decided to apply their formula to the data
from this study using the same analysis as mentioned before.

For the statistical analysis SPSS™ (Chicago lllinois, USA) version 18.0 for Windows was
used. A two-sided p-value < 0.05 was considered statistically significant.

Sample size

We planned to measure 500 FV'’s at the routine first trimester scan with nuchal translucency
measurement. 50% of these volumes (N=250) as the training set and the other 50% as
the validation set. Since it was expected that at least 10% of all pregnancies would be
complicated by pre-term delivery or a low birth weight for gestational age, the validation
set was expected to consist of 50 complicated pregnancies and 200 normal pregnancies.
Based on the independent-samples t-test to compare the mean percentage error between
complicated and normal pregnancies, these sample sizes would be sufficient to detect a
medium standardized effect size (Cohen’s d = 0.5) with sufficient power (80%) using a
significance level of 5% and accounting for 10-20% lost to follow-up.

The protocol was approved by the hospital’s medical ethics committee and informed
consent was obtained prior to inclusion in this study.

Results

In total 538 participants were included in the study. Unfortunately because of technical
problems 116 data-files were lost. As a result 422 data-files were available for analysis.
The gestational age of four participants did not meet the inclusion criteria. So, 418 data-
files were available for analysis. It was possible to perform the FV measurement in 410
(98.1%) of the cases. In 7 (1.0%) cases the birth weight percentile was unknown, but 3 of
these had a preterm birth. The flowchart in figure 2 shows the distribution of the cohort
graphically.

The mean maternal age was 34 years (SD = 4), the mean gestational age at the time of
the ultrasound scan was 87 days (SD = 4.2 days), the mean fetal CRL was 6.0 cm (SD =
0.7 cm), the mean fetal volume was 19.6 cm3 (SD = 5.8 cm?3).
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Figure 2. The flowchart of the analysis of the cohort. The chart ends with the final validation sets and training
sets (number of complete datasets/total dataset, (percentage complete datasets)).

The relations between the FV, CRL and GA are reported in figure 3. This figure confirms
reports of others about the faster rise of the FV compared to the CRL [9-11,13,14].

Figure 4 shows the scatterplot with the FV's of neonates born after pre-term (black pastilles)
and term (open squares) birth. The FV’s of the neonates born after preterm birth are
distributed throughout the range of the neonates born after term birth.

The scatterplot in figure 5 shows the FV’s of neonates with a normal birth weight (squares)
and the FV’s with a birth weight below the tenth percentile (dots). It is clear to see that there
is an overlap between the normal and the abnormal group.

The scatterplot in figure 6 shows the CRL of neonates with a normal birth weight (squares)
and the CRL of neonates with a birth weight below the tenth percentile (triangles). In this
figure, there is also an overlap between both groups, although the points of the abnormal
group seem to be in the lower segment.

Fetal volume as a predictor of preterm birth and/or low birth weight

The training set consisted of 116 randomly selected participants with a normal pregnancy
outcome, of which 107 (92.2%) had complete datasets and were used in the multiple
regression analysis. The validation set consisted of 200 randomly selected participants
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Figure 3. This scatterplot reports of the fetal volume and Crown-Rump-Length in relation to the gestational
age at time of the measurement. On the x-axis: The gestational age in days. On the y-axis: The measurements
in cm for the Crown-Rump-Length (triangles) and in cm3 for the fetal volume (squares).
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Figure 4. This scatterplot reports of the relation between the fetal volume measurements and term or pre-
term birth. On the x-axis: The gestational age in days. On the y-axis: The measurements in cm? for the fetal
volumes after preterm (black pastilles) and term (open squares) birth.
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Figure 5. This scatterplot reports of the fetal volume measurements in relation to normal or low birth
weight. On the x-axis: The gestational age at time of the volume measurement in days. On the y-axis: The
measured fetal volume in cm3. The squares represent the neonates with a normal birth weight. The dots
represent the neonates with a birth weight below the tenth percentile.
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Figure 6. This scatterplot reports of the Crown-Rump-Length in relation to normal or low birth weight. On
the x-axis: The gestational age at the time of the volume measurement in days. On the y-axis: The measured
crown-rump-length in cm3. The squares represent the neonates with a normal birth weight. The triangles
represent the neonates with a birth weight below the tenth percentile.
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with a normal pregnancy outcome and 90 participants with pregnancies complicated by
preterm birth and/or low birth weight. The datasets were complete in 175/200 (87.5%)
pregnancies of the normal group and in 78/90 (86.7%) pregnancies complicated by
preterm birth and/or low birth weight, as is explained in figure 2.

Table 1 shows that the difference in mean percentage error between complicated and
normal group was neither statistically significant (p = 0.630) nor clinically relevant, since
the standardized effect size (Cohen’s d) was very small (d = 0.061). Additionally, the
percentage error showed a very poor prediction quality (AUC = 0.508).

Table 1: Comparison of mean percentage error (SD) between complicated and normal group, including
standardized effect size (Cohen’s d) and prediction quality of percentage error (AUC) in predicting either
preterm birth and/or low birth weight or low birth weight alone.

Complicated Normal p-value Effect size d
Preterm birth and/or low birth weight
Percentage error ! 4.9% (26.7%) 3.3% (23.4%) 0.630 0.066
AUC 0.508
Low birth weight
Percentage error 2 -1.0% (22.7%) 2.9% (21.3%) 0.290 0.179
AUC 0.545

"FVexpected = -88.903 — 0.474 * Gender — 0.680 * Parity + 1.238 * GACRL. 2 FVexpected = -79.145 —
0.541 * Gender — 0.666 * Parity + 1.128 * GACRL, (Fetal gender: 1=girl, 0=boy; Parity: 1=multiparous
O=nulliparous, GACRL = GA based on CRL in days)

Fetal volume as a predictor of low birth weight

The cohort contains 49 (12.5%) neonates who were born with a low birth weight, and 354
neonates with a normal birth weight. As figure 2 shows, 154 randomly selected participants
of the normal group were used as training set. The remaining neonates with a normal birth
weight and the group with an abnormal birth weight were selected for the validation set.
The datasets were complete in 176/200 (88.0%) pregnancies of the normal group and in
44/49 (89.8%) pregnancies complicated by low birth weight, as is explained in figure 2.
The difference in mean percentage error between complicated and normal group was
again neither statistically significant (p = 0.290) nor clinically relevant (Cohen’s d =
0.179). Although the prediction quality of percentage error for low birth weight was slightly
better than for preterm birth and/or low birth weight, it was still very poor (AUC = 0.545).

Secondary analysis

Analysis for CRL as a predictor of a low birth weight showed results similar to the original
analysis, i.e. no significant or clinically relevant differences between the normal and
complicated group (p=0.345, Cohen’s d = 0.160).

Analysis with the individual growth curves showed also similar results as the original
analysis. As this was not the primary goal of this study, there were fewer neonates with a
low birth weight (n=23) and fewer complete datasets (n=162). Therefore, the power of this
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analysis is too low, especially for the very small effect that was found (Cohen’s d = 0.145).
As for predicting quality, the AUC of 0.543 again indicates a poor prediction of percentage
error for preterm birth and/or low birth weight, even if individual growth curves are taken

into consideration.

Discussion

Although CRL and FV measurements in the first trimester of pregnancy were related to the
birth weight, these parameters are not suited for detection of the fetus at risk for preterm
birth and/or growth impairment.

Despite promising results from earlier reports, this is to our knowledge, the first prospective
follow up study that evaluates first trimester FV measurements as a tool for prediction of
neonates born preterm and/or born with a low birth weight compared to normal pregnancies.
Earlier reports of first trimester CRL measurements in relation to neonatal birth weight
showed a relationship between fetal size and birth weight. However, it was concluded
that two-dimensional fetal measurements were not a good predictive diagnostic tool
because of the small differences between the normal and abnormal measurements,
resulting in a low predictive value [3-8]. This was confirmed by our secondary analysis.
Despite insufficient power, the AUC was 0.543 which means failure of the test.
Adding the extra third dimension to the measurement seemed promising because of the
exponential rise of the FV in the first trimester compared to the linear rise of the CRL.
It was expected that slight abnormalities in the CRL would be more obvious in the FV
measurements [9-11,13,14]. Earlier reports about up to 15% differences in fetal volume in
the chromosomal abnormal fetus [10,14], prediction of inter-twin growth disturbances [15]
and a pilot study reporting of a good correlation between FV and birth weight [16] were
encouraging enough to expectthat FV measurements would be a valuable tool for predicting
high risk pregnancies. However, the results of this study show that FV is not suitable as a
tool for predicting high risk pregnancies. As expected, the same accounts for CRL. Figure 5
and 6 both confirm these findings graphically: the difference between the regression lines
with regard to FV of normal and abnormal pregnancies is rather small and the differences
of FV within a group is large for the normal group as well as for the abnormal group.
As a result, the points of the abnormal measurements in complicated pregnancies are
positioned throughout the whole area of the normal measurements, indicating that it is hard
to distinguish the complicated pregnancies from the normal ones by fetal volume alone.
According to the results, the FV seems to be even larger when related to preterm birth (table
1), which is in contrary to earlier reports. In our sample artificial preterm birth was not a
substantial factor, which is not clearly described in earlier reports. The scatter plot of FV’s of
neonates born after term and pre-term birth (figure 4) showed that the FV'’s of the preterm
neonates are also distributed throughout the whole area of neonates born after term birth.
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Looking for an explanation, we checked if the definition of the gestational age could cause
a methodological error. The differences between gestational age according to the last
menstrual period and according to the ultrasound measurements were compared. The
mean difference was 1.1 days (SD =3.1, range -7 to 27 days). Only in four cases the
difference was more than seven days. It is not expected that this influenced the results.
Adequate diagnostics using fetal volume will probably be more difficult, because of the
larger range of normal values compared to two-dimensional measurements, which is
also visible in figure 1. We found a mean difference in percentage error of FV between
the normal and low birth weight group of 3.9% with a sd of 21.6%, confirming what is
visually expected by looking at figure 3. Namely that FV’s of complicated pregnancies
are within the normal range of uncomplicated pregnancies. Therefore, we expect
that new technical developments with increasing contrast between the fetus and its
surroundings, or an improved ability to analyse the datasets, f.e. I-space [22] will not
improve this. In contrary, adding biochemical markers might improve diagnostics [23-25].
This study shows that fetal volume measurements are not useful for detecting pregnancies
at risk for preterm birth and/or a low birth weight, due to lack of discriminative power.
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Conclusion and perspectives

Complications in pregnancy, such as preterm birth, low birth weight and birth weight that
is small for gestational age, are expected to be the result of the intra-uterine conditions
in the first trimester of pregnancy. The commonly used two-dimensional fetal ultrasound
measurements have shown a low predictive quality with regard to prediction of these
complications [1-6].

This thesis discusses whether adding the third dimension increases the predictive value of
fetal measurements in the first trimester of pregnancy resulting in a predictive instrument
for the selection of pregnancies with a high risk for preterm birth and or a low birth weight.
First, the basics of the volume measurements with three-dimensional ultrasound were tested
in vitro. Then, the value of first trimester fetal volume measurements is assessed in vivo by
clinical studies.

In vitro studies

Since the introduction of three-dimensional ultrasound in clinical practice, it has become
possible to measure volumes of a scanned object with computer calculations. It is the
general opinion that volume calculations with three-dimensional ultrasound will be of
diagnostic value in general gynecologic and obstetric practice [7]. The current available
methods for volume calculation are, however, rather complex and time-consuming. For this
reason infroduction in daily practice is still difficult.

The most frequently used method to obtain volume measurements from 3D volume datasets
is the rotational multi-planar technique VOCAL ™ (Volume Organ Computer Aided analysis)
[8]. This method is currently installed on most of the three-dimensional ultrasound devices
and used in the quest for new diagnostic tools in obstetrics and gynecology. The accuracy
and reproducibility of the VOCAL technique are described in several settings [9-13].
They concluded that the VOCAL technique greatly reduced the time required to conduct
volume measurements and the manual labour required for volume measurements with a
high accuracy and reproducibility. The procedure of volume measurements with VOCAL
is described in detail in the introduction of this thesis (Chapter 1). Volume calculations
with the VOCAL technique are rather complex. Drawing all the circumferences exactly
around the object of interest requires concentration and a steady hand. Slight mismatches
may have quite an influence on the calculated volume. As part of the analysis of a new
measurement technique it is important fo assess the value and limitations of this technique.
Therefore we performed in vitro studies in advance of in vivo studies.

First, it was hypothesized that there would be a learning curve for the volume measurements.
The learning curve study (Chapter 2) shows that there is no significant difference between
the measurements of inexperienced sonographers and the measurements of an expert. In
addition, there was no significant decline in the measurement error and the time needed
for each measurement decreased first, but stabilized already after four measurements.
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Therefore, it is concluded that there is no significant learning curve for the performance of
3DUS volume measurements with the VOCAL technique. As a result, it is not necessary to
develop a training program in advance of further research or eventually before introducing
volume measurements with three-dimensional ultrasound in daily practice.

Secondly, knowledge about the measurement error of the volume measurements is
necessary. Chapter 3 describes the relation between the volume of an object and the
measurement error in vitro for a range of volumes that are comparable to actual fetal
volumes in the first trimester of pregnancy. The results show that the VOCAL technique
overestimates the actual volumes and that the absolute error increases significantly with
an increasing volume of interest. The percentage error, i.e. absolute measurement error
expressed as a percentage of the actual volume, was smaller for larger objects. One
should be aware of the volume-dependent absolute and percentage measurement error
when interpreting the measured values.

Despite earlier promising results, fetal volume measurements with three-dimensional
ultrasound are still not used in daily practice. This is understandable, as the current methods
for three-dimensional ultrasound volume measurements are time consuming and rather
difficult to perform. Recently, new methods for volume measurements with three-dimensional
ultrasound, as XIVOCAL, Sono-AVC and the measurements in |-space with V-scope,
have become available. Our efforts to use XI-VOCAL and Sono-AVC for fetal volume
calculations at 12 weeks of gestational age were unsuccessful. Furthermore, V-scope is not
yet generally available. Previous reports confirm that all these newly developed techniques
are not suited for fetal volume measurements [14-16]. Chapter 4 describes explorative
research in order to develop and verify a more practical semi-automated method for
volume calculations with 3DUS images. The results of this study show that mathematical
volume calculations are possible with the semi-automated method. It is commonly known
that the VOCAL technique has a structural overestimation of the volume, probably caused
by blurring of the contours of the object. The developed semi-automated method has a
structural underestimation of the volume, possibly because of the detection of the inner
contour of the object. In the future, new software that recognizes the expected shape of the
measured object and automatically fills in the logic blanks in the image could be added
to improve the performance of this new method. Unfortunately, the main limitation of the
mathematical method at this moment is that only the volumes of ellipsoid structures can be
calculated. Further development of this method using spherical harmonics might succeed
in calculating the volume of irregular objects. This method was successfully applied on a
first trimester fetus, the points of interest at the contour of the fetal head and body were
detected. The calculated fetal volume was 23.4 cm3, which is in the normal range for a
fetus of 12 weeks of gestation.

We also succeeded in detecting voxels in the whole contour of a first trimester fetus,
including the limbs, with a gestational age of 12 weeks.
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Clinical studies

Slow first trimester fetal growth, measured with the commonly used two-dimensional
ultrasound parameters, is related to an increased risk of adverse birth outcomes such
as preterm birth and low birth weight for gestational age [1-3]. The differences between
normal and abnormal growth in early pregnancy are small if the fetal size is measured by
the crown-rump-length (CRL). Abnormal growth is calculated as a difference in expected
fetal size (according to the last menstrual period) minus the calculated fetal size by
ultrasound (CRL/BPD) in days, where earlier cut-off values for abnormal growth range
from —1 to -10 days [1,5,6]. The weakness of using CRL for defining abnormal growth is
the low predictive quality and therefore is not a good screening test for detecting high risk
pregnancies.

Three-dimensional ultrasound volume measurements might give more information
about fetal development than two-dimensional ultrasound measurements. Fetal volume
measurements proved fo be reliable and reproducible [17,18], even in twins [19,20]. A
significant correlation between fetal volume and the CRL had already been confirmed,
with an up to 35-fold increase of the fetal volume and a 4.5-fold increase of the CRL in
the first trimester of pregnancy [17-19,21,22]. As the fetal volume rises 7 times faster than
the CRL, it can be expected that slight abnormalities in the CRL will be more obvious in
fetal volume measurements. The chromosomal abnormal fetus has a significantly smaller
fetal volume than the chromosomal normal fetus, whereas the CRL in trisomy 21 and
Turner syndrome were normal [18,22]. These findings suggest that it is possible to detect
early growth impairment with fetal volume measurements, in cases with a normal CRL.
Detection of the fetus with a small fetal volume might result in earlier detection of high risk
pregnancies.

Due to the complexity of the VOCAL method, the inter- and intra-observer variation of
fetal volume measurements with three-dimensional ultrasound should be determined
in advance of a prospective follow up study of the relation between fetal volume and
complications in pregnancy. Chapter 5 discusses the inter-and intraobserver variation of
abdominal fetal volume measurements with three-dimensional ultrasound measurements
of the fetal head and rump in 65 consecutive pregnant women with a gestational age
of 1170 — 1376 weeks. The VOCAL method with a rotational angle of 9° was used. The
inter- and intraobserver reproducibility of fetal volume by 3DUS appears to be high, i.e.
inter- and intra-class correlation of 0.934 and 0.994, respectively, despite of a consistent
overestimation by one of the two observers.

Because of all these promising results, a prospective cohort study was performed to determine
whether it is possible to detect a fetus at risk for preterm birth and/or low birth weight for
gestational age by measuring the fetal volume with three-dimensional ultrasound in the
first trimester of pregnancy, of which the study protocol is discussed in chapter 6. During
the routine first trimester ultrasound examination 538 participants were included. Volume
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measurements were performed with VOCAL using a rotational step of 9. First, the relation
between fetal volume and gestational age for a set of participants with normal pregnancies
(training set) was assessed using multiple linear regression analysis, which was then used to
determine the expected normal values. Secondly, for a new set of participants with normal
pregnancies and a set of participants with complicated pregnancies (preterm birth and/
or low birth weight), i.e. the validation set, the observed fetal volumes were compared
with their expected normal values and expressed as a percentage of the expected normal
value (percentage error). The difference in mean percentage error was then assessed with
the independent-samples t-test. Finally, logistic regression analysis was applied to the
validation set in order to analyse the possibility of predicting the pregnancy outcome after
fetal volume calculation in the first trimester using this percentage error. The prediction
quality is presented by the area under the ROC curve (AUC). Complicated pregnancies
were defined by preterm birth and/or low birth weight for gestational age or only by low
birth weight for gestational age.

The CRL already proved to have a low predictive quality in relation to preterm birth and/
or low birth weight [1-6]. As the CRL was available in this study, we performed a secondary
analysis to test this statement using the same analysis as for the analysis for fetal volume
measurements. During this study, individual growth curves in order to exclude the individual
influence of fetal growth were introduced [23]. This formula uses more parameters,
including ethnicity. Because of their interesting results, we decided to apply their formula to
the data from this study using the same analysis as mentioned before.

Chapter 7 discusses the results of the prospective cohort study. The difference in mean
percentage error between normal and complicated pregnancies (preterm birth and/or low
birth weight for gestational age, or only low birth weight for gestational age) was neither
significant (p = 0.630 and 0.290, respectively) nor clinically relevant (standardized effect
sizes of 0.061 and 0.179, respectively). As a consequence, the predicting quality was
also very low (AUC = 0.508 and 0.545, respectively). The fetal volumes of the neonates
born after preterm birth and/or a low birth weight are distributed throughout the range of
the neonates born after preterm birth and/or a normal birth weight. Analysis for CRL as a
predictor of a low birth weight and the analysis with the individual growth curves showed
results similar to the original analysis, i.e. neither significant nor clinically relevant differences
between the normal and complicated group. First trimester CRL measurements showed a
relationship between fetal size and birth weight. The conclusion that two-dimensional fetal
measurements were not a good predictive diagnostic test because of the small differences
between the normal and abnormal measurements, resulting in a low predictive quality
[1-6] was confirmed by our secondary analysis.

Adding the extra third dimension to the measurement seemed promising because of the
exponential rise of the fetal volume in the first trimester compared to the linear rise of the
CRL. It was expected that slight abnormalities in the CRL would be more obvious in the fetal
volume measurements [18-22]. Earlier reports described about up to 15 % differences in

96




Conclusion and perspectives

the fetal volume compared to the chromosomal abnormal fetus [18,22], prediction of inter-
twin growth disturbances [19,20] and a pilot study reporting of a good correlation between
fetal volume and birth weight [24] were encouraging enough to expect that fetal volume
measurements would be valuable for predicting high risk pregnancies. However, the results
of this study show that fetal volume is not suitable for predicting high risk pregnancies.
The difference between the fetal volume of normal and abnormal pregnancies is rather
small and the range of fetal volumes within a group is large for the normal group as
well as for the abnormal group. As a result, the values of the abnormal measurements
in complicated pregnancies are positioned throughout the whole area of the normal
measurements, indicating that it is hard to distinguish the complicated pregnancies from the
normal ones by fetal volume alone. Therefore, we expect that new technical developments
with increasing contrast between the fetus and its surroundings, or an improved ability to
analyse the datasets, e.g. |-space [14,15] will not improve the predictive quality enough for
a diagnostic test for daily practice. In contrary, adding biochemical markers might improve
diagnostics [25-27]. This study shows that, due to lack of discriminative power, fetal volume
measurements are not useful as a prognostic instrument for predicting pregnancies of high
risk for preterm birth or a low birth weight.

In conclusion, three-dimensional fetal volume measurements in the first trimester of
pregnancy are not useful for detecting pregnancies at risk for preterm birth and/or a low
birth weight. The combination with biochemical markers can be subject of future research.
If fetal volume measurements appear to be useful after all, then we have shown that there
is no learning curve for the volume measurements with three-dimensional ultrasound, and
that the inter- and intraobserver variation of these measurements are good. Further research
concerning automated volume measurements or automated detection of the expected fetal
shape might be helpful in pregnancy dating and detection of congenital anomalies.
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Fetal volume measurements in the first trimester of pregnancy with
three-dimensional ultrasound

Preterm birth and a low birth weight are major complications with significant consequences
for families and society. It is expected that these complications are the result of the intra-
uterine conditions in the first trimester of pregnancy. If it would be possible to detect the
fetus at risk early in pregnancy, the obstetric care can be adjusted accordingly.

Earlier reports suggested that fetal growth in the first trimester of pregnancy is of significant
value in assessing these complications in pregnancy. If fetal growth was measured with
routine two-dimensional ultrasound, the clinical value of the findings is unclear, due to
the small differences between normal and abnormal growth (chapter 1). The extra third
dimension with three-dimensional ultrasound is expected to give more information about
fetal development. As the fetal volume rises seven times faster than the crown-rump-length
(routine two-dimensional measurement), the hypothesis is that impaired fetal growth will be
more obvious with three-dimensional ultrasound.

This thesis describes in vitro and in vivo studies in order to analyze the still rather complex
volume measurements with three-dimensional ultrasound. Furthermore the predictive value
of fetal volume measurements in relation to pregnancy outcome is discussed.

In vitro studies

Three-dimensional volume measurements are expected to be of diagnostic value in general
gynecologic and obstetric practice. Despite that the introduction of volume measurements
with VOCAL was an advancement, the volume measurements are still rather time consuming
and complex, as explained in chapter 1.

The learning curve for volume measurements with three-dimensional ultrasound and
VOCAL were analyzed in chapter 2. There is no significant learning curve for volume
measurements with three-dimensional ultrasound. In addition, the measurements from
inexperienced sonographers were similar to those of an expert.

Chapter 3 describes the relation between the volume of an object and the measurement
error in vitro for a range of volumes that are comparable to actual fetal volumes in the first
trimester of pregnancy. The results show that the percentage error, i.e. absolute measurement
error expressed as a percentage of the actual volume, was smaller for larger objects. One
should be aware of the volumedependent absolute and percentage measurement error
when interpreting the measured values.

Explorative research in orderto develop and verify a more practical semi-automated method
for volume calculations with 3DUS images is evaluated in chapter 4. The results of this
study show that mathematical volume calculations are possible with the newly developed
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semi-automated method. This method was successfully applied on a first trimester fetus,
where the points of interest at the contour of the fetal head and body were detected. We
also succeeded in detecting voxels in the whole contour, including the limbs, of a first
trimester fetus with a gestational age of 12 weeks.

In vivo studies

The high inter- and intra-observer reliability of abdominal fetal volume measurements with
three-dimensional ultrasound measurements of the fetal head and rump, i.e. an infer- and
intra-class correlation of 0.934 and 0.994, respectively is discussed in Chapter 5.
Because of all these promising results, a prospective cohort study was performed to
determine whether it is possible to detect a fetus at risk for preterm birth and/or low birth
weight by measuring the fetal volume with three-dimensional ultrasound in the first trimester
of pregnancy, of which the study protocol is described in Chapter 6.

The results of this prospective cohort study are reported in Chapter 7. The difference in
mean percentage error between normal and complicated pregnancies (preterm birth and/
or low birth weight) was neither significant nor clinically relevant. The fetal volumes of the
neonates born after preterm birth and/or low birth weight are distributed throughout the
range of the neonates born after an uncomplicated pregnancy, indicating that it is hard to
distinguish the complicated pregnancies from the normal ones by the first trimester fetal
volume alone. Analysis for CRL as a predictor of a low birth weight and the analysis with the
individual growth curves showed results similar to the original analysis, i.e. no significant or
clinically relevant differences between the normal and complicated group.

In conclusion, the measurement of the three-dimensional fetal volume in the first trimester
of pregnancy is, by itself, not useful for detecting pregnancies at risk for preterm birth and/
or low birth weight. The combination with biochemical markers can be subject of future
research. If fetal volume measurements appear to be useful after all, then we know that
there is no learning curve for the volume measurements with three-dimensional ultrasound
and that the inter- and intraobserver reliability of these measurements are good. Further
research concerning automated volume measurements or automated detection of the
expected fetal shape might be helpful in pregnancy dating and detection of congenital

anomalies.
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Foetale volume metingen in het eerste trimester van de zwangerschap
met driedimensionale echoscopie

Vroeggeboorte en een laag geboortegewicht zijn belangrike complicaties in de
zwangerschap met significante gevolgen voor de betrokkenen en de maatschappij. Naar
verwachting zijn deze complicaties het gevolg van intra-uteriene omstandigheden in
het eerste trimester van de zwangerschap. Als de foetus met een verhoogd risico voor
deze complicaties reeds in het eerste trimester geselecteerd zou kunnen worden, zou de
obstetrische zorg hieraan kunnen worden aangepast.

Eerdere publicaties suggereren dat een verminderde foetale groei in het eerste trimester
van de zwangerschap een voorspeller voor vroeggeboorte en/of een laag geboortegewicht
kan zijn. De klinische waarde van deze bevindingen is, bij tweedimensionale metingen,
vanwege de kleine verschillen tussen de normale en abnormale foetale groei onduidelijk
(hoofdstuk 1). De toevoeging van de derde dimensie, driedimensionale echoscopie,
zal naar verwachting resulteren in extra kennis over de foetale ontwikkeling in het eerste
trimester. Aangezien het foetale volume zeven maal sneller toeneemt dan de CRL (routine
tweedimensionale meting van de foetale kruin-stuitlengte), is de hypothese dat vertraagde
groei hiermee beter op te sporen is.

Dit proefschrift beschrijft de analyse van de nog vrij complexe driedimensionale volume
metingen in vitro en in vivo. Tevens wordt de voorspellende waarde van foetale volume
metingen met betrekking tot de zwangerschapsuitkomst onderzocht.

In vitro studies

Van driedimensionale echoscopische volume metingen wordt een toegevoegde
diagnostische waarde voor de algemene gynaecologie en verloskunde verwacht. Hoewel
de volume metingen met de introductie van VOCAL sterk zijn vereenvoudigd, kosten
de metingen nog vrij veel tijd en zijn ze nog tamelijk complex, zoals wordt vitgelegd in
hoofdstuk 1.

De leercurve voor volume metingen met driedimensionale echoscopie en VOCAL wordt
geanalyseerd in hoofdstuk 2. Er is geen significante leercurve voor volume metingen
met driedimensionale echoscopie. De metingen van onervaren echoscopisten waren niet
verschillend ten opzichte van de resultaten van de expert.

Hoofdstuk 3 beschrijft een in vitro studie naar de meetfout in relatie tot het volume.
Hiervoor werd in de testopstelling gebruikt gemaakt van objecten vergelijkbaar met het
foetale volume in het eerste trimester. De procentuele meetfout, de absolute meetfout
uitgedrukt als percentage van het werkelijke volume, was kleiner bij een kleiner volume.
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Bij interpretatie van de metingen is het belangrijk rekening te houden met de absolute en
procentuele meetfout.

Verkennend onderzoek met betrekking tot de ontwikkeling van een meer praktische semi-
geautomatiseerde methode voor volume metingen met driedimensionale echoscopie
wordt besproken in hoofdstuk 4. Deze studie laat zien dat mathematische in vitro volume
metingen mogelijk zijn met deze semi-geautomatiseerde methode. Tevens werd deze
methode toegepast op de dataset van een eerste trimester foetus, waarbij het volume van
het foetale hoofd en de romp werd berekend. Ook werden de voxels van de hele foetale
contour inclusief ledematen gedetecteerd.

In vivo studies

De hoge infer- en intracbserver betrouwbaarheid van transabdominale foetale volume
metingen met driedimensionale echoscopie van het foetale hoofd en de romp, met een
inter- en intraclass correlatie van respectievelijk 0.934 en 0.994, wordt beschreven in
hoofdstuk 5.

Vanwege al deze veelbelovende resultaten, werd een prospectief cohort onderzoek
uitgevoerd naar de mogelijke selectie van de eerste trimester foetus met een verhoogd
risico op vroeggeboorte en/of een laag geboortegewicht middels foetale volume metingen
met driedimensionale echoscopie. Het protocol van deze studie wordt beschreven in
hoofdstuk 6.

De resultaten van de prospectieve cohortstudie worden gerapporteerd in hoofdstuk
7. Het verschil in gemiddelde procentuele afwijking ten opzichte van het verwachtte
volume tussen normale en gecompliceerde zwangerschappen (vroeggeboorte en/of laag
geboortegewicht) was noch significant noch klinische relevant verschillend. De foetale
volumes van pasgeborenen na vroeggeboorte en/of met een laag geboortegewicht zijn
verspreid over de hele range van pasgeborenen na een niet-gecompliceerde zwangerschap,
wat duidelijk maakt dat gecompliceerde zwangerschappen moeilijk zijn te onderscheiden
op basis van het foetale volume in het eerste trimester van de zwangerschap. Analyse van
de CRL als een voorspeller voor een laag geboortegewicht en de analyse met individuele
groeicurves lieten dezelfde resultaten zien, geen significante of klinisch relevante verschillen
tussen de normale en gecompliceerde groep.

De conclusie van het onderzoek beschreven in dit proefschrift is dat driedimensionale
foetale volume metingen in het eerste tfrimester van de zwangerschap, alleen, niet geschikt
zijn voor het voorspellen van zwangerschappen met een verhoogd risico op vroeggeboorte
en/of een laag geboortegewicht. De waarde van deze parameter in combinatie met
biochemische markers kan onderwerp zijn van toekomstig onderzoek. Als foetale volume
metingen uiteindelijk zinvol blijken te zijn, is bekend dat er geen leercurve is voor deze
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metingen en dat de inter- en intra-observer betrouwbaarheid goed is. Verdere ontwikkeling
van automatische volume metingen of het detecteren van de verwachtte foetale vorm kan
toegevoegde waarde hebben met betrekking tot het vaststellen van de zwangerschapsduur

en het opsporen van congenitale afwijkingen.
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3D
2DUS
3DUS
AUC
BMI
BPD
Cl
cm
CRL
CUSUM
ESF

FV

GA
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P&M

SD

SE

SGA
Sono AVC
VOCAL
XI-VOCAL

three-dimensional
two-dimensional ultrasound
three-dimensional ultrasound
area under the ROC curve
body mass index
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confidence interval
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CUMulative SUM method
euclidean shortening flow
fetal volume

gestational age
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nuchal translucency
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standard error

small for gestational age
automated volume calculation
Volume Organ Computer-aided Analysis
extended imaging-VOCAL
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