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Organogenesis, which represents first trimester growth and development of the
embryo, gestational sac and trofoblast, is a fast and complex process. Many
adverse exposures can disturb embryogenesis, affecting both subsequent fetal as
well as postnatal health'3. Before investigating the impact of different factors on
first trimester growth and development, it is of great importance to define normal
embryonic growth and development.

Human embryogenesis has been studied for centuries using in vitro specimen.
Ronan O'Rahilly and Fabiola Miller revised three milestone text volumes in
which human embryology was systematically described by Wilhelm His (1880-
1885), Franklin Mall (1910-1912) and George Streeter (1942-1957), and updated
their studies on the staging of human embryos®*. Franklin Mall started collecting
embryos (miscarriage specimen) in 1887 and this became the basis of the Carnegie
Collection (Mall and Meyer, 1921). O’'Rahilly and Miiller's book ‘Developmental
stages in human embryos’ included a revision of Streeter's work and a survey
of the Carnegie Collection. In their book the first 57 post-ovulatory days are
described in detail using internal morphological, external morphological and
histological criteria. This period is divided into 23 stages, and the last stage,
stage 23 represents the end of the embryonic period, as at that moment all
essential organ systems are present. Although the embryonic development has
been studied in great detail using these stages, they are based on descriptions of
in vitro specimen which is a marked disadvantage. Nowadays, in vivo visualization
of the embryo is of vital importance for clinical care and in vivo research projects.

It was not until 1957 when it became possible to visualize the embryo in vivo.
After the introduction of medical ultrasound and the visualization of the first fetus
with ultrasound, the resolution improved, transvaginal ultrasound was developed
and growth parameters and growth charts were constructed rapidly, resulting in a
new era for in vivo diagnosis and follow-up from early pregnancy onwards.

These days, two-dimensional (2D) ultrasound examinations are performed
routinely in the 2" trimester of pregnancy, when all organ systems of the fetus are
screened for abnormalities®. In the early first trimester ultrasound examinations
are performed to confirm pregnancy location, viability and duration®. The early
fetus can be screened for a number of abnormalities in the first trimester NT
screening period (between 11+6 and 13+6 weeks GA)’'°. Studies are performed
to find out what the detection rates are of abnormalities during the early and
late first trimester'™'2. Secondly, these improvements facilitate the construction
of new charts and standards regarding embryonic and early fetal growth and
development.

Another impressive development in the embryonic and fetal visualization
has been the introduction of three-dimensional (3D) ultrasound in the 1980s.
So far, the advantages seem mainly in the detection of external morphological
abnormalities during the fetal period™. Due to the small size of an embryo and
early fetus the whole pregnancy fits in a single transabdominal or transvaginal
3D ultrasound sweep. The relative large amount of amniotic fluid surrounding



the embryo ensures high quality 3D ultrasound datasets, showing the embryo
in great detail. Although it offers many advantages, 3D ultrasound datasets are
still assessed using 2D media (like computer screens), which implies that the
information concerning the third dimension is not presented and used optimally.

Using a stereoscopic display or a virtual reality (VR) system allows optimal
presentation of all three dimensions. A high-end VR system, like the Cave Automatic
Virtual Environment (CAVE)'® immerses viewers in a virtual environment, allowing
depth perception and interaction with the displayed ‘hologram’. This technique
can be a major step forward in visualizing 3D data.

In this thesis the use of VR in the assessment of human embryonic growth and
development is described for which we have tentatively introduced the name
‘virtual embryoscopy’. The research objectives were:

1. To establish the reproducibility of new embryonic biometric and especially
volumetric measurements performed using VR (part 2).

2. To study embryonic development (such as the embryonic brain) in more
detail and to provide growth charts in relation to GA and the CRL for newly
introduced biometric and especially automated volumetric measurements
(parts 3 till 5).

3. To describe the possibility of in vivo staging of the embryo based on
internal and external morphologic characteristics and to relate this to GA,
CRL, embryonic volume and brain ventricle volume (part 5).

4. To evaluate the applicability of this technology for diagnosing congenital
anomalies such as first trimester conjoined twins (part 6).
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Three-dimensional ultrasound

Since the introduction of three-dimensional (3D) ultrasound during the 1980s
hundreds of articles have been published in medical literature describing the
application of this technique in obstetrics and prenatal medicine. A single 3D
dataset acquired in the end first trimester allows for full off-line evaluation of
standard anatomical landmarks'. The multiplanar sectional plane mode is used,
allowing the examiner to rotate the 3D dataset around three orthogonal axes, and
to scroll through the datasets in order to obtain the required plane for checking
and measuring the structure of interest (figure 1). The possibility of evaluating
additional anatomical landmarks, besides the already used growth parameters
(like the crown-rump length, gestational sac diameter, yolk sac diameter) during
the early first trimester is nowadays being studied in detail; especially using 2D
techniques®*.

Once a 3D ultrasound dataset has been acquired and stored (figure 2)
unique information can be collected by performing off-line volume calculations.
Both hypoechoic and hyperechoic structures can be measured manually and
hypoechoic structures even semi-automatically, immediately on the ultrasound
machine or later on a personal computer using specialized software. Examples of
volume measurements in the first trimester are placental volume, amniotic fluid
volume, yolk sac volume and fetal body volume (usually without including the
volume of the limbs)?°. The brain cavities can also be segmented and visualized,

Figure 1. A 3D ultrasound dataset, obtained using a transvaginal probe, of an embryo at
10+1 weeks gestational age (GA) is shown in the multiplanar sectional plane mode of the
4D View application. The A plane represents the coronal view, the B plane the axial view
and the C plane the sagittal view of the embryo. The final image shows a 3D rendering of
the embryo.



Figure 2. A 3D rendering by 4D View of a nine-week old embryo.

although most applications can not determine their volume due to the small
size>¢. Blaas et al. were able to measure the brain ventricle volume in the first
trimester of pregnancy with an in-house developed system’.

The I-Space virtual reality system

Three-dimensional ultrasound has many advantages compared to two-dimensional
(2D) ultrasound. Unfortunately the 3D images are currently viewed and assessed
using 2D media like ordinary computer screens. These 2D media do not offer
depth perception, which is required for optimal interpretation of 3D and four-
dimensional (4D) ultrasound images. On March 24%, 2005 the department of
Bioinformatics of the Erasmus MC in Rotterdam opened a Barco I-Space virtual
reality (VR) system. The Erasmus MC |-Space uses passive 3D projection (i.e.
based on polarization) to offer different images to the left and right eye. The two
images show the same objects, but viewed from a slightly different angle. The
brain is capable of constructing a single 3D image out of these two 2D projected
images (figure 3).

In the Erasmus MC eight Barco SIM5 projectors are installed behind or above
the four projection screens (2.60 x 1.95 meters), which form the floor, left, right
and front walls of the I-Space (figure 4). In every corner of this room an infrared
camera (four in total) is installed for tracking purposes. The tracking system
registers the position and orientation of the user’s head, in order to provide him
with the correct perspective, and a joystick. The wireless four-button plus hat-
switch joystick is used to operate a specialized volume rendering application
called V-Scope, which was developed to allow visualization of and interaction
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Figure 3. Illustration of stereoscopic imaging in the I-Space. The two images are projected
through two different filters, illustrated as a red filter and a blue filter. The observer wears
glasses, and in these glasses similar filters (red and blue) have been placed. With the right
(red) filter, only the light from the right projector is visible. With the left (blue) filter only the
light of the left projector is visible. This forces the viewer to see a different image with each
eye. Since it is in fact the same object, but viewed in a slightly different angle, this results
in depth perception. The |-Space does not use red and blue filters, but circular polarizing
filters, which have the same effect, but allow full color images to be viewed.



Figure 4. Picture of an observer (MR) in the Barco |-Space. An embryo of eight weeks’ GA
is projected on the walls.

with volumetric datasets, like 3D ultrasound, CT and MRIE. The joystick emits a
virtual pointer and is used to enlarge and rotate the hologram, and cut it with a
clipping plane in any arbitrary direction. V-Scope also allows the user to change
the grey scale, color and opacity of the data. In addition to the clipping plane a
virtual eraser can brush away parts to get the best view of the object of interest.
Finally, V-Scope also implements several tools to perform optimal biometric and
volumetric measurements.

It is possible to change the scale, orientation, grey scale, color and opacity of
the data. The clipping plane and brush function enable the user to ‘cut’ away or
brush away parts to get the best view of the object of interest. In addition to these
tools, it is possible to perform optimal biometric and volumetric measurements.

Biometry

Anintegrated ‘tracing tool” allows 3D length measurements by placing two or more
measuring points (or ‘calipers’). Standard biometric measurements like the crown-
rump length (CRL) (movie 1), biparietal diameter (BPD), occipito-frontal diameter
(OFD) and abdominal diameter (AD) can be performed by placing two calipers’.
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Movie 1. This movie presents a CRL measurement performed at 10 weeks
gestational age. The virtual pointer is used to perform the length measurement in the
I-Space VR system.

This technique is also valuable for non-standard biometric measurements like the
width of the hip, knee, elbow, shoulder and the length of the ear and foot’. The
length of the umbilical cord and vitelline duct are measured by placing multiple
calipers along the length of the structure (figure 5). The diameter and thickness
of the cerebellum are measured using the same principle. Depth perception and
3D interaction enables measuring of new non-standard biometric parameters
and verification of accurate placement of the calipers for precise and reliable
measurements’®. As a result the use of VR may improve prenatal care.

Figure 5. A screen shot of an |-Space hologram of nine weeks’ GA. The length of the
vitelline duct (A) and umbilical cord (B) is traced.

Volumetry

A volume is defined as the amount of space that is present within an object or
solid shape. The use of 3D ultrasound datasets enables volumetric measurements
of structures during the first trimester of pregnancy. These measurements can be
used as parameters for fetal growth. One way to obtain these measurements is
to count the number of voxels in(side) a structure. A voxel, short for Volumetric
Picture Element, is the 3D equivalent of the better known 2D pixel, and represents
a value on a regular grid in three dimensional space (Source: Wikipedia).



As human beings are three dimensional, only a 3D dataset can fully capture all
parameters of growth and development. 2D measurements (like the CRL) are just
derived parameters.

V-Scope allows the user to perform volume measurements using a semi-
automated segmentation algorithm. This algorithm is based on a region-growing
approach in combination with a neighborhood variation threshold, as originally
proposed for MRI data by Myers and Brinkley''. The algorithm has been modified
to handle the speckles in ultrasound data by simplifying some of the parameters
of the original algorithm and (optionally) smoothing the grey level data. The user
selects an upper and lower grey level threshold and an upper threshold for the
variance of the voxel’s neighborhood. After placing a seed point the algorithm
will segment (grow) the region by adding connected voxels that fall within the
thresholds. Using this function, the volumes of hyperechoic and hypoechoic
structures, like the gestational sac, brain ventricles and embryonic body, can be
measured. Prior to a volume measurement, connections to other structures with
the same gray value range have to be brushed away to avoid segmentation of other
parts than the structure of interest. If a structure consists of both hyperechoic and
hypoechoic parts, like the embryonic body, the segmentation must be performed
in two steps. V-Scope can automatically add the segments and calculate the total
volume.

If the segmentation is not perfect, the user can place additional seed points,
manually grow or shrink the segmented region or use the brush function to add
or delete voxels from the segmented structure.

Staging

The Carnegie Staging system has been used almost a century to describe
human embryonic development'>'3. The different stages are based on internal
and external morphological and histological criteria, and do not include the
gestational age and length of the embryo. Ultrasound can be used to study
the embryogenesis in vivo (movie 2), but until now only possibilities of staging
embryos based on some external morphological criteria have been evaluated™.

Movie 2. This 2D movie presents 3D ultrasound datasets of different embryos
at different gestational ages as rendered by the V-Scope VR application.
The observer (MR) uses different functions to get the best impression of
the developing embryo.

Abnormal growth and development

The measurement of the crown-rump length (CRL) is the cornerstone in first
trimester obstetric care and was described first by Robinson? """, If the CRL
does not match the gestational age based on the last menstrual period, the
duration of pregnancy may be different as result of a late ovulation or late
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implantation. A discordant CRL measurement may also be an indication of early
growth retardation', a pregnancy which is going to end as a miscarriage' or a
chromosomal abnormality?>?'. Recently, studies have shown that the maternal age,
ethnic background of the mother and fetal sex also affect the CRL??23. Additionally,
variation in first trimester growth of the developing embryo can be caused by
environmental factors such as nutrition (folate intake) and other life-style factors
such as smoking?. It is therefore important to perform the CRL measurement
correctly and in case of abnormalities consider all possible explanations. This will
aid in the detection of growth problems early in pregnancy. This thesis describes
the possibility of first trimester prediction of intra uterine growth restriction in the
second and third trimester using the CRL and embryonic volume.

The V-Scope application is also being used to evaluate the clinical value
of VR for early detection and description of embryonic and fetal congenital
malformations. In different case studies the additional value of this approach is
described®?. Included in this thesis are three cases of conjoined twins. Depth
perception allows optimal visualization of complex embryonic structures like the
limbs and central nervous system. We plan to further study the possibilities of
detecting embryonic defects early in pregnancy, especially in high risk patients
due to their genetic and/or medical background, using this new technique.

In conclusion, VR opens new ways of studying embryonic and early fetal growth
and development in vivo. Secondly, biometry, volumetry and morphology can be
studied optimally using VR. Applying these techniques may contribute to prenatal
diagnostics being brought forward from the second and third trimester to the first
trimester of pregnancy, entering a new area of embryonic medicine.
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MEASUREMENTS: VALIDATION
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ABSTRACT

Objective To investigate accuracy and reliability of four different ultrasound
related volume-measuring methods.

Design Observational study.
Setting Both in vitro and in vivo.

Population or Sample Ten phantoms for in vitro measurements and 28
pregnancies with gestational ages ranging from six to 11 weeks for in vivo
measurements were included.

Methods Three-dimensional (3D) ultrasound images of phantoms (with known
variable contents) and yolk sacs were used to calculate volumes using four
different methods; Virtual Organ Computed-Aided Analysis (VOCAL), Inversion
mode, Sono Automatic Volume Calculation (SonoAVC) and V-Scope. V-Scope is
a newly developed 3D volume visualisation application using a Barco |-Space
Virtual Reality system. Intra- and interobserver agreement was established by
calculating intraclass correlation coefficients (ICC).

Main Outcome Measures Evaluation of accuracy and reliability by comparing the
different techniques with true volumes (in vitro) and with each other (in vitro and
in vivo).

Results In the in vitro study volume measurements by VOCAL, Inversion mode and
V-Scope proved to be accurate. SonoAVC measurements resulted in a substantial
systematic underestimation. Correlation coefficients of measured versus true
volumes were excellent in all four techniques. For all techniques an intra- and
interobserver agreement of at least 0.91 was found. Yolk sac measurements by
the different techniques proved to be highly correlated (ICCs > 0.91).

Conclusions We demonstrated that VOCAL, Inversion mode and V-Scope can
all be used to measure volumes of hypoechoic structures. The newly introduced
V-Scope application proved to be accurate and reliable .

Keywords VOCAL; Inversion mode; SonoAVC; V-Scope; Virtual Reality; yolk sac
volumes

Melek Rousian, Christine M. Verwoerd-Dikkeboom, Anton H.J. Koning,
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INTRODUCTION

Until recently mathematical formulae were used to estimate volumes using
two dimensional (2D) ultrasound images. For instance the prolate ellipsoid or
trapezoid formula, is used for measuring ovarian volumes' and the ellipsoid
formula for foetal bladder volume calculations?. In such volume calculations,
a certain regularity of shape of the structure is assumed and correction for surface
irregularities is not possible.

The introduction of three dimensional (3D) ultrasound allows visualisation
of planes that cannot be obtained using 2D ultrasound. In this way volumetric
measurements without geometric assumptions as well as corrections or
assessments of surface irregularities are obtainable.

Computer software programs have been developed for volume measurements,
either incorporated into the ultrasound equipment or for off-line evaluation on
personal computers. Conventional volume measurements involve the delineation
of the object of interest in one plane of the multiplanar display. Several in vitro®
and in vivo* studies for validation of volume measurements demonstrated this
to be an accurate and reliable technique. The operator can conduct as many
serial slices as needed so that less regularly shaped or larger objects can also be
measured® ¢ 7.

The introduction of the Virtual Organ Computer-Aided Analysis (VOCAL™)
imaging program makes it possible to measure volumes by rotation around
a central axis. Raine-Fenning et al® demonstrated that this rotational technique
is better than the conventional measuring method. After several in vitro® and in
vivo” 1% 1" experiments the VOCAL imaging application is now considered to be
the ‘gold standard’ for volume measurements in ultrasound imaging.

In this paper we evaluate three other volume-measuring techniques that use
grey level information instead of delineation. Inversion mode is a thresholding
algorithm that has been available for several years. It makes visualisation and
volume calculation of fluid-filled structures possible in 3D and four dimensional
(4D) ultrasound images'? 1314,

In 2008 GE Medical Systems recently introduced the Sono Automatic Volume
Calculation (SonoAVC) technique on the Voluson E8 ultrasound system. This new
algorithm allows semi-automatic measurements of volumes, mean diameters and
absolute dimensions of hypoechoic regions in a 3D ultrasound dataset'" .

The latest technique uses a Virtual Reality (VR) system to benefit from all
three dimensions offered by 3D ultrasound datasets. In this study we will use the
V-Scope application in a Barco |-Space, a system that uses stereo projection on
three screens and the floor to immerse viewers in a 3D world. This application has
already been successfully applied to 3D prenatal ultrasonography'?. A region
growing segmentation algorithm has been implemented in this program that
calculates the volume of selected structures of interest semi-automatically.



The aim of this study is to investigate the accuracy and reliability of currently
available volume measuring methods and of the two newly introduced techniques,
SonoAVC and V-scope, both in vitro and in vivo settings. Robust establishment of
accuracy and reliability is needed as a validation before these techniques can be
applied in daily clinical practice.

METHODS

Our study was performed using a 3.7-9.3 MHz transvaginal probe of the GE
Voluson 730 Expert system (GE, Zipf, Austria) for the in vivo part and a 1.9-7.8
MHz abdominal probe of the GE Voluson E8 (GE, Zipf, Austria), which recently
became available at our department, for the in vitro part. Four dimensional view
(version 5.0 and 7.0, GE Kretz, Zipf, Austria) software was used to explore and
visualise the data sets and to measure volumes using VOCAL, inversion mode
and SonoAVC. The fourth, innovative, application used in our study, V-scope,
is not available on ultrasound machines or personal computers. Since 2004, the
department of Bioinformatics of the Erasmus MC in The Netherlands operates a
BARCO I-Space. The I-Space is a so-called 4-walled CAVE-like?" (Cave Automatic
Virtual Environment) VR system, allowing depth perception and interaction with
the rendered objects in an intuitive manner. We use an in-house developed volume
rendering application’ (CAVORE, which in 2008 was renamed to V-Scope).

VOCAL

VOCAL is a volume-measuring algorithm based on 2D segmentations around
a central rotational axis. The user can specify the number of rotational steps.
Kusanovic et al'? described this volume measuring method in detail. The user
is able to define the rotation step and the mode of interest. The software
calculates the volumes of the structures automatically, which are expressed in
cubic centimetres. A ‘manual mode’ can be chosen, allowing drawing around
the object of interest with the use of a computer mouse in the A, B or C plane.
Measurements can then be performed in various degrees of rotational steps.

Inversion mode

This segmentation algorithm uses grey scale voxels (3D pixels or volume elements)
in the 3D dataset for volumetric measurements?. Only hypoechoic regions can
be estimated with the inversion mode, because it uses a single upper threshold
after inverting the grey value. Kusanovic et al'? already provided a detailed
description and manual of this system. As inversion mode is a global operator,
working on the entire dataset, it is necessary to erase incorrectly segmented
areas, before calculating the segmented volume. Inversion mode can also be
used in combination with VOCAL, where the contour serves as a delineation of
the 'volume of interest'.
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SonoAVC

SonoAVC is a new algorithm that identifies and quantifies hypoechoic regions
within a 3D dataset and provides automatic estimation of their absolute dimensions
(x, y, z diameters), mean diameter and volume™. It was originally developed for
measurements of follicle volumes, and therefore can produce multiple volumes
as a result of the segmentation. SonoAVC works only within a specified region of
interest (ROI), and only inner volumes can be estimated.

Similar to inversion mode, SonoAVC calculates volumes by counting all volume
elements (voxels) within hypoechoic regions and converting them to a standard
unit (cms3).

Post-processing is available for correction by allowing the user to add or delete
incorrectly segmented areas. If there are aberrances in the ROI, the ‘growth’ or
‘separation’ function can also be used™.

V-Scope

The V-Scope application is used to create a 'hologram’ of the ultrasound image that
can be manipulated by means of a virtual pointer, controlled by a wireless joystick.
Three dimensional ultrasound datasets can be transferred to the BARCO I-Space,
after transformation to Cartesian (rectangular) volumes. For use in the V-Scope
application, we have implemented a flexible and robust segmentation algorithm
that does not depend on 2D interaction, like the VOCAL algorithm. The algorithm
is based on a region-growing approach in combination with a neighborhood
variation threshold, as proposed for magnetic resonance imaging data by Myers
and Brinkley?. The algorithm has been modified to accommodate the 'noisy
nature’ of ultrasound data: in addition to simplifying some of the parameters of the
original algorithm, the grey level and variation thresholds are applied to a ‘blurred
version’ of the original data, to average out most of the noise?*.

The user selects an upper and lower grey level threshold, and an upper threshold
for the SD based on the characteristics of the target area. A seed point in the area
and the algorithm will segment out (grow) the region starting from the seed point.
SD threshold will stop the region growing when it reaches a tissue interface.

When evaluating the yolk sac, the tissue interface (the ‘skin’ of the yolk sac)
is recorded much wider than it really is. To correct this the user can manually
grow (or shrink) the segmented region. In addition, should the region have grown
outside the actual object (for instance as a result of noise or drop outs) or part
of the object have been skipped (due to artefacts), a spherical, freehand ‘paint
brush’ can be used to add voxels to or delete voxels from the segmented object.

In vitro study

For the in vitro part of our study, we placed a water-filled object in an ultrasound
test reservoir. This reservoir contained a tissue-mimicking fluid medium, created
by a suspension of graphite particles in sterile water and glycerine. We used
simple structured objects; water balloons filled with different volumes of sterile



water. A total of ten balloons were filled with 1.0, 1.3, 1.5, 1.8, 2.0, 2.2, 2.3,
2.5, 2.8 and 3.0 millilitre of volume respectively. One observer acquired all
of the different ultrasound data sets of the objects using the Voluson E8
(figure 1). Dynamic range was set at 12, harmonics was set on low and 3D volumes
were acquired at maximum quality. All images were stored for off-line evaluation.
Another observer evaluated the quality and completeness of the data sets, and
for each balloon, the best image was selected.

Figure 1. Image of a water balloon on the ultrasound machine (Voluson E8).

Volumes of the balloons were measured with all four techniques (figure 2). For
VOCAL, we used rotational angles of 15° and 30°. The inversion mode technique
was applied without the VOCAL option. In the SonoAVC application, the ‘growth’
function was set to maximum and the ‘separation’ function to minimum.

All volume measurements were repeated three times; mean values were used
for comparison of the techniques. The observer was blinded for the true volume of
the balloons. All measurements were performed twice by one observer (M.R.) and
repeated independently by another (C.M.V-D). The second series of measurements
by M.R. were performed at least two weeks later than the first series to prevent
recollection bias. The observers were blinded to each other’s results.

The duration of time required to obtain all measurements was registered by
observer one, to evaluate applicability in daily clinical practice. Timing was started
when the data were loaded and ended when the final estimated volume was
shown.
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Figure 2. |-Space image of a water balloon. The red color marks the segmented volume.
The true volume of the water balloon was 2.8 milliliters.

In vivo study

To evaluate the use of the four different techniques in daily clinical practice, 24
pregnancies were examined at a median gestational age of 9 weeks (range 6-11
weeks) to visualise the yolk sac in 3D. These data sets were obtained in another
study to evaluate embryonic growth and development by Verwoerd et al?®. We
used the yolk sac as our object of interest, since it is an easy to identify, well-defined
fluid-filled structure. All measurements using the four different techniques were
performed off-line (figure 3) as described in the in vitro part and repeated three
times; mean values of these three assessments were used for comparison. The
duration of time required to obtain measurements was monitored as described in
the in vitro section.

Statistical analysis

Data analysis was performed using SPSS (SPSS Release 12.0.1 for Windows, SPSS
Inc, Chicago, IL, USA).

In the in vitro part of the study, the accuracy and reliability were investigated.
To assess the accuracy of the different techniques, differences between measured
volumes and true volumes were calculated and compared with the paired t-test.
A P value of 0.05 (two sided) was considered the limit of significance. In addition,
Pearson correlation coefficients were calculated of measured against true volumes.

Reliability is the extent to which we can assume that a measurement will yield
the same result if repeated a second time. To assess this, intraclass correlation
coefficients (ICC) were used. In addition, we tested both intraobserver and
interobserver reliability for all four measuring methods. For good agreement, ICC
has to be 0.90 or higher.



Figure 3. Images of yolk sac (66 days of gestational age) volume measurements
obtained by four different techniques. (A) VOCAL. The balloon is traced in the A
plane, and the estimated volume is 0.039 cm3. (B) Inversion mode. The estimated
volume is 0.04 cm3. (C) SonoAVC. The 3D image shows an estimated volume of
0.04 cm3. (D) V-Scope. The segmented volume is marked with a color. The volume of the
yolk sac is 0.036 cm?.

In the in vivo part of the study ICCs were calculated for all four measuring
methods as described for the in vitro part. We further calculated the mean
difference and limits of agreement (mean difference = 1.96SD) as described by
Bland and Altman? to show the agreement between measurements when different
methods are used. The mean time needed to perform volume measurements,
the associated SDs and the time ranges were calculated for the in vitro and
in vivo part.

RESULTS

In vitro study

Of the original ten water-filled balloons, in seven balloons, image quality was
good enough to perform volume measurements with all four different techniques.
These seven balloons contained 1.3, 2.0, 2.2, 2.3, 2.5, 2.8 and 3.0 ml of sterile
water respectively.
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Table | shows the mean differences between the measured volumes and the real
volumes, with the corresponding significance. For VOCAL, inversion mode and
V-Scope, there are no significant differences. SonoAVC, however, demonstrates
a systematic underestimation (mean difference of —0.63 for both observers) of the
measured volume compared with the true volume (both P< 0.001). All measured
volumes correlate well with the true volume (all correlation coefficients > 0.91,
both for observer one and observer two).

Table Il shows the agreement between measurements performed by the same
observer (intraobserver variability) and the agreement between two different
observers (interobserver variability). ICCs were all greater than 0.99, representing
excellent agreement in all women.

Table I. Evaluation of accuracy of the in vitro study using the different techniques of
volume estimation.

Mean Standard
difference  deviation of 95% ClI of the
Observer Technique (cm3) differences (cm3) difference (cm3) P-value
Observer 1 VOCAL 30° 0.019 0.063 -0.039 to 0.780 0.449
VOCAL 15° 0.020 0.055 -0.031 to 0.071 0.371
Inversion 0.011 0.063 -0.047 to 0.069 0.662
SonoAVC -0.632 0.240 -0.854 t0 -0.410 < 0.001
V-Scope 0.011 0.035 -0.022 to0 0.043 0.449
Observer 2 VOCAL 30° 0.023 0.112 -0.081 t0 0.127  0.605
VOCAL 15° 0.015 0.105 -0.082t0 0.113 0.716
Inversion -0.007 0.080 -0.081 to 0.067 0.822
SonoAVC -0.626 0.243 -0.851 to -0.402 < 0.001
V-Scope -0.010 0.006 -0.025t0 0.004  0.135

The mean difference between measured volumes minus the real volumes of the
balloons with the associated standard deviation and 95% confidence interval (Cl) are
displayed. The results of both observers are displayed.

Table Il. Intraobserver (ICC-A) and interobserver (ICC-B) correlation coefficients of the
in vitro study.

Technique ICC-A 95% CI ICC-A ICC-B 95% CI ICC-B
VOCAL 30° 0.998 0.990 to > 0.999 0.995 0.971 to 0.999
VOCAL 15° 0.999 0.996 to > 0.999 0.993 0.962 to 0.999
Inversion 0.998 0.988 to > 0.999 0.995 0.973 to 0.999
SonoAVC 0.999 0.994 to > 0.999 0.996 0.980 to 0.999
V-Scope 0.998 0.992 to > 0.999 0.997 0.982 to 0.999




In vivo study

Yolk sac volumes could be measured with VOCAL, inversion mode and V-Scope in
all 24 ultrasound scans. With SonoAVC, we were not able to measure the volume
of four yolk sacs. All techniques were compared to each other and ICCs were
calculated. Results of these comparisons are reported in Table Ill. In all women,
the ICC is at least 0.91, suggesting good reliability. The best ICC with narrowest
Cl is demonstrated between V-Scope and VOCAL. The mean difference and 95%
limits of agreement are displayed in Table Ill.

Results of the time required for each separate volume calculation are shown
in Table IV. In the in vitro study, VOCAL is fastest and V-Scope slowest when
compared to the other techniques. All the comparisons result in statistically
significant differences (P<0.001). However, in the in vivo study, V-Scope is faster
than the other techniques (for all comparisons: P<0.004) and has the smallest
time range. VOCAL 15° takes the most time (for all comparisons: P<0.001).

™

DISCUSSION

In this study, we tested the accuracy and reliability of four different 3D ultrasound
volume-measuring methods in both an in vitro and an in vivo setting. Clinical use
of volume measurements using 3D ultrasound is likely to become increasingly

SINIFINIFINSVIIN FNNTOA ADNVNODIHd ATdVI

Table Ill. Evaluation of reliability of the yolk sac volume measurements.

Mean 95% Cl of mean Limits of
difference*  difference agreement**
Technique N (cm3) (cm3) (cm3) ICC 95% Cl of ICC

VOCAL 30° 24  -0.001 -0.003 to 0.003 -0.004 to 0.002 0.996 0.990to 0.998
vs VOCAL 15°

VOCAL 30° 24 -0.004 -0.013 t0 0.001 -0.010 to 0.003 0.963 0.715 to 0.989
vs Inversion

VOCAL 30° 20 0.002 -0.008 t0 0.012 -0.007 t0o 0.012 0.958 0.884 to 0.984
vs SonoAVC

VOCAL 30° 24  -0.000 -0.004 to 0.004 -0.005to 0.004 0.992 0.981to 0.996

vs V-Scope

Inversion 20 0.006 -0.003 t0 0.020 -0.004 to 0.016 0.909 0.340 to 0.975
vs SonoAVC

Inversion 24 0.003 -0.004 t0 0.016 -0.006 to 0.012 0.943 0.777 to 0.981
vs V-Scope

SonoAVC 20 -0.002  -0.012t0 0.006 -0.012to 0.007 0.956 0.879 to 0.983
vs V-Scope

N is the number of yolk sacs that could be compared.
* Mean difference is calculated as technique 1 minus technique 2.
** | imits of agreement are calculated as mean difference =1.96SD.
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Table IV. Time required to perform one volume measurement using the different
techniques.

Study Technique Mean time + SD (seconds) Range (seconds)

In vitro part ~ VOCAL 30° 66 = 9 51 to 86
VOCAL 15° 110 = 12 89 to 129
Inversion mode 78 = 17 50 to 118
SonoAVC 99 + 25 40 to 142
V-Scope 123 = 78 40 to 281

In vivo part VOCAL 30° 96 = 29 56 to 160
VOCAL 15° 159 = 24 89 to 208
Inversion mode 112 + 28 65 to 197
SonoAVC 81 = 23 41 to 134
V-Scope 61 = 22 29 to 117

important in the study of human reproduction and embryogenesis. In recent
years, new techniques have been developed for estimating volumes in 3D. This
is the first study comparing four of these techniques; VOCAL, inversion mode,
SonoAVC and V-Scope.

We have limited our research to measurements of hypoechoic structures,
since only these structures can be measured by all four techniques. However,
hyperechoic structures, such as the fetal body and placenta, can also be measured
using VOCAL and V-Scope.

VOCAL s considered to be an important development in volume measurements
in 3D ultrasound images. The in vitro study by Raine-Fenning et al® demonstrated
that VOCAL is more reliable and accurate in calculating volumes than conventional
methods. Using an angle of 30° for performing the volume measurements showed
good accuracy, especially when regularly shaped structures were measured.
In our study, we used both the 30° and 15° rotational angles, to verify that their
conclusion also applies to very small structures. We did not find significant
differences between the two volume angles.

Although VOCAL is generally recognized as the gold standard for performing
volumetric measurements, it does have some limitations.

The in vitro study performed by Raine-Fenning et al.® showed that VOCAL has
a tendency to overestimate true volumes. In our study, we do not find a tendency
of overestimation, neither in vitro nor in vivo. Another limitation is the time
required for measuring the volume of interest. Different studies illustrate that the
time needed to perform the volumetric measurements can range between 1 and
10 minutes® ' 1226, The greater the angle is, the shorter the measuring time. In
our study mean time for VOCAL measurements was shorter than usually reported
in the literature. This can probably be explained by the fact that we used only



regularly shaped structures. This also means that, using the VOCAL approach,
possible inaccuracies when measuring very irregularly shaped volumes cannot
be excluded. Finally, it can be difficult to determine the boundaries of some
structures because of shadows, other structures® or dispersion of the boundaries
in women with limited image quality.

Inversion mode was mainly developed to generate information about the
anatomical and pathological characteristics of fluid-filled structures; for instance,
the visualisation of abnormal systemic venous connections'. In addition to
visualisation, volume measurements can be performed™ with a high degree of
reliability, when compared with other techniques like VOCAL'™. Kusanovic et al'?
concluded that inversion mode had larger volume measurements than VOCAL,
which they contributed to the fact that relatively high threshold levels were chosen®.
A limitation of their study was that accuracy could not be evaluated, since the true
volumes were not known. They also concluded that inversion mode is a slightly
faster technique than VOCAL. We found this to be true only for the rotational
angle of 15°. We show with the in vitro part of our study that the accuracy and
reliability of volume measurements performed with the inversion mode are very
high. Like VOCAL, image quality is very important when using inversion mode.
Adjustments in contrast, threshold and transparency may improve image quality.
In our study, the combination of the ‘surface smooth’ and ‘gradient light’ filters
produced the best 3D images, although visualisation problems still persisted.
Especially, dispersion of the borders from the structures of interest was found to
affect the outcome of the volume estimation.

In 2008, SonoAVC has become available as a semi-automatic volume measuring
application, which has the potential to remove observer bias and to reduce the
time needed for measurements’. Studies have shown that SonoAVC is able to
provide highly accurate automatic follicular volume measurements in a short time,
especially when image quality is high'™ . Again image quality greatly influences
the ability to measure volumes. If noise speckles are present in the data set,
SonoAVC will measure the volume of interest without these speckles (including
an area surrounding each speckle), producing a substantial underestimation. In
some women the post-processing tools in SonoAVC can be used to improve the
value of the measurement, but this is at the cost of extending the time required
for measuring the volumes.

In the in vitro part of our study, we found that SonoAVC gives a substantial
systematic underestimation of the phantoms. All speckles visible within the
phantom images were not included into the volume calculation, and this led to an
underestimation of the true volumes. This underestimation persisted even after
the use of post-processing tools. For the in vivo study, in 4 of the 24 yolk sacs,
SonoAVC could not be applied due to image quality problems. The remaining
20 yolk sac volumes were in concordance with the other measuring techniques.
We therefore conclude that SonoAVC is a reliable measuring method, but very
dependent on image quality and with a tendency to underestimate true volume.
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Since post-processing tools had to be used in all women, we do not consider this
technique to be ‘automatic’ in a true sense.

The |-Space uses stereo projection, which makes it possible to visualise a
‘real’ 3D ultrasound image. Studies using this VR technology have demonstrated
that it provides additional insights'?, especially where structures that need
depth for accurate interpretation of size and position are concerned. Verwoerd
et al® already demonstrated the reliability of this system in measuring standard
human embryonic biometry. The volume-measuring tool of V-Scope is a new
development. Our study reveals that accuracy and reliability are very good. In
the in vitro part of this study, V-Scope measurements took the longest time. This
can be attributed to the low image quality of two of the balloons. In these two
objects, ultrasound fall-out created an apparent gap in the shell of the balloons,
and therefore, voxels outside of the balloons were also included. Erasing these
voxels is a time-consuming process. Disregarding these balloons brings the time
required in line with the other methods.

The basis of every measuring method, accuracy, was tested in the in vitro part of
this study. VOCAL and V-Scope turns out to have the best correlation coefficients
when measured volumes are compared with the true volumes. Both applications
measure the volumes without a statistically significant difference. SonoAVC gives
a substantial systematic underestimation of the volumes. Inter- and intraobserver
variability reveals very good results (ICC > 0.90) for all four techniques. The in
vivo part of this study demonstrates that for yolk sac volumes, all four techniques
are capable of making precise measurements. Feasibility, an important aspect for
implementation in daily clinical practice, is good in general for all four systems.
In the in vitro setting VOCAL 30° and in the in vivo study V-Scope are the fastest
techniques, but time alone is not the most important factor. Image quality greatly
influences the time needed to measure a volume, and may be related to several
factors such as maternal obesity and oligohydramnios. Especially for the (semi-)
automatic volume - measuring methods (SonoAVC and V-scope), good image
quality reduces measuring time. In women with poor image quality, SonoAVC is
very labour-intensive, mainly as a result of the post-processing required. Although
V-Scope is currently only available in the Erasmus MC I-Space, it is being adapted
to run on a desktop system using a 3D auto-stereoscopic computer monitor. The
advantage of this type of display is that it can be used without any viewing aids,
i.e. without 3D polarizing glasses. These low-cost VR displays may well become
available embedded in daily clinical practice in the near future.

As V-Scope performs at least as good as the established VOCAL technique,
it can be used in research on human embryogenesis. Measurements can be made
of any volume such as the entire embryo, the amniotic sac or the embryonic brain.
After obtaining reference values of early pregnancy volumes, associations can
be studied with clinical outcomes such as miscarriage, congenital abnormalities
and intra-uterine growth restriction. This technique, tentatively called Virtual
Embryoscopy, may help to improve our knowledge on embryonic growth and
development.
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ABSTRACT

Background The recent introduction of virtual reality (VR) enables us to use all
three dimensions in a three-dimensional (3D) image. The aim of this prospective
study was to evaluate an innovative VR technique for automated 3D volume
measurements of the human embryo and yolk sac in first trimester pregnancies.

Methods We analyzed 180 3D first trimester ultrasound scans of 42 pregnancies.
Scans were transferred to an |-Space VR system and visualized as 3D 'holograms’
with the V-Scope volume rendering software. A semi-automatic segmentation
algorithm was used to calculate the volumes.

The logarithmically transformed outcomes were analyzed using repeated
measurements ANOVA. Interobserver and intracbserver agreement was
established by calculating intraclass correlation coefficients (ICCs).

Results 88 embryonic volumes (EVs) and 118 yolk sac volumes (YSV) were
selected and measured between 5° and 12 weeks of gestational age (GA). EV
ranged from 14 mm?3 to 29 877 mm?3 and YSV ranged from 33 mm?3 to 424 mm3.
ANOVA calculations showed that when the crown-rump length doubles, the mean
EV increases 6.5 fold and when the GA doubles, the mean EV increases 500
fold (p<0.001). Furthermore, it was found that a doubling in GA results in a 3.8
fold increase of the YSV and when the CRL doubles, the YSV increases 1.5 fold
(p<0.001). Interobserver and intraobserver agreement were both excellent with
ICCs of 0.99.

Conclusions We measured the human EV and YSV in early pregnancy using a VR
system. This innovative technique allows us to obtain unique information about
the size of the embryo using all dimensions which may be used to differentiate
between normal and abnormal human development.

Keywords Embryonic volume; fetal volume; virtual reality; 3D ultrasound; first
trimester
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INTRODUCTION

First trimester ultrasound is widely used for early pregnancy localization and
assessment of viability. The crown-rump length (CRL) measurement is used for
an accurate determination of gestational age (GA)'. From recent studies on
first trimester dating and growth, however, it is now known that a smaller than
expected CRL may also be related to impaired embryonic growth?. The latter is
not only associated with first trimester miscarriage® and aneuploidy*®, but also
with fetal growth restriction in the second and third trimester of pregnancy?¢”’. As
a consequence there is a growing interest in tools for more precise measurement
of embryonic growth.

A better assessment of embryonic growth by embryonic volume measurements
in comparison to CRL measurements has been suggested in several studies®°.
Because of the irregular shape of the embryo, however, it is difficult to acquire
accurate embryonic volume (EV) measurements. The first successful attempt
was published by Blaas et al."'. The authors used vaginal three-dimensional
(3D) ultrasound data and segmented the objects by manually drawing contours
in several parallel two-dimensional (2D) slices. Polyhedrons were created, using
specialized software, to define the surface and volume of these objects. This group
reported that a significant proportion of the EV is represented by the limbs'.
Others used the Virtual Organ Computer Added analysis (VOCAL™) method,
which makes it possible to accomplish rotational volume measurements. These
volume estimations are performed by drawing contours around the embryo in
various rotational steps, without including the limbs, resulting in a fetal trunk and
head volume only®10 13,

In a virtual reality (VR) system, such as the I|-Space, high resolution 3D
ultrasound datasets can be visualized as holograms with optimal dept perception.
We use the V-Scope volume rendering application to benefit from all three
dimensions in the immersive |-Space (Barco, Belgium) VR system (figure 1). The
combination of V-Scope and the |-Space has already been successfully applied to
3D prenatal ultrasonography'*'8. Even the classical staging system of embryonic
development, the Carnegie stages, could be determined by inspecting the
embryo from different angles'.

Recently a region growing segmentation algorithm, which calculates
the volume of selected structures of interest semi-automatically, has been
implemented in V-Scope. The algorithm was validated by Rousian et al.” both in
vitro and in vivo, using balloons and yolk sacs. The next step is to test the V-Scope
technique for complex structures like the embryo, including the limbs. Although
the measurements were performed in the embryonic as well as in the early fetal
period, in this manuscript we use the term embryo throughout.

The aim of this study was to evaluate the use of an automated VR application for
volume measurements of first trimester human embryos, including the limbs. We
also measured the human yolk sac volumes and studied the interobserver and
intraobserver variability of the EV measurements.



Pointer pos: 1 14
Pointer vat 00 0

Figure 1. Image of the I-Space VR system. The datasets are projected on the floor and
three walls by eight different projectors. An embryo of 10 weeks and 4 days gestational age
is projected on the walls.
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PATIENTS AND METHODS

Patient selection

A group of 50 volunteering pregnant women, without any predisposing condition
or medication use that could interfere with normal embryonic growth, was
included in a longitudinal first trimester 3D ultrasound study'"”. Written informed
consent was obtained, and the regional committee for medical ethics approved
the study. We performed 3D ultrasound scans in the 25 spontaneous and 25 IVF/
ICSI pregnancies, which were made serially from about 6-8 weeks to 12 weeks
of gestation. GA was calculated using the first day of the last menstrual period,
and in cases of an unknown last menstrual period or a discrepancy of more than
a week, GA was determined by the CRL measurements performed in the first
trimester. For the IVF/ICSI pregnancies the GA was based on the date of oocyt
retrieval. During the ultrasound examinations, three patients were found to have
twin pregnancies and two patients were diagnosed with non-viable pregnancy.
These patients were excluded during the examination period. One patient was
diagnosed with a placental confined trisomy 16 mosaicism' and two patients
developed severe placental insufficiency during the second half of pregnancy. We
also excluded these ultrasound examinations. Data from 42 women, consisting of
21 spontaneous and 21 IVF/ICSI pregnancies, remained in our study cohort. In
this group a total of 180 3D ultrasound scans were performed, with a mean of 4.3
ultrasound scans per patient (standard deviation (SD): 1.7 scans).

Not all 180 images could be visualized optimally in the |-Space and since
this is the first study describing embryonic and yolk sac growth by using a VR
application, we included the images with the best image quality only. So images
were excluded because the embryonic features could not be recognized due to
poor image quality or because they were lacking parts of the embryo or the yolk
sac. Finally, 88 images of the embryo of 40 women and 118 images of the yolk sac
of 41 women remained for further study.

Ultrasound measurements

Our study was performed using a 3.7-9.3 MHz transvaginal probe of the GE
Voluson 730 Expert system (GE, Zipf, Austria). The 3D ultrasound scans were
acquired by examiner CMV. Later, the scans were stored as Cartesian volumes
using specialized 3D software (4D View, version 5.0, GE Medical Systems)
and visualized using the I-Space, a so-called four-walled CAVE™-like '? (Cave
Automatic Virtual Environment) VR system.

I—Space measurements

The V-Scope® application is used to create an interactive hologram of the
ultrasound image that can be manipulated by means of a virtual pointer, controlled
by a wireless joystick. To perform volume measurements, this application includes
a flexible and robust segmentation algorithm that is based on a region-growing



approach in combination with a neighbourhood variation threshold, as originally
proposed for magnetic resonance imaging data by Myers and Brinkley?'. The
algorithm has been modified to handle the speckles in ultrasound data by
simplifying some of the parameters of the original algorithm and smoothing the
grey level data using a Gaussian blur. The user selects an upper and lower grey
level threshold and an upper threshold for the SD of the voxels neighbourhood.
A seed point is placed and the algorithm will segment (grow) the region starting
from the seed point. The SD threshold will stop the region growing when it
reaches a tissue interface.

Prior to the volume measurement the embryonic insertion of the umbilical
cord and the vitelline duct insertion at the yolk sac have to be "brushed’ away with
the eraser to avoid segmentation of other parts than the whole-body or yolk sac.
To measure the volume of the embryo first the hyperechoic structures have to be
segmented (movie 3), followed by the hypoechoic structures (the brain ventricles).
For the yolk sac volume (YSV) measurement, first the hypoechoic interior and then
the hyperechoic shell has to be segmented. V-Scope can automatically add the
segments and calculate the total volume.

Movie 3. In this movie an embryo is shown of 10 weeks gestational age. First,
the surrounding structures are 'brushed’ away, and next to this the embryonic
volume is segmented automatically (red). This movie gives an impression of the
I-Space, but we have to be aware that we are looking at a 3D hologram on a 2D
screen.

If the volume measurement is incomplete, the user can manually grow (or
shrink) the segmented region and a spherical, free hand “paint brush’ can be
used to add voxels to or delete voxels from the segmented structure when
necessary. All EVs (figure 2 and 3) and YSVs were measured three times and the
mean of these three assessments was used in the analysis. The EV measurements
were performed by one examiner (M.R.) and in a randomly chosen subset of
20 embryos these measurements were repeated independently, at a different
time, by another examiner (R.v.O). Both examiners were blinded for each other’s
volume measurements. M.R. was an experienced examiner and R.v.O. was a
non-experienced examiner. But the level of experience is less important when
there is a large contribution of automatic procedures, which is the case in volume
measurements performed by using the V-Scope application. The duration of the
off-line V-Scope embryonic volume measurement ranged between five and ten
minutes. In a previous study by Rousian et al.”® the duration of the yolk sac volume
measurement with V-Scope had a mean of 61 seconds.

V-Scope CRL measurements, already validated by Verwoerd et al.’®, were
performed three times by examiner MR and the mean values of these were used
for analysis.

EVs of IVF/ICSI and spontaneous pregnancies were analyzed separately and
tested for differences.
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Figure 2. Image of an embryo at 9 weeks and 5 days gestational age in the |-Space VR
system. This 2D picture does not fully reflect the 3D image of the I-Space.

Figure 3. Image of the same embryo as seen in figure 2; now the volume of the embryo has
been calculated to be approximately 3 060 mm?3 (green).



Statistical analysis

Data analysis was performed using SPSS (SPSS release 15.0 for Windows) and
SAS PROC MIXED (release 8.02; SAS Institute Inc, Cary, NC, USA). To analyse the
longitudinal measurements we used repeated measurements ANOVA (random
coefficient models). To analyse the EV and YSV versus the CRL, we used the
equation: Log,(EV or YSV) = a + b x log, (CRL). The same model equation was
used for the analysis of GA by replacing CRL with GA.

Intraclass correlation coefficient (ICC) was used to quantify the interobserver
and intraobserver reliability of the volume measurements. For a good agreement,
the ICC has to be 0.90 or higher.

RESULTS

The 88 EV measurements ranged from 14 mm3 to 29 877 mm?3 (median: 2214 mm?3)
and are presented in figure 4 and grouped together per completed gestational
week in table . The GA ranged from 42 to 90 days (mean: 66 days; SD: 11 days).
The CRL ranged from 3.0 to 68.0 mm (median: 25.7 mm).

In our study the mean EV measurements can be presented by the following
equations:

Logw(EV (cm3)) = -3.56 + 2.72 x Iogm(CRL(mm))
Log,,(EV (cm?)) = -16.50 + 9.03 x log, (GA(days))

From these equations can be calculated that when the CRL doubles, the mean
EV increases 6.5 fold (95% confidence interval (Cl): 6.2 - 7.0; p<0.001). For
each doubling of GA, the mean EV increases approximately 500 fold (95% Cl:
403 - 680; p<0.001).

These two equations did not statistically significantly differ between IVF/ICSI
and spontaneous pregnancies (both p>0.5 for the slopes; both p>0.5 for the
intercepts).

Of the 42 included women the GA at delivery ranged from 35 to 42+° weeks
(mean: 39*2 weeks; SD: 10 days). Birth weight ranged from 2 175 gram to 4 750
gram (mean: 3 346 gram; SD: 588 gram). Postnatally all 22 girls and 20 boys were
healthy.

The YSV measurements are shown in table II.

The resulting mean YSV can be represented by the following equations:

Log,,(YSV (cm?)) = -1.75 + 0.57 x log, ,(CRL(mm))
Log,,(YSV (cm?)) = -4.44 + 1.92 x log, ,(GA(days))

In figure 5 the YSVs are plotted against the CRL and GA. The YSV increases on
average 3.8 fold (95% Cl: 2.8 - 5.1; p<0.001) for each doubling of gestational days.
When the CRL doubles, the YSV increases 1.5 fold (95% Cl: 1.4 - 1.6; p<0.001).
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Interobserver variability was calculated by comparing 20 EV measurements
of examiner MR with the measurements of examiner RvO, which resulted in an
ICC of 0.999 (95% Cl: 0.997 - 0.999), representing excellent agreement. The
intraobserver variability was calculated by comparing the EV measurements of
MR, which resulted in an ICC of 0.999 (95% CI: 0.998 - 0.999).
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Figure 4. A. Measured whole-body volume related to crown-rump length. B. Measured
whole-body volume related to gestational age. In both graphs the mean value and 95%
reference interval are indicated by the solid and dotted lines, respectively.



Table I. Mean embryonic volume and crown-rump length estimations with the
corresponding standard deviation (SD), number (N) per complete gestational week
and / or range.

Gestational age N Mean embryonic  SD Range Mean CRL SD
(weeks) volume (mm3) (mm3) (mm3) (mm) (mm)

6 3 42 34 14 -80 6.5 3.2

7 15 310 137 90 - 543 13.2 2.5

8 18 1017 352 489 -1 800 20.3 2.2

9 19 2447 785 1469 -4 691 27.2 3.6

10 18 5348 1412 2478-7 761 36.7 4.4

11 7 9709 2579 5232-12927 47.0 4.8

12 8 22195 5693 10911 -29877 63.5 5.6
Table Il. Mean yolk sac volume and crown-rump length estimations with the

corresponding standard deviation (SD), number (N) per complete gestational week
and / or range.

Gestationalage N  Mean yolk sac  SD Range Mean CRL SD

(weeks) volume (mm3) (mms3) (mm3) (mm) (mm)

6 and <6 8 48 13 33-72 7.0 2.3
7 22 79 23 40-139 13.3 2.0
8 28 100 39 49 — 245 19.9 2.6
9 25 122 42 63 - 206 26.1 2.8
10 22 147 37 99 - 228 37.0 4.5
11 10 180 104 75 -424 48.3 5.8
12 3 116 43 76 - 160 61.8 6.0

DISCUSSION

In this prospective study based on longitudinally collected ultrasound data we
show, for the first time, that first trimester human embryonic whole-body volumes
and YSVs can be measured using an instant and automated VR system.

The development of 3D ultrasound at the end of the 1980s was a step forward
for volume based growth and weight estimations. Since then several studies have
been published on reliability and accuracy of 3D volume measurement'%22:24,
Subsequently, specialized software used by Blaas et al.""'% 22, the multiplanar
method 2* and VOCAL software® 10 13 23. 252 have been used for the estimation
of EVs and YSVs. In all studies the examiner had to place contours around the
structure of interest on a 2D screen, which is subject to individual variation. Blaas
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Figure 5. A. Measured yolk sac volume related to crown-rump length. B. Measured yolk
sac volume related to gestational age. In both graphs the mean value and 95% reference
interval are indicated by the solid and dotted lines, respectively.

et al.""?2 showed that the examiner usually draws the segmentation line slightly
away from the real surface, resulting in larger volumes with outer surfaces and
smaller volumes in case of cavities with inner surfaces. The |-Space offers depth
perception and subsequently the dataset can be examined in all dimensions and
from all different sides. This makes it easy for an examiner to measure volumes,
and to prevent incomplete segmentations. The V-Scope software enables to



measure volumes in real 3D semi-automatically, and proves to be less sensitive
to individual variation'®, because there is no need to draw contours around the
structure of interest.

Another advantage of the I-Space is that this algorithm allows to compute
the whole-body volume, including the limbs, while with VOCAL only a head and
trunk volume can be measured, resulting in a substantial underestimation?103.
Blaas et al.”? showed that the volume of the limbs, as a percentage of the total EV,
increases from 5% at 7 weeks’ GA to 10% at the end of the first trimester.

Each volume measurement took 5 to ten minutes starting from the moment a
data set was loaded, including all post-processing time. The more experienced one
gets, the faster it goes, which makes it also useful in a clinical setting. Compared
to the other techniques the VR volume measurement is less time consuming, due
to its segmentation algorithm™. Clinical applicability will be tested in the near
future. Our main goal in this translational research was to provide new insights
in embryonic growth and development and the feasibility of automated analysis.
Furthermore the interobserver and intracbserver agreement for YSV' and EV
measurements appeared to be very good.

We measured the embryonic body volume in 49% of the datasets. In this
translational research setting we only included these datasets with a very high
image quality, as our main goal was to provide new insights in embryonic growth
and development using automated analysis. New studies will be conducted with
regards to applications in a clinical setting.

In comparison to the cross-sectional embryonic volume data of Blaas et al.’
we found on average 23% higher volumes above a CRL of 30 mm and comparable
volumes below a CRL of 30 mm. The relatively small number of women studied,
however, is a limitation of both studies.

It has been suggested that reduced embryonic growth might be better assessed
by embryonic volume than by CRL measurement®'°, because the increment of EV
between the 7% and 12* gestational week is much larger than the respective
increment of the CRL, as was also demonstrated in our study. Between 11*%and
13*¢ weeks of gestation the fetal head and trunk volume has also been shown,
when compared to chromosomally normal fetuses, to be about 10-15% lower
in trisomy 21 and monosomy X fetuses and about 45% lower in trisomy 18 and
triploidy fetuses®'®. A generalized disturbance in growth of these embryos was
illustrated by the fact that the volumes were smaller, even after correction for CRL.

As we know that there is a relation between abnormal first trimester growth
and adverse obstetric outcomes from CRL studies® 7, it can be expected that EV
measurements may be even more accurate in prediction models. EV measurements
may therefore be implemented in routine clinical practice in the nearby future.
However, more research is needed to validate the assumption that abnormal
volume measurements can be successfully used to predict a miscarriage or low
birth weight.
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The yolk sac, being an embryonic structure with biosynthetic, haemopoietic
and absorptive functions, plays a critical role in embryonic development. From
the first sonographic analysis of the human yolk sac in 1979% researchers tried
to find a relation between the yolk sac appearance and size, and pregnancy
outcome. Kupesic et al.®® were the first to study yolk sac volumes by using the
planimetric 3D ultrasound method. In recent publications VOCAL was used
for YSV measurements?*?. The volumes correlated with GA even more than
the diameter of the yolk sac®?. Associations between an abnormal YSV and
pregnancy outcome were noted in some? ??, but not in all studies™®.

In the |-Space these volumes can be measured automatically in one minute'.
These very high reproducible and accurate measurements can therefore be
performed for research and may also be implemented in a clinical setting to study
the predictive value of the YSV for an abnormal pregnancy outcome.

In conclusion, we have demonstrated that an innovative VR system can be used
for automated first trimester measurement of human EV and YSV. This 3D VR
approach allows us to obtain unique information about the size of the embryo
using all dimensions, which opens a new area to study embryonic growth and
development. This innovative technique may improve the differentiation between
normal and abnormal human development in early pregnancies.
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GESTATIONAL SAC FLUID

CHAPTER 32 VOLUME MEASUREMENTS

IN VIRTUAL REALITY



ABSTRACT

Background The aim of this prospective cohort study is to evaluate a virtual reality
(VR) application for gestational sac fluid volume (GSFV) measurements in first
trimester pregnancies and to study the correlation between different embryonic
growth parameters.

Methods We analyzed 180 3D ultrasound scans of 42 healthy women, performed
between 5*°and 12*¢ weeks gestational age (GA). The 3D datasets were transferred
to the I-Space immersive VR system. The V-Scope application is used to create
a 'hologram’ of the ultrasound image allowing depth perception and interaction
with the rendered objects. Volumes can be measured semi-automatically by
using a segmentation algorithm. In addition to the GSFV, the total gestational
sac volume (GSV) and its diameter (GSD) were measured. The GSV was also
calculated using the ellipsoid formula. Previously performed embryonic volume
and CRL measurements were included in the study. The outcomes were analyzed
using repeated measurement analysis of variance.

Results The GSFV was measured in 78 scans, varying from 434 mm3to 81491 mma3.
The comparison of the GSD formula constructed in our study with a commonly
clinically used formula showed an increasing difference with increasing GA. The
GSFV/embryonic volume ratio showed a decrease over GA. The GSV calculated
by the ellipsoid formula was on average 19.8% greater compared to the GSV
measured in VR.

Conclusions New charts for first trimester GSFV were constructed using VR.
A positive correlation between GSFV and GA, CRL and the GSD was found.
These growth charts could be promising tools for studying normal and abnormal
embryonic development.

Keywords Gestational sac volume; gestational sac fluid volume; first trimester;
3D ultrasound; virtual reality

Melek Rousian, Anton H.J. Koning, Wim C. Hop, Peter J. van der Spek,
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INTRODUCTION

The gestational sac is of great interest, especially in the early pregnancy. This sac
consists of two different cavities in the first trimester; namely the amniotic cavity
and the exocelomic cavity'2.

The mean gestational sac diameter (GSD) is used as an important growth
parameter in first trimester pregnancies. In the Netherlands and in many other
countries, the Grisolia et al.? chart is used as reference chart for the GSD in relation
to the gestational age (GA). Besides the size, also the shape of the gestational
sac has been studied in relation to adverse pregnancy outcomes*'". Some studies
show that there is an association between the size or shape and several abnormal
pregnancy outcomes®¢#'%1 ‘while others do not*”’.

In addition, the volume of the gestational sac can be used to assess growth
with improved accuracy by transvaginal three-dimensional (3D) ultrasound'.
The gestational sac fluid volume (GSFV) represents the gestational sac volume
(GSV) minus the volume of the embryonic parts. Until now, the GSV and GSFV
were measured in 3D by using three different volume measuring methods® >V,

We introduced a virtual reality (VR) based method to measure volumes of
hypoechogenic and hyperechogenic structures'". This method is implemented
in V-Scope, an in-house developed volume-rendering application which is used
to create a 'hologram’ of the 3D ultrasound data that can be controlled by means
of a virtual pointer using a wireless joystick. V-Scope runs in the I-Space allowing
the use of the third dimension to it fullest, which is not possible when using any
of the other available 3D applications. In addition, volume measurements can be
performed semi-automatically. The accuracy and reproducibility of the volume
measuring method has been proven by previous studies'®'. Finally, length
measurements, like the GSD, can be performed, using a tracing-application?°-2".

The aim of this study is to evaluate the possibility of measuring the GSFV and
GSV throughout uncomplicated first trimester pregnancies using the V-Scope
application. We also compared the in VR measured GSD with a clinically used
chart®.

METHODS

Patients

Between January and July 2006 50 pregnant women were included into a study
on first trimester longitudinal 3D ultrasound measurements. These women also
contributed to other studies’?3,

Twenty-five patients conceived spontaneously and the remaining 25 women
became pregnant after in-vitro fertilization (IVF) or intra-cytoplasmatic sperm
injection (ICSI) treatment. The regional committee for medical ethics approved
the study. For the spontaneously conceived group the GA was calculated using
the first day of the last menstrual period and, in cases with an unknown last



menstrual period or a discrepancy of more than a week, GA was determined by
the CRL measurements performed in the first trimester. The GA for the IVF/ICSI
pregnancies was based on the date of oocyte retrieval.

The inclusion criteria were women with an ongoing singleton pregnancy,
without a structural or chromosomal anomaly detected before or after birth,
without an intra-uterine fetal death or severe growth retardation. In total, 8 women
were excluded because they did not meet the inclusion criteria for the following
reasons: a non-viable pregnancy (n=2), twin pregnancy (n=3), placental confined
trisomy 16 (n=1)%, severe growth retardation (n=1) and intra-uterine fetal death
(n=1)2-2". All 42 remaining pregnancies resulted in the birth of a healthy child.

Ultrasound

All women were scanned weekly between 5% and 12*¢ weeks' gestation by using
the transvaginal probe (3.7-9.3 MHz) of the GE Voluson 730 Expert system (GE,
Zipf, Austria). In total 180 3D datasets of the previously studied 42 women were re-
examined. The collected datasets had been examined in other studies to evaluate
embryonic growth and development'®? and the focus at the time of collecting
these 3D datasets had not been on the gestational sac. Off-line evaluation using
specialised 3D software (4D view, version 5.0, GE Medical Systems) showed
that in 78 3D datasets the entire gestational sac had been recorded. These 3D
datasets were saved as Cartesian volumes and transferred to the BARCO I-Space
for the current study.

Measurements

The |-Space is a so-called 4-walled CAVE™.-|ike?** (Cave Automatic Virtual
Environment) VR system (figure 1), allowing depth perception and 3D interaction
with the rendered datasets. The V-Scope application is used to create a ‘hologram’
of the 3D ultrasound data that can be controlled by means of a virtual pointer,
which is controlled by a wireless joystick.

The available volume measuring algorithm is based on a region-growing
approach with variance threshold as originally proposed for magnetic resonance
imaging data'”??’. Differences in intensity allow the measurement of various
structures. In the present study, the gestational sac images only consist of
hypoechoic parts and the intensity difference between the sac and the uterus
wall is very large. This makes it very easy to segment out the GSFV. A volume
measurement is performed in a couple of seconds. Post-processing tools allow
the user to correct for incomplete segmentations. Even if post-processing is
needed, the total measurement of the GSFV takes less than one minute. The
embryo consists of hypoechoic and hyperechoic parts and therefore the volume
of this structure has to be segmented in steps'®. If the structure of interest has a
connection with structures one does not want to include in the segmentation, this
connection has to be erased. The embryonic volume measurements included,
have also contributed to another study'®. Any measurement of the GSFV includes
the combined volumes of the exocelomic cavity and the amniotic fluid, but not
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Figure 1. Left: Image of an observer in the I-Space. An embryo of 8 weeks and 5 days ges-
tational age is projected on the wall. Right: The segmented gestational sac fluid volume is
displayed in blue and has a value of 14 593 mm3.

the embryo, the yolk sac or umbilical cord. In figure 1 we can see a 2D picture of

an |-Space hologram where the GSFV is shown in blue. The GSV was calculated

by adding the embryonic volume to the GSFV. All measurements were performed

three times, and mean values of these three assessments were used in the analysis.
The GSV was also calculated using the following ellipsoid formula:

Volume = 1/6 TT x length x width x height

A distance measuring tool allows the observer to measure distances by placing
callipers with the joystick. This tool has already been validated and described
in detail by Verwoerd et al.?2. With this tool we measured the CRL and the
GSD in all scans where this was possible. Some of the CRL measurements were
already performed in other studies’®*?'. The three perpendicular diameters of
the gestational sac were measured, one of which was the maximal diameter.
The GSD was calculated by averaging these three perpendicular diameters.
All measurements were performed three times; mean values of these three
assessments were used in the analysis.

Statistical analysis

Data analysis was performed using SPSS (SPSS Release 15.0 for Windows, SPSS
Inc, Chicago, IL, USA) and SAS PROC MIXED (release 9.2; SAS Institute Inc,
Cary, NC, USA). Repeated measurement ANOVA (random coefficient model) was
used for the assessment of the longitudinal measurements in our study. Because



logarithmic transformation of both axes resulted in an approximate linear
relationship, the following equation was used to analyse the GSFV versus the CRL
data: Log,,(GSFV) = a + b x log,,(CRL). This model equation was also used for the
analysis of GA and the GSD by replacing CRL with GA or GSD. Finally, we used
the following equation for the analysis of the GSD = a + b x GA. The ratio of the
GSFV divided by the embryonic volume was also calculated.

The GSV calculated using the ellipsoid formula was compared to the GSV
measured in VR. A p-value of 0.05 (two sided) was considered the limit of
significance.

Finally, the GSD measurements performed in VR were compared to the
Grisolia et al.®* GSD chart, which has the following formula for mean values:
GSD = -26.7091 + 8.0396 x gestational weeks — 0.1342 x (gestational weeks) 2.

RESULTS

In 29 out of the 42 pregnant women, GSFV measurements could be performed.
We measured the GSFV in 78 different ultrasound scans, varying from 434 mm3
and 81491 mm?3 (median: 11500 mm3). The GA varied from 40 to 90 days (mean:
62 days). In these 78 scans the CRL was measurable in 75 scans (96%), varying
from 5.0 to 63.5 mm (median: 21.4 mm). The mean diameter of the gestational
sac varied from 10.7 mm to 65.4 mm (mean: 33.6 mm), and could be measured in
all 78 scans. The median number of datasets per patient in which it was possible
to perform GSFV measurements was 3.0 (range: 1 to 6 scans).

The associations between the GSFV and CRL and GA are displayed in figure 2.
Figures 2A and B show that the approximate individual linear relationships on the
logarithmic scales used are apparent.

In figure 3, the raw longitudinal association is depicted between the GSFV and
GSD.

From the equations in table | it follows that the GSFV increases on average by
a factor of 50.8 (95% confidence interval (Cl): 37.8 — 68.3; p<0.001) when the GA
doubles. When the CRL doubles, the GSFV increases 3.0 fold (95% ClI: 2.8 — 3.3;
p<0.001). Finally, when the GSD doubles, the GSFV increases 7.1 fold (95% Cl:
6.5 - 7.6; p<0.001).

The GSFV/embryonic volume ratio versus GA showed a decrease (p<0.001)
from 63.1 at 40 days GA to 2.3 at 90 days GA.

The difference between the GSV measured with the ellipsoid formula and the
GSFV measured with V-Scope increased systematically from 5.1% at 40 days GA
to 78.1% at 90 days GA, and the difference increased significantly (p<0.001) by
1.5% per gestational day. The embryonic volume was measured in 61 datasets
and is added to the previously established GSFV; which results in the total GSV.
The embryonic body volume ranged from 21 to 23010 mm3 (median: 959 mm3).
The mean difference between the GSV measured with the ellipsoid formula and
the total GSV measured with V-Scope was 19.8% (95% Cl: 15.1 - 24.6; p<0.001).
This difference was constant over time.
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Figure 2. A. The raw longitudinal representation of the measured gestational sac fluid
volume against the gestational age. The separate lines indicate different subjects. Both
axes are represented on a logarithmic scale. B. The raw longitudinal presentation of the
measured gestational sac fluid volume against the crown-rump length. The separate lines
indicate different subjects. Again, the axes represented are on a logarithmic scale.
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Figure 3. The raw longitudinal representation of the measured gestational sac fluid volume
against the gestational sac diameter. The separate lines indicate different subjects. Loga-
rithmic scaling of both axes is performed.

Figures 4 shows the GSD measurements versus GA. The curve of means
according to Grisolia et al.? and our fitted curve of means (fitted equation is shown
in table 1) are also indicated. The mean difference between our measurements
and the Grisolia curve increases by 1.7 mm per gestational week (p<0.001). There
is no difference between the two curves at 8+5 weeks' of gestation. At six weeks
GA, the difference between our mean line and the mean line of Grisolia et al.?
equals -4.6 mm. At week 12, this difference equals +5.4 mm.

DISCUSSION

This study shows that the GSFV can be measured in longitudinally obtained 3D
ultrasound datasets, rapidly and automated with a VR application. We established
charts for the GSFV between 6 and 13 weeks GA, and found correlations with GA
and CRL. Secondly, the clinically used chart on GSD constructed by Grisolia et al.?
appears to differ significantly from the one obtained in our study.

The reference chart for GSD measurements of Grisolia et al.3, is being used in
daily clinical practice at our medical centre in the Netherlands. They studied the
first trimester GSD in a prospective cross-sectional study including 248 women?®.
The comparison of the GSD measured in VR and the GSD measured by Grisolia
et al.> showed that there is an increasing difference between our findings and
their findings. Until the ninth week of pregnancy, their measurements seem larger
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Figure 4. The raw longitudinal representation of the measured gestational sac diameter
against the gestational age. The separate lines indicate different subjects. The mean curve
determined by Grisolia et al.® is indicated by the black solid line. The mean line calculated
in our study is indicated by the black dotted line.

Table I. The calculated formulae for different growth parameters.

Parameters Formula

GSFV versus CRL Log,,(GSFV (cm3)) = -1.07 + 1.60 x log, ,(CRL(mm))
GSFV versus GA Log,,(GSFV (cm3)) = -9.09 + 5.67 x log, (GA(days))
GSFV versus GSD Log,,(GSFV (cm?)) = -3.19 + 2.82 x log, ,(GSD(mm))
GSD versus GA GSD (mm)) =-32.15 + 1.07 x (GA(days))

and after the ninth week they seem smaller compared to our measurements. The
advantage of using VR is the fact that one can check the measurements, because
it is possible to control whether the callipers are placed in a proper position by
rotating the dataset. This is impossible with the regularly used 2D ultrasound
equipment. Which chart represents first trimester gestational sac growth best,
however, needs to be studied in a larger group of women.

There exist only a few longitudinal (2D) ultrasound studies on first trimester GSD
growth®2?. Rossavik et al.?’ carried out a pioneering longitudinal study on the
measurements of the GSD in patients conceiving spontaneously or due to IVF
treatment (including also twins and triplets), which is a different study group when
compared to the present study. The relationship between the GSD and GA is



linear in their study. Blaas et al.?® showed also a linear relationship when the GSD
was compared to GA in 29 patients (145 GSD measurements).

More than 30 years ago, Robinson**measured the GSV, including the embryonic
structures, and the GSFV using the planimetric method in 2D ultrasound datasets.
The GSFV was obtained by subtracting the embryonic volume from the GSV, which
was derived from the data of Streeter® in 1921. His results showed that the GSFV
increased from 1 mL at 6 weeks to 28 mL at 10 weeks and to 80 mL at 13 weeks
GA. In our study we showed these volumes to be 1 mL at 6 weeks and 24 mL at
10 weeks GA. This shows us that the findings of Robinson in 1975 correspond well
with our findings, using a VR application.

In more recent days, it became possible to measure the GSV and GSFV in 3D.
For this purpose three different volume measuring applications have been used,
being the VOCAL method, multiplanar method and SonoAVC®*'*'7. Using the
VOCAL method, a high correlation was found between the GSV and GA as well as
CRL™1%1632 The GSV found in these studies was slightly larger than the GSV in our
study. This can be explained by the fact that we only added the embryonic volume
to the GSFV and not the volume of the umbilical cord, yolk sac and amniotic
membrane, while in the GSV measurement performed with VOCAL the umbilical
cord, yolk sac and amniotic membrane are also included. In our study a difference
of almost 20% was found between the measured GSV and the calculated GSV,
using the ellipsoid formula, confirming previous findings of Lee et al.’®

We were able to add the embryonic volume to the GSFV in 61 datasets.
In two datasets, the embryo was not clearly present yet, and in the remaining
15 datasets the position of the embryo did not allow for proper differentiation
between the embryo and the placenta. Due to this, the eraser function could not
be used accurately. The measurement of the GSFV was not influenced and could
be appropriately performed.

An important point is the fact that by using the VOCAL and multiplanar method,
the observer has to draw the contours around the object of interest in various
2D slices of the 3D dataset, interpolating the space between the contours and
estimating the total volume, which makes these techniques labour intensive and
sensitive to individual variation. The third 3D technique, SonoAVC can be used to
measure the GSFV semi-automatically, but in the only available study the GSFV
was measured between 11 and 13 weeks GA".

Volume measurements of structures like the GSFV and embryonic volume
are performed semi-automatically with V-Scope. Any need for post-processing
influences measurement time and subjectivity. Nevertheless, in previous studies
V-Scope measurements proved to be less sensitive to individual variation than
others'. The semi-automatic segmentation algorithm makes V-Scope also less
labour intensive, especially for the measurement of simple volumes, such as the
GSFV. A volume measurement with V-Scope takes only a couple seconds. This is
very fast compared to the other techniques, which makes V-Scope very useful for
testing in a clinical setting.
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The relationship between the GSFV and the GSD is approximately linear on
logarithmic scales, with little inter-individual differences. The corresponding
graph (figure 3) also indicated remarkably similar growth during the first trimester.

Using a VR application for measurements like these described in this study are
new and the VR technique is not yet widely used. The department of Bioinformatics
of the Erasmus MC is working on a desktop version of the |-Space. The V-Scope
application can be run on a desktop, which uses a low-cost 3D screen and a
similar tracking system as used in the |-Space. This makes VR widely available in
the nearby future for a fraction of the cost.

Until now, different studies showed that the GSV has some predictive value for
adverse pregnancy outcomes’'". Falcon et al.® assessed the GSV with the VOCAL
approach and showed that fetuses with trisomy 18, 21 or Turner syndrome had
a normal sized gestational sac, while fetuses with triploidy and trisomy 13 had a
significant smaller GSV when related to GA.

In conclusion, we constructed new charts for growth in the first trimester using VR.
These newly constructed first trimester growth charts are a valuable starting point
for future research and might be of clinical use for differentiation between normal
and abnormal first trimester pregnancies.
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ABSTRACT

Background The umbilical cord and vitelline duct are of vital importance to
the fetus, but they are rarely the subject of first trimester two-dimensional (2D)
ultrasound evaluation due to the complexity of their shape and morphology.
Virtual reality (VR) allows efficient visualisation and measurement of complex
structures like the umbilical cord and vitelline duct.

Aim To measure normal first trimester human growth of the umbilical cord length
(UCL) and vitelline duct length (VDL) using a VR system; and to correlate both
measurements with the gestational age (GA) and crown-rump length (CRL) and
the VDL with the yolk sac volume (YSV).

Study design Prospective cohort study. Serial three-dimensional (3D) ultrasound
measurements were performed from six to 14 weeks GA, resulting in 125 3D
volumes. These volumes were analysed using an I-Space VR system.

Subjects Thirty-two healthy pregnant women with an ongoing, normal pregnancy.

Outcome measures The UCL, VDL, YSV and other related structures were
measured.

Results The UCL, measurable in 55% of cases, was positively correlated to
advancing GA and CRL (p<0.001). The VDL could be measured in 42% of cases
and showed a positive relationship with GA and CRL (p<0.001). There was a
significant (p<0.001) relationship between YSV and VDL.

Conclusions The present study, facilitated by a VR system, is the first to provide
an in vivo longitudinal description of normal first trimester growth of the human
umbilical cord and vitelline duct. Further studies will reveal whether these
parameters can be used in detection of abnormal fetal development.

Keywords Umbilical cord; vitelline duct; virtual reality; three-dimensional
ultrasound; first trimester

Melek Rousian, Christine M. Verwoerd-Dikkeboom, Anton H.J. Koning,
Wim C. Hop, Peter J. van der Spek, Eric A.P. Steegers, Niek Exalto

Early Hum Dev. 2010;87:77-82
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INTRODUCTION

First-trimester ultrasound evaluation is predominantly used for the establishment
of normal intrauterine fetal development and verification of gestational age (GA).
Several biometric measurements are used, crown-rump length (CRL) being the
most important.

However, structures such as the umbilical cord and vitelline duct are rarely
the subject of first trimester ultrasound evaluation, although their function is of
vital importance for embryogenesis. This can be explained by the fact that these
structures are difficult to evaluate from two-dimensional (2D) media (such as a
regular computer screen) due to their complex shape and morphology.

The Erasmus MC in Rotterdam operates a Barco I-Space, an innovative virtual
reality (VR) system. This system allows depth perception and the V-Scope volume
rendering application is used to create holograms from three-dimensional (3D)
datasets. We have already demonstrated its use in the assignment of Carnegie
Stages during fetal life’, its use in the demonstration of fetal developmental delay?
and in complex anatomical fetal malformations®*. Furthermore, it is shown that
the length and volume measurement tools of V-Scope are reliable and accurate®’.

Depth perception enables the measurement of structures that have not been
measured routinely before, mainly due to technical limitations. This enables us to
efficiently measure the umbilical cord length (UCL) and vitelline duct length (VDL)
in the early fetal life. The umbilical cord and vitelline duct are of vital importance
to the developing fetus. Abnormalities in the umbilical cord may affect the fetus
adversely, and some are associated with fetal malformations and chromosomal
anomalies®'°. Therefore early detection seems clinically useful', which has also
been described in classical studies about pathology of miscarriages'®'s. Knowledge
of the development of these structures in the first trimester may eventually also
serve as a background for early detection of abnormal fetal development.

The aim of this study is to measure the UCL, VDL and other related structures
in relation to GA and the CRL in normal and uncomplicated first trimester
pregnancies. The relation between the VDL and yolk sac volume (YSV) is also
studied.

MATERIAL AND METHODS

Patient selection

Over a time period of seven months a total of 47 female volunteers were included
for longitudinal 3D ultrasound evaluation of early pregnancy' '*'>. The regional
medical ethics review board approved this study and written consent was
obtained. Two patients conceived with intra-uterine insemination (IUl) and 22 with
in vitro fertilization (IVF) / intra-cytoplasmatic sperm injection (ICSl) treatment. The
other 23 patients all conceived spontaneously. Ultrasound scans were performed,
when possible weekly, from about six weeks GA till the 14" week of pregnancy.



Gestational age for IVF/ICSI/IUl pregnancies was based on the date of oocyte
retrieval or IUl. Gestational age for the patients who conceived spontaneously
was based on the first day of the last menstrual period, verified by ultrasound
measurements.

In order to provide charts for normal uncomplicated singleton pregnancies we
had to exclude 15 patients. Two of these patients were diagnosed with non-viable
pregnancies at their first examination, three carried twin pregnancies, one patient
was diagnosed with placental confined trisomy 16 mosaicism, complicated by
severe intra-uterine growth restriction?, two patients developed severe placental
malfunction. Finally, four patients who conceived spontaneously were excluded
because of a discrepancy of more than seven days between the GA based on last
menstrual period and the CRL measurement.

A total of 11 ultrasound volumes were excluded because fetal features could
not be recognized due to poor image quality of the data.

Thirty-two patients with normal uncomplicated singleton pregnancies
remained for further analyses, resulting in a total of 125 usable 3D volumes.

Materials

Three-dimensional ultrasound scanning was performed using a GE Voluson 730
Expert system (GE, Zipf, Austria). The ultrasound examinations were performed
transvaginally using a standard 3.7-9.3 MHz probe. Three-dimensional sweeps
were made at a moment when the fetus did not move. These 3D datasets were
then saved as cartesian (rectangular) volumes and transferred to the BARCO
I-Space at the department of Bioinformatics. This 4-walled CAVE-like VR
system uses passive stereo to immerse viewers in a virtual world. The images
are projected on three walls and the floor of a small room and viewed through
polarizing glasses in order to perceive depth. A "hologram” of the 3D dataset
is created by the V-Scope volume rendering application® 7. A virtual pointer,
controlled by a wireless joystick, is used for manipulation of the 3D dataset. The
computer provides a correct perspective and motion parallax through wireless
tracking of the viewer's head. In the |-Space, volumes are resized, turned and
clipped to provide an unobstructed view of the fetus and optimal image quality is
obtained by adjusting grey levels and opacity.

Measurements

All measurements were performed by CVD and repeated three times and the
mean value of the three assessments was calculated. Crown-rump length was
measured by placing the callipers from crown to caudal rump in a straight line.
The measuring tools of V-Scope include a tracing function. We could therefore
measure the total UCL, even when it was looped. The total length was measured
tracing it from the abdominal insertion of the cord to the amniotic membrane.
We followed the midline of the umbilical cord whenever looping was present. We
also measured the distance between the amniotic membrane and the placental
insertion of the umbilical cord. We called this the AP (amniotic-placental) distance.
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The mean diameter of the umbilical cord was measured in two places, at amniotic
level as well as at the insertion into the abdomen. When a physiological herniation
was present, the diameter was measured directly distal from the herniation.

VDL was measured from the outside border of the yolk sac towards the point
where the vitelline duct joins the umbilical cord at amniotic level. The mean
diameter of the vitelline duct was measured in two places at yolk sac side and
umbilical cord side. Figure 1 shows a fetus at 10*® weeks GA visualised in the
I-Space, with measurements of both UCL and VDL.

The YSV was measured semi-automatically with a region growing segmentation
algorithm which uses grey-scale differences to perform volume measurements.
This measurement was already described in detail by Rousian et al.> and was also
used in another study™.

Statistical analysis of the maternal characteristics was performed using SPSS
(Release 15.0, SPSS Inc, USA). The Mann-Whitney test was used to calculate the
p-value and a value below 0.05 was considered as statistically significant.

To analyse the longitudinal measurements we used repeated measurements
ANOVA (random coefficient models) in SAS PROC MIXED (release 9.2, SAS

Distance 1:
Distance 2:

Figure 1. A picture of a fetus at 10** weeks GA in the |-Space. Both UCL (distance 1) and
VDL (distance 2) are measured. It should be noted that this 2D picture cannot fully reflect
the 3D image of the |-Space.



Institute Inc, USA). Different models describing the relationships between the
growth parameters and GA or CRL were needed. These included linear, quadratic
or log-transformed models for one or both axes to get approximate normal
distributions. P = 0.05 (two sided) was considered the limit of significance.

RESULTS

All pregnancies selected for this study resulted in the birth of a healthy child.
There were no significant differences in general characteristics (maternal age, GA
at birth, mean birth weight, maternal body mass index) between the group with
assisted fertility treatment and the group who conceived spontaneously (table ).

The GA ranged from 42 to 97 days (median: 70 days). The CRL measurements
could be performed in 124 (99.2%) of the cases and ranged from 3.04 to 91.11
mm (median: 32.48 mm).

Table Il shows how often the other parameters could be measured, the
minimum and maximum GAs at which the parameters were measured and the
range of the parameters.

The UCL could be measured in 55% of the cases. Scatterplots of UCL versus
GA and CRL show that log-transformations of all parameters result in approximate
linear relationships (p<0.001). Figure 2 demonstrates the relationship between
UCL and GA and CRL. Most problems in measuring the total length were
encountered in the advanced GAs (>75 days), as can be seen in figure 2A from
the limited amount of data. In advanced GAs the cord often contained too many
loops to allow precise measurements.

Table I. The mean and range of the patient characteristics of the total group and
separated by mode of conception.

Conception mode

. __— Total group

Patient characteristics (N=32) Spontaneous IVE/ICSI P-value
(N=16) (N=16)

Maternal age 33 32 33 0.651

(years) (21 -43) (21 - 40) (24 - 43)

Body mass index 24.2 24.6 241 0.516

(kg/length?) (19.0-34.9) (19.7-34.9) (19.0-34.3)

Number of weekly 3.9 3.6 4.2 0.577

examinations 1-7) (1-6) 1-7)

Gestational age at birth 39+2 39+5 39+2 0.836

(weeks+days) (35+0-42+0) (37+3-41+4) (35+0-42+0)

Birth weight 3300 3410 3191 0.122

(grams) (2175 -4270) (2690-4170) (2175 -4370)

N = total number of patients.
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Table Il. The total number (N) and percentage (%) of measurements performed in
the I-Space.

Gestational Gestational

age min age max Range
Variable N=125 (%) (days) (days) (mm)
UCL 69 (55.2) 53 97 477 -107.28
AP Distance 44 (35.2) 53 88 1.10-5.02
Mean diameter UC 105 (84.0) 53 97 1.44 -5.06
(abdominal site)
Mean diameter UC 72 (57.6) 53 97 1.67 - 4.97
(amniotic site)
VDL 52 (41.6) 46 81 3.06 -33.14
Mean diameter VD 55 (44.0) 46 81 1.00-2.24
(YS site)
Mean diameter VD 36 (28.8) 53 81 0.77 - 2.32

(UC insertion)

UCL= umbilical cord length
AP = amnion-placenta

UC = umbilical cord

VDL = vitelline duct length
VD = vitelline duct

YS = yolk sac

The ability to measure the AP distance depends on image quality and is only
performed in 35% of the cases. Log-transformations of the parameters showed
that there was no significant relationship between the AP distance and the GA
(p=0.07) or CRL (p=0.09).

Mean diameters of the umbilical cord at the abdominal side could be measured
in 84% of the cases and at the amniotic side in 58% of the cases. The mean
diameters were positively related with GA and CRL. To describe the relationship
with GA, a quadratic component of GA was needed (p<0.001). The same applied
for CRL (p<0.001). There was a statistically significant difference (p<0.01) between
the diameters at both sides. The diameter at the abdominal cord side was greater
compared to the diameter at the amniotic side throughout the study period.

The VDL could be measured in 42% of the cases. A linear model fitted best
when the VDL was compared to GA and CRL and a positive linear relationship could
be calculated for both parameters (p<0.001). Figure 3 demonstrates a positive
relationship between the VDL and both the GA and CRL. In advanced GAs the
yolk sac and therefore the end of the vitelline duct could no longer be recognized.

Mean diameter of the vitelline duct at the yolk sac side could be measured in
44% of the cases. There was a positive linear relation between the diameter and
both the GA and CRL (both p<0.001). At the side of the umbilical cord it was only
possible to measure the mean diameter in 29% of the cases. There was a linear
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Figure 2. A. Relationship between the UCL and the GA. B. Relationship between the UCL
and the CRL. In both charts the mean value is represented by the solid line and the 95%
prediction intervals are presented by the dotted lines.

relationship with GA (p=0.007) and with the CRL (p<0.001). In two cases it was not
possible to measure the VDL, even though the width of the vitelline duct at the yolk
sac side could be established.

Table Ill shows all fitted equations of the relationships described above and the
corresponding standard errors.

Finally, there was a significant (p<0.001) relation between the logarithmic
transformations of the YSV and VDL. We used a total of 56 measurements for this
purpose.
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Figure 3. A. Relationship between the VDL and the GA. B. Relationship between the VDL
and the CRL. Again, in both charts the mean value is represented by the solid line and the
95% prediction intervals are presented by the dotted lines.

DISCUSSION

The present study is the first to provide an in vivo longitudinal description of
normal fetal growth of the human umbilical cord and vitelline duct, facilitated by
a VR system.

The UCL is in most studies measured after miscarriage or birth. In our search
for relevant studies concerning ultrasonic UCL measurements during the first
trimester of pregnancy we found only one study where the umbilical cord was



Table Ill. Relationships between the measured parameters and the gestational age
and CRL and the total number (N) of measurements obtained. Equations represent the
P50 relationships. The numbers between the parentheses represent the standard error
of the coefficients.

Variable N=125 Equations (y)

UCL? versus GA 69 -7.4393 + 4.8351 (=0.1835) * "%log GA

UCL® versus CRL 69 -0.8489 + 1.5545 (+0.05979) * YlogCRL

Mean diameter UC 105 -9.2044 + 0.33118 (=0.05280) * GA - 0.00185
(abdominal side) versus GA (x0.000370) * GA?

Mean diameter UC 101 1.5005 + 0.08341 (x0.01379) * CRL — 0.00068
(abdominal side) versus CRL (x0.000169) * CRL?

Mean diameter UC 72 0.2341 + 0.03937 (x0.006982) * GA
(amniotic side) versus GA

Mean diameter UC 72 2.1032 + 0.02575 (+0.005161)* GA

(amniotic side) versus CRL

VDL versus GA 52 -21.6575 + 0.6043 (=0.07558) * GA

VDL versus CRL 52 4.6131 + 0.4987 (+0.06450) * CRL

Mean diameter VD 55 0.1995 + 0.02061 (+0.004062) * GA

(YS side) versus GA

Mean diameter VD 55 1.1194 + 0.01570 (x0.004441) * CRL

(YS side) versus CRL

Mean diameter VD 36 -0.6880 + 0.03348 (+0.003221) * GA

(UC insertion) versus GA

Mean diameter VD 36 0.7845 + 0.02659 (+0.003473)* CRL

(UC insertion) versus CRL

GA = gestational age

AP = amnion-placenta

UC = umbilical cord

VD = vitelline duct

YS = yolk sac

2 = "%og transformed value

measured using 2D ultrasound in 53 normal fetus and 15 fetus with an intrauterine
demise. The authors attempted to visualize the umbilical cord in its entirety
and stated that the umbilical cord had to be taut and relatively straight. It was
not possible to measure the loops present in the developing umbilical cord. A
close linear relationship was found between UCL and GA in the normal group
and 60% of fetus with an intrauterine demise had cord lengths more than two
standard deviation below the expected value for GA. In our study we noticed that
coiling appeared already early in the first trimester. It is impossible to measure the
coiling parts of the umbilical cord by tracing in 2D ultrasound datasets. The VR
application, however, enabled us to measure the entire umbilical cord, including
the coils, because all three dimensions are available during this visualization.
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The AP distance was found to vary considerably between cases and there was
no relationship with advancing GA and the CRL. It proved to be difficult to obtain
this measurement as the quality of the image determined the visibility of the
boundaries. We found it striking that in some fetus the AP distance was very small
or even not measurable, whereas in other fetus the AP gap was clearly visible and
measured 4 or 5 mm in length.

Since the end of the 20* century, most studies on the umbilical cord generally
focus on two entities; measurements of the diameter and cross-sectional area
of the umbilical cord and coiling of the umbilical cord, mostly expressed by the
umbilical coiling index.

In two studies by Ghezzi et al. the umbilical cord diameter correlated positively
with the growth of the fetus whereas an umbilical cord diameter above the 95%
percentile was a marker for aneuploidy'*?. This can be explained by a difference
in the amount of Warton’s jelly, which is different in abnormal pregnancies®. The
umbilical cord lacks adventitia and Wharton's jelly appears to serve that function?'.
For the quantification of the amount of Wharton's jelly, the diameter of the
cross-sectional area of the umbilical cord has been proposed as an appropriate
parameter for abnormalities???*. In our study we found that the diameter of the
cord was difficult to measure in most cases, because image resolution was not
good enough to distinguish the exact boundaries of the circumference of the
cord. We did find, however that the umbilical cord does not have the same
diameter at the abdominal side and at the amniotic side. The diameters at both
sides were positively related with GA and CRL, which makes these measurements
useful parameters during pregnancy.

The spiral coiling of the umbilical cord was already described in 1954 by
Edmonds? Several studies have been performed to evaluate the origin, direction
and clinical significance of the umbilical cord coiling?’-*?, which is best visualized
using Doppler measurements®. In this study we used a first trimester population,
and due to questions regarding the safety we did not use Doppler measurements.
We were able to distinguish coiling and also the direction of the coiling in only a
few cases and therefore no conclusions could be drawn, which is a weakness of
the technique.

No previous ultrasound studies about the length or diameter of the vitelline
duct were found. Our results demonstrate that the growth patterns of the VDL of
the individual cases show more variation than growth patterns of the UCL. Still,
there is a clear linear relationship between the VDL and GA and CRL. This is
also true for the diameter at both the yolk sac side as at the umbilical cord side.
Diameter remains the same both at yolk sac side as at the umbilical cord side
during advancing GA. Because the VDL was difficult to measure at advanced GAs,
we were unable to identify whether a plateau or decline in growth was present
with advancing GA. Our study shows that the vitelline duct keeps growing until
week 11 of pregnancy, suggesting functional activity up to that day.

As mentioned before, the VDL is positively correlated with GA and the CRL.
The vitelline duct connects the yolk sac with the umbilical cord and the fetus.



We found a relation between the VDL and YSV in our healthy study population,
which has never been reported before. The next step will be to study whether this
relation is different in abnormal pregnancies.

All of the previous studies used conventional 2D ultrasound. The first study
on the use of 3D ultrasound in the visualisation of the umbilical cord during
second and third trimester was performed by Hata et al.**. They concluded that
3D ultrasound technology has the potential to be a supplement to 2D ultrasound
and might be useful in identifying abnormal umbilical cords in utero.

In general, a drawback in this study is that the current generation of ultrasound
equipment does not enable reliable recording of datasets allowing VDL and UCL
measurements in all cases. However, we expect in the foreseeable future that
development of ultrasound equipment will allow us to obtain suitable datasets
more frequently.

Present 3D ultrasound systems do not allow the measurement of 3D structures,
and therefore UCL and VDL cannot be measured. Virtual reality systems, such as
the |-Space, are unique in the ability to view and interact in the third dimension.
In the near future a desktop VR system running the same V-Scope application will
offer the same benefits at a fraction of the cost. We foresee a future where 3D
display technology is as common as 2D displays are today.

In this study we show relationships between the UCL and VDL with GA and
CRL, as well as the relationship between the VDL and the YSV. Further studies will
reveal whether these parameters can be used in the detection of any anomalies
in growth or development of the early fetus.
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VIRTUAL REALITY FOR EMBRYONIC

CHAPTER 42 MEASUREMENTS REQUIRING

DEPTH PERCEPTION



ABSTRACT

Two real-time three-dimensional images of first-trimester pregnancies visualized
using virtual reality (VR) are presented. Inherently three-dimensional structures, like
the umbilical cord and limbs, can be efficiently and accurately measured using VR.

Keywords Virtual reality; three-dimensional ultrasound; early pregnancy; first
trimester; depth perception
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MANUSCRIPT

The I-Space virtual reality (VR) system and the V-Scope software are used to
visualize and quantify three-dimensional (3D) ultrasound volumes obtained in
the early first-trimester. This system offers depth perception (using stereoscopic
projection on multiple screens) and interaction (using a wireless joystick) in
the displayed ‘hologram’. Three-dimensional structures can now be efficiently
visualized and measured. It enables the staging of embryos using the Carnegie
criteria2. Furthermore, structures like the length of the arm?, the legs, the
umbilical cord including the coiling parts and the vitelline duct (figures 1 and 2)¢,
can be measured using the tracing tool. Other structures, like the amniotic sac
and yolk sac (figures 1 and 2) are also clearly visualized. In addition, it is possible
to perform semi-automated volume measurements of for instance the embryonic
body, yolk sac and the embryonic brain cavities®. In conclusion VR enables the
visualization and quantification of morphology, biometry and volumetry using all
three dimensions in vivo.



Figure 1. Left image: Embryo of 8+6 weeks’ gestational age (GA) visualized in the I-Space
VR application. The observer wears stereoscopic glasses and interacts with the displayed
‘hologram’ by means of a joystick. Right image: The embryo (A), amniotic sac (B), yolk sac
(C) umbilical cord (D), vitelline duct (E), limbs (F) are clearly visualized. The crown-rump
length (CRL) of this embryo is 23.8 mm. The umbilical cord length and vitelline duct length
are traced in green. The umbilical cord length is 21.4 mm and the vitelline duct length is
27.1 mm. Note that this two-dimensional picture cannot express the three-dimensionality
of the original ‘hologram’.

Figure 2. Early fetus of 10+3 weeks' GA and a CRL of 37.5 mm as rendered by V-Scope.
The umbilical cord (A) is traced, and the length is 53.2 mm. The length of the arm (B) is 16.8
and the length of the leg (C) is 19.6 mm. The amniotic sac (D) and yolk sac (E) are visualized.
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FIRST TRIMESTER EMBRYONIC BRAIN

CHAPTER 5'] DEVELOPMENT AND VOLUMETRY

USING VIRTUAL REALITY



ABSTRACT

Background The aim of this study was to evaluate first trimester brain ventricle
development in human pregnancies using an innovative virtual reality (VR)
application. We analyzed the relation of the embryonic volume (EV) and brain
ventricle fluid volume (BVFV) with gestational age (GA), crown-rump length (CRL)
and the Carnegie stage. Finally, the predictive value of CRLand EV measurements
on birth weight is studied.

Methods In a prospective cohort study we weekly performed three-dimensional
(3D) ultrasound examinations in 112 healthy pregnant women between 6*° and
12+¢ weeks GA. This resulted in 696 3D ultrasound scans, which were transferred
to the I-Space VR system, and analyzed using V-Scope volume rendering software.
V-Scope is used to create a 'hologram’ of the ultrasound image and allows depth
perception and interaction with the rendered objects. The CRL measurements were
performed with a tracing-tool and the volume measurements were automatically
performed with a segmentation-algorithm. The embryos were staged according
to the internal and external characteristics of the Carnegie staging system.
All longitudinal outcomes were analyzed using repeated measurements ANOVA.

Results CRL could be measured in 91% of the datasets, ranging from 2.5 to 79.0
mm. EV could be measured in 66% of the datasets, ranging from 2.4 to 23812.0
mm?3 and the BVFV could be measured in 38% of the datasets, ranging from 10.4
to 226.3 mm3. Finally, in 74% of the datasets the embryos were staged according
to the Carnegie criteria, starting as early as stage 12. Reference charts of volumes
versus GA, CRL and stage were constructed. There was no significant relationship
between the CRL and EV and the birth weight.

Conclusions Volumetry and staging of the human embryo by using a VR application
makes it possible to obtain unique information about the in vivo embryonic normal
and abnormal development and size of the ventricles and body.

Keywords First trimester; embryo; brain; brain ventricle fluid volume; virtual
reality; Carnegie stage; embryonic volume
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Niek Exalto, Eric A.P. Steegers

Submitted

o

AJLINNTOA ANV LNINJOTIAIA NIVYEE DINOAYEGNT

109




5

.
—

AJLINNTOA ANV LNINDOTIAIA NIVYEE DINOAYEGNT

110

INTRODUCTION

Monitoring brain development during the first trimester of pregnancy is difficult,
because of a complex and rapidly changing anatomy. The introduction of
transvaginal ultrasonography contributed to some observational studies on
brain development in the embryonic period™. New insights in primitive brain
ventricle appearance along a developmental timeline will enable early detection
of cerebral pathology **.

The embryonic brain can be visualized by measuring the volume of the brain
ventricles' ¢. The methods involved, however, have been shown to be very time-
consuming and vulnerable to individual variation.

In 2005, the department of Bioinformatics at Erasmus University Medical
Center introduced a Barco I-Space Virtual Reality (VR) application. With this system
a 3D ultrasound dataset is presented as a free floating 'hologram’, which allows
the study of the morphology of the embryo in detail’. In VR, several biometric
measurements can be measured using the length-measuring tool®’. Volumes can
also be measured by a segmentation algorithm'®"", allowing instant and semi-
automated volume measurements to be made of different embryonic structures,
such as the brain ventricles and total body. Since this tool enables the user to
visualize and quantify the brain ventricles, this makes in vivo staging of embryos
based on their internal and external morphological characteristics possible' 3.

The aim of this study was to evaluate the embryonic development of the brain
ventricles and Carnegie stages and to measure the CRL and embryonic volume
(EV) in normal first trimester pregnancies using VR. A secondary aim was to
study the predictive value of the first trimester CRL and embryonic body volume
measurements on the outcome of pregnancy in terms of birth weights.

PATIENTS AND METHODS

Patients

We recruited 141 healthy volunteering pregnant women. These women were
recruited via the department of Obstetrics and Gynaecology at the Erasmus
University Medical Center. A small proportion (around 20%) of women were
recruited from outside the University hospital. All women gave written informed
consent and the regional committee for medical ethics approved the study.
After giving birth, data about the outcome of pregnancy were collected. From
the 141 women who participated in the study a total of 29 patients were excluded
because of possible interference with normal growth and development. Three of
them carried a twin or triplet pregnancy, 16 had a first trimester miscarriage, two
experienced an intra-uterine fetal death, three carried a child with a structural
congenital anomaly and two were diagnosed with a trisomy 21 pregnancy. One
patient discontinued the study because of her religious background and two
because of being unable to participate in our research on a weekly basis.



The remaining 112 volunteers were scanned weekly from 6 or 7 weeks' until
12 weeks' gestational age (GA). GA was calculated from the first day of the last
menstrual period (LMP). In case of an unknown LMP or a discrepancy of a week
or more, GA was determined using the CRL measurements performed in the first
trimester. The CRL measurements performed in this study are actually the greatest
length of the embryo and early fetus. For the IVF/ICSI pregnancies the GA was
based on the date of oocyte retrieval.

Atotal of 696 3D ultrasound scans were performed in these 112 women. When
the brain ventricle fluid volumes (BVFV) were measured, a selection was made by
excluding images that lacked contrast or parts of the brain cavities of the embryo
due to shadowing or an unfavourable position of the embryo. Another reason
for excluding images was due to movement artefacts. Before performing EV
measurements, scans that lacked contrast or parts of the embryo were excluded.

In six women GA adjustments were made due to a discrepancy of the CRL of
seven gestational days or more. These women were excluded when evaluating
various parameters in relation to GA.

Ultrasound equipment

The ultrasound examinations were performed using a 4.5 - 11.9 MHz vaginal
probe of the GE Voluson E8 (GE, Zipf, Austria) by two different examiners. The
scans were evaluated off-line using specialized 3D software (4D View, version 7.0,
GE Medical Systems); and the included scans were stored as Cartesian volumes,
which were later transferred and visualized using the BARCO I|-Space of the
Department of Bioinformatics.

Length and volume measurements

The I|-Space is a so-called 4-walled CAVE™-like (Cave Automatic Virtual
Environment) VR system. A special volume rendering application called V-Scope
was written to create an interactive hologram of the ultrasound image'™. This
hologram can be manipulated by means of a virtual pointer, which is controlled
by a wireless joystick. Two different integrated functions were used in our study:
the length-measuring tool and the volume-measuring tool. As described in detail
by Verwoerd-Dikkeboom et al.,® a trace application makes it possible to measure
the lengths of the structures of interest. This tool was used to measure the CRL of
the serially scanned embryos™. The volume measuring tool is based on a region-
growing approach'. The algorithm has been modified to handle the speckles in
ultrasound data by simplifying some of the parameters of the original algorithm
and smoothing the gray-level data. The user selects an upper and lower gray-
level threshold and an upper threshold for the standard deviation of the voxels
neighbourhood. A seed pointis placed, and the algorithm grows the region starting
from the seed point. The standard deviation threshold stops the region growing
when it reaches a tissue interface. Post-processing tools are available to correct for
incomplete segmentations. The user can manually grow or shrink the segmented
region, and a spherical, freehand ‘paint brush’ can be used to add voxels to, or to
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delete voxels from the segmented structure when necessary. We used this tool to
establish the embryonic BVFV (see figure 1) and the embryonic body.

To measure the BVFV, the hypoechoic structures have to be segmented. In
order to determine the EV, additionally the hyperechoic structures of the embryo
have to be segmented as well®. Before the EV is measured, the embryonic
insertion of the umbilical cord and its connections with the placenta have to be
‘brushed’ away with the eraser function to avoid segmentation of other parts than
the whole-body.

All BVFV and CRL measurements were performed three times and mean values
of these three assessments were used for the analysis.

The duration of an off-line V-Scope BVFV measurement was approximately
one minute (see movie 4). The duration of an EV measurement ranged between
five and ten minutes. Therefore only 1/3* of all EV measurements were performed
three times.

e ntricle
-,

Figure 1. |-Space holograms of three embryos showing development of shape and size
of the brain ventricles. A. An embryo of 8+2 weeks’ GA (CRL of 15 mm and Carnegie
stage 18). B. An embryo of 8+6 weeks’ GA (CRL of 21 mm and Carnegie stage 20). C. An
embryo of 9+6 weeks’ GA (CRL of 28 mm and Carnegie stage 22). 1. Mid-sagittal plane of
the embryo. The BVFV is segmented in magenta. 2. The axial view of the brain ventricles.
3. The sagittal view of the brain ventricles. The lateral ventricles, cavity of the mesen-
cephalon, third ventricle (=cavity of diencephalon) and the fourth ventricle (=cavity of the
rhombencephalon) are displayed.



Movie 4. This is a 2D movie presenting how exactly a BVFV measurement is
performed in a 3D ultrasound dataset of an embryo of nine weeks’ GA. The
observer uses a wireless joystick with a head tracking system to control the
I-Space. The BVFV is indicated by the red colour.

Embryonic staging

The embryos were staged based on their internal and external morphological
characteristics using the Carnegie criteria'?'®. The Carnegie system is based
on 23 stages covering the first eight postfertilizational weeks of development's.
Embryonic staging was therefore only possible until gestational week 10+1 of
pregnancy and took a couple of minutes. Verwoerd-Dikkeboom et al. staged the
embryos in VR by using only the limb development criteria. In this study both
external and internal morphological criteria were used’. As external morphological
characteristics especially the Carnegie criteria for the limb development and
curvature of the developing embryo were used (see figure 2). For the internal

A. Stage 18; CRL 16 mm | B. Stage 19#CRL 18 mm

C. Stage 20; CRL 20 mm ! D. Stage 22; CRL 25 mm

Figure 2. |-Space holograms of four different embryos are displayed. Especially the devel-
opment of the limbs and the curvature of the embryo are used as external morphological
criteria when the embryos were staged. Be aware of the fact that these |-Space holograms
are displayed as a 2D image.
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morphological development the criteria for the brain ventricle development were
mainly used.

Statistical analysis

Data analysis was performed using SPSS (SPSS Release 17.0 for Windows) and
SAS PROC MIXED (release 9.2; SAS Institute Inc, Cary, NC, USA). To analyze the
longitudinal measurements, we used repeated-measurements ANOVA (random
coefficient models).

To analyze the relation between the BVFV with the CRL and GA and the EV with
the Carnegie stage we used the equation: Log,(BVFV or EV) = a + b x log,(CRL
or GA or stage), because the logarithmic transformation of both axes resulted in
an approximate linear relationship. For the relationship between the EV and GA
and CRL we used the equation: Log,(EV) = a + b x log,(CRL or GA) + ¢ x log,,
(CRL or GA)2. The following equation was used for the analysis of the relation of
the BVFV or CRL and the Carnegie stage: {/(BVFV or CRL) = a + b x stage. Finally,
a linear relationship fitted best when the GA was related to the Carnegie stage:
GA = a + b x stage.

In the charts relating the GA and CRL to the Carnegie stage, the range
(minimum and maximum values) of the GA and CRL according to O'Rahilly and
Muller' were plotted.

In general, when the parameters were related to the GA, the six patients with
unreliable GA according to the CRL measurements performed in the first trimester
were excluded.

The birth weight standard deviation score (SDS) of the study population was
measured using the formulae of a large birth cohort, the Generation R study'.
The calculated SDS are adjusted for gender and for GA at birth. The correlation of
the birth weight SDS with the first trimester CRL and EV was measured with linear
regression analysis.

Finally, p = 0.05 (two sided) was considered the limit of significance.

RESULTS

Data of atotal group of 112 women were evaluated. Table | shows the characteristics
of these patients and their newborns.

A total of 696 3D ultrasound scans were performed, with a median of 6 scans
per patient (range: 4 — 8 scans). The GA had a median of 68 days and ranged
between 42 days and 90 days. CRL measurements could be performed in 636
(91.4%) scans (median: 28.1 mm; range: 2.5 = 79.0 mm) and EV measurements
in 458 (65.8%) scans (median: 1657.0 mm3; range: 2.4 — 23812.0 mm3). A total
of 421 scans were performed between 7+0 and 10+6 weeks GA (median per
patient: 4; range: 2 - 5), being the period for the BVFV measurements. BVFV was
measured in 161 (38.2%) datasets (median: 45.1 mm3; range: 10.4 — 226.3 mm3).
The embryos were staged until 10+1 weeks GA. Between 6+0 and 10+1 weeks



Table I. Characteristics of pregnant women and their newborns. Data shown are
median (range) or percentages of patients.

Characteristic Median (range) or percentage
Mothers (N = 112)
Maternal age (years) 32.9(18.9-42.7)
Parity

0 62.5%

27.7%

>2 9.8%
Gravidity 2(1-10)
Miscarriages > 2 25.9%
Conception mode

Spontaneous 70.5%

IVF/ICSI 27.7%

[UI 1.8%
Gestational diabetes 5.4%
Hypertensive disorder 8.9%
Intra-uterine growth retardation 3.6%
Newborns (N = 112)
Female 52.7%
Birth weight (grams) 3390 (450 - 4700)
Gestational age at delivery (weeks) 39+4 (26+4 — 42+0)

GA 405 scans (median per patient: 4; range: 1 - 5) were performed and staging
was possible in 299 (73.8%) scans (median 19; range: 12 - 23). Table Il shows the
total number of CRL, EV, BVFV and Carnegie staging per gestational week. The
total number of datasets used and the total number of measurements performed
are also shown.

Figure 3 shows the relation of the EV with GA and CRL. The relation of the brain
ventricle volume with GA and CRL is shown in figure 4. The fifth figure illustrates
the relation of the EV and brain ventricle volume with the Carnegie stage.

The Carnegie stages are related to the GA and CRL as shown in figure 6. The
original data from O’Rahilly and Muller'® are also plotted in these graphs (red
boxes). A better fit is observed when the Carnegie stage is related to the CRL
as compared to GA. The GA has a wider range, but still fits good. Especially in
Carnegie stage 22 and 23 embryos the CRL measured in the I-Space is larger in
comparison to the CRL measured by O'Rahilly and Muller.

Table Il demonstrates the formulae of the relations calculated in this study,
with the corresponding variance.

o
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Table Il. Numbers and percentages of successful CRL, EV, BVFV and Carnegie stage
measurements per gestational week. N is the total number of datasets available per
gestational week.

Gestational

week N CRL N EV N BVFV N Carnegie
6 66 53(80.3%) 66 37 (56.1%) - - 66 38 (57.6%)
7 102 89(87.3%) 102 77 (75.5%) 102 31(30.4%) 102 73(71.6%)
8 103 97 (94.2%) 103 81(78.6%) 103 54 (52.4%) 103 82 (79.6%)
9 107 103 (96.3%) 107 86 (80.4%) 107 54 (50.5%) 107 86 (80.4%)
10 109 106 (97.2%) 109 75 (68.8%) 109 22(20.2%) 27 20 (74.1%)
11 108 103 (95.4%) 108 64 (59.3%) - - - -

12 101 85(84.2%) 101 38(37.6%) - - - -

The mean birth weight SDS was 0.05 and was normally distributed (p=0.57).
Separate analysis of CRL and EV data for each week of gestation for their relation
with birth weight SDS using regression analysis did not show significant correlations
(all r2 < 0.033) for any week between six and 12 weeks' GA. Categorizing birth
weight SDS into categories less than -1, -1 to +1 and greater than +1 also did not
show differences between these groups for longitudinal profiles of CRL and EV
along advancing GA.

DISCUSSION

By measuring the BVFV automatically using transvaginal 3D ultrasound data in a
VR application, we were able for the first time to systematically evaluate in vivo
first trimester brain ventricle development. We secondly measured the CRL and
EV, and determined the Carnegie stage on the basis of internal and external
morphological criteria.

In various studies Blaas et al. used specialized software to measure the size
of the brain ventricles (including the choroid plexuses), outlining them by hand
in different 2D slices of the 3D image’ . In our own study we measured the total
fluid volume of the BVFV (excluding the choroid plexus). As the ventricle volume
measurements are automated in the I-Space, any visible connection between the
ventricles can be used as a medium through which the adjacent ventricle can be
measured.

Although post-processing was sometimes necessary to correct for incomplete
segmentation of the brain ventricles, this was not necessary in most of the cases
of brain ventricle segmentation. BVFV measurement usually takes less than one
minute; measuring by manual segmentation is much more time-consuming, and
as a previous study on validation of VR volume measurements showed, also less
precise'.



25.000

20.000]

15.000

10.000

Embryonic volume (mm?)

5.000

50 60 70

o-
24
[N
1S}
w_]
1=}
»_
S

.

Crown-rump length (mm)

25.000

20.000

15.000

10.000

Embryonic volume (mm?)

5.0007

AYLIANNTOA ANV LNFNJOTIATA NIV DINOAYEINT

40 50 60 70 80 90
Gestational age (days)
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and maximal CRL and proposed ages according to O’Rahilly and Muller are indicated by
the red boxes.



Table Ill. Mean and standard deviation (SD) formula for the relation between various
parameters. EV and BVFV units are mm?3, GA is measured in days and the CRL in mm. N
represents the total number of data points on which the formulae are based.

Relationship N Line Formula

BVFV versus 158 Mean Log,(BVFV) = -31.0782 + 6.1658 x log,(GA)
GA

Variance* 14.95151 - 4.6654 x Iogz(GA) + 0.3674 x |og2(GA)2

BVFV versus 161 Mean Log,(BVFV) = -3.4261 + 2.0485 x log,(CRL)
CRL

Variance 0.71027 — 0.3044 x log,(CRL) + 0.03702 x log,(CRL)?

EV versus GA 432 Mean Log,(EV) =-11.3174 + 1.81004 x log,(GA-40) +0.1675%94
x log,(GA-40)?

Variance  15.0974 - 10.1324 log,(GA-40) + 2.7162 x log,(GA-40)? -
0.3400 x log,(GA-40)% + 0.016574 x log,(GA-40)*

EV versus CRL 458 Mean Log,(EV) = -8.72 + 1.9812 x log,(CRL-4)0.03279 x
log,(CRL-4)?

Variance 2.3720 - 2.21634 x (CRL-4) + 0.7839 x (CRL-4)? -
0.12147 x (CRL-4)? + 0.00695 x (CRL-4)*

CRL versus 299 Mean Sqrt**(CRL) = -1.7375 + 0.3160 x stage
Carnegie

o

Variance 0.09498 + 2 x stage x -0.00374 + 0.000201 x stage?
GA versus 281 Mean 10.3612 + 2.5530 x stage

Carnegie

Variance 19.0351 — 0.5038 x stage + 0.01605 x stage?
EV versus 295 Mean Log,(EV) = -39.2655 + 9.0549 x log,(stage)
Carnegie

Variance 13.514 - 5.9324 x log,(stage) + 0.6573 x log,(stage)?

BVFV versus 146 Mean Sqrt(BVFV) = -12.3021 + 0.9662 x stage
Carnegie

Variance 1.6102 + 2 x stage x -0.1050 + 0.007735 x stage?

AJLINNTOA ANV LNINJOTIAIA NIVYEE DINOAYEGNT

* The standard deviation (SD) of the individual data point around the fitted curves are obtained by
taking the square root of the variance.
** Sqrt denotes the square root transformation.

To date, only Blaas et al. have succeeded in measuring embryonic brain ventricle
volumes in a cross-sectional setting by using a specially developed annular array
3D transvaginal probe, in which they manually drew the contours of the ventricles
in several parallel two-dimensional (2D) slices of the 3D image' . This was very
time-consuming and vulnerable to individual variation. Two other 3D ultrasound
visualization methods have been used to visualize the human embryonic brain
ventricles semi-automatically> V7. These cross-sectional case studies followed the
embryonic brain development in only a few patients. Although enhanced imaging
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of the human embryonic brain ventricles was possible in these studies, volume
measurements were not due to the small size of the ventricles.

Enlarged brain cavities are important diagnostic markers for the detection of
central nervous system disorders in very early pregnancy*® '®2°. The reference
charts constructed in this study provide quantitative and accurate information, and
may help to differentiate between early normal and abnormal brain development.

In contrast with 3D ultrasound, where the 3D image is evaluated on 2D
media (screen or on paper), the |-Space allows us to use the third dimension
of the 3D ultrasound image to its fullest, and to obtain a real impression of
the developing embryo. As this is essential for in vivo staging according to the
classical Carnegie stage system, it provides us with unique information about
the state of development — which, together with age and size of the embryo, is
an independent parameter'>'. The stages were related to CRL, BVFV and EV;
resulting in smaller prediction intervals in comparison to GA alone. However, it is
important to remember that this staging system is based not only on morphological
characteristics, but also on histological ones, which cannot be determined in
the |-Space™. Secondly, we should remember that in vitro verification was not
possible in this study.

Low birth weight babies are at increased risk of perinatal and infant morbidity
and mortality, and of cardiovascular and metabolic diseases in later life'® 2123,
While some studies have correlated late first trimester CRL growth with a low birth
weight?2¢, another study has not?. The CRL and EV between six and 12 weeks
GA measured in our study was not associated with birth weight SDS. The SDS
formulae used in this study, are based on women living in Rotterdam, which, given
the normally distributed birth weight SDS, fits well with our population. There
may be a power problem due to the limited number of measurements included.
Almost 30 percent of women had a certain GA due to assisted reproductive
therapy. An explanation may be that in the remaining patients a relatively wide
range (+/- 7 gestational days) of variance in the CRL was accepted when dating
based on their last menstrual period.

In case of the brain ventricle segmentation, a clear delineation between fluid
and the tissue interface is needed to measure the BVFV. Unfortunately embryonic
and fetal position, movements and acoustic shadows may affect the rendering
and negatively influence the measurement abilities. VR BVFV measurements are
affected by these factors in approximately 50% of the cases in gestational weeks
eight and nine, which indicates that these two gestational weeks have the highest
quality images collected using a transvaginal probe. The EV is a greater structure,
which is less affected by small movements or acoustic artefacts.

We are aware of the fact that other hospitals have had limited access to VR
equipment until now. A desktop version running the same software as in the
I-Space is now under development. This low-cost VR desktop system will become



available in the near future and will enable other hospitals to use 3D images to its
fullest in the same manner as in our study.

In conclusion, the I-Space VR application enables us to measure EV and BVFV
automatically, and to follow their embryonic development in the first trimester by
visualizing all three dimensions. This makes it possible to base in vivo staging of
the embryos on internal and external morphological characteristics.

The next step will be to study abnormal development of the embryo and
early fetus in VR systematically. This will provide us with new insights into normal
development in vivo, and makes early diagnosis of abnormal embryogenesis

possible.
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CHAPTER 5.2

HUMAN EMBRYONIC GROWTH
AND DEVELOPMENT OF THE
CEREBELLUM USING THREE-
DIMENSIONAL ULTRASOUND AND
VIRTUAL REALITY



ABSTRACT

Background To evaluate first trimester cerebellar growth and development using
two different measuring techniques: three-dimensional (3D) and virtual reality
(VR) ultrasound visualization. The cerebellum measurements were related to
gestational age (GA) and crown-rump length (CRL). Finally, the reproducibility of
both methods was tested.

Methods We collected 630 first trimester, serially obtained, 3D ultrasound
scans of 112 uncomplicated pregnancies in a prospective cohort study. Only
scans with high quality images of the fossa posterior were selected for analysis.
Measurements were performed off-line in the coronal plane, using 3D and VR
software. VR enables the observer to use all available dimensions in a dataset
by visualizing the rendered volume as a 'hologram’. Total cerebellar diameter,
left and right hemispheral diameter and left and right hemispheral thickness
were measured. All measurements were performed three times and means were
used in repeated measurements analysis. The reproducibility was established in a
subset of 35 datasets.

Results A total of 177 (28%) 3D datasets between 7*° and 12*¢ weeks GA could
be used for cerebellum measurements. The median GA was 10+0 weeks and the
median CRL was 31.4 mm (range: 5.2 = 79.0 mm). The total cerebellar diameter
measured using VR had a median of 5.5 mm (range: 2.2 - 13.9 mm) and was
measurable from seven gestational weeks onwards.

The ICC values for both methods were at least 0.98 for all cerebellar parameters.
Reference charts were constructed according to GA and CRL.

Conclusions Reference charts for normal embryonic cerebellar growth were
constructed. Both methods proved to be reproducible.

Keywords 3D ultrasound; brain; first trimester; cerebellum; virtual reality; 4D view

Melek Rousian, Irene A.L. Groenenberg, Wim C. Hop, Anton H.J. Koning,
Peter J. van der Spek, Niek Exalto, Eric A.P. Steegers

Submitted

g
N

WNT13G3¥3D IHL 4O ININJOTIAIA ANV HIMOYD

127



[}
-
O
=
3
T
>
Z
O
O
m
<
m
L
o
3
<
m
Z
3
@]
=t
—
T
m
O
m
2
m
@©
m
—
-
C
<

128

INTRODUCTION

During the last decennium, the ultrasound equipment has improved, enabling
more detailed two-dimensional (2D) and three-dimensional (3D) examinations by
using high resolution transvaginal probes, which can be performed even in the
embryonic period. During this period major changes occur in the central nervous
system.’= Malformations of the central nervous system have been detected as
early as nine weeks’ gestational age.**

The cerebellum is formed in the early embryonic period and at Carnegie stage
14 the cerebellar plates can be identified anatomically.” The group of Blaas et al.
was the first to describe the ultrasonographic development of the cerebellum
as early as eight weeks’ GA.® Their study showed that it is possible to study the
embryonic cerebellum development in vivo in great detail.

Particularly transvaginal 3D ultrasound enables a detailed visualization and
description of the embryonic development.” It has the potential to evaluate first
trimester embryonic anatomy using a single 3D ultrasound dataset, in which all
three planes of the embryo can be viewed. Due to the small size the whole
embryo fits in one dataset. Acquiring a dataset takes only a couple of minutes,
which leads to a reduction of scanning time, compared to 2D ultrasound.™

In combination with high-resolution 3D ultrasound, virtual reality (VR) can be
used to visualize the embryo. VR allows the use of all three dimensions of the
human embryo to its fullest by visualizing the rendered dataset as a "hologram’.
The I-Space VR system running the V-Scope software can be used to visualize
morphology and to quantify biometry and volumetry during first trimester
pregnancies.'*"

The aim of this prospective longitudinal ultrasound study is to evaluate first trimester
growth and development of the cerebellum using two different approaches for
analyzing stored 3D datasets: 3D software (4D View) and VR software (V-Scope).
These measurements are compared to each other and related to gestational
age (GA) and crown-rump length (CRL). We finally test the intracbserver and
interobserver reliability and agreement of both methods.

PATIENTS AND METHODS

Patients

A total of 141 healthy volunteering pregnant women were included into our study.
These women were recruited via the department of Obstetrics and Gynaecology
at the Erasmus MC University Medical Center. A small proportion (around 20%) of
the women applied from outside the University hospital. All women gave written
informed consent and the regional committee for medical ethics approved the
study. In this prospective study a quick 3D ultrasound exam (with a maximum
scanning time of 10 minutes) was performed weekly between 6 or 7 weeks’
of gestation and 12 weeks’ of gestation, during which a series of 3D sweeps



encompassing the whole fetus were obtained. GA was calculated using the first day
of the last menstrual period. In case of an unknown date of the last menstruation
or in case of a discrepancy of one week or more, GA was determined by the CRL
measurements performed in the first trimester. For the IVF/ICSI pregnancies the
GA was based on the date of oocyte retrieval.

Exclusion criteria were a non-viable pregnancy, a chromosomal or structural
anomaly detected before or after birth, multiple pregnancies and intra-uterine
fetal death.

Twenty-nine patients were excluded: 16 patients were diagnosed with a non-
viable pregnancy, two patients were diagnosed with a trisomy 21 pregnancy, three
patients were diagnosed with a congenital anomaly, three patients carried multiple
pregnancies, two pregnant women showed an intra-uterine fetal death and there
were three drop-outs (one because of her religious background and two patients
were not able to participate on a weekly basis). In the remaining 112 patients 630
3D ultrasound scans were performed between 7+0 and 12+6 weeks GA. Only 3D
datasets of the fossa posterior with a clear demarcation of the cerebellum were
selected for further analysis and datasets including movement artefacts and a poor
quality were excluded. Acquisition of the 3D ultrasound datasets was performed
by one examiner (MR), evaluation and analysis was performed off-line by two
experienced examiners (MR and IALG). A total of 6 women had adjustments for
their GA based on the CRL measured in the first trimester.

Ultrasound equipment

The ultrasound examinations were performed using a GE Voluson E8 (GE, Zipf,
Austria) and a 4.5 - 11.9 MHz vaginal probe. The quality of the scans was evaluated
off-line using specialized 3D software (4D View, version 7.0, GE Medical Systems).
The approved scans were stored as Cartesian volumes, which were later used for
VR visualization using the BARCO [-Space at the Department of Bioinformatics.

Measurements

The measurements were performed off-line using two differentmeasuring methods:
3D software (4D view) and VR software (V-Scope). 4D view allows measurement
of the cerebellum in 3D ultrasound datasets on a separate personal computer
or on the ultrasound machine, which are both using 2D displays. V-Scope is a
special volume rendering software application, written for the I-Space, which is
an immersive four-walled VR system. V-Scope creates an interactive hologram of
the ultrasound image and this hologram can be manipulated by means of a virtual
pointer, controlled by a wireless joystick. In both methods the provided length-
measuring tools were used (movie 5).

In 4D view the 3D datasets were displayed in the orthogonal multiplanar
mode. Cerebellum measurements were performed in a coronal section of the
head through the rombencephalon showing the cerebellum, fourth ventricle and
plexus choroideus of the fourth ventricle (figure 1). V-Scope enables visualization
of all three planes in just one image. Again, all measurements were performed in a
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Movie 5. This 2D movie shows how observer M.R. measures the cerebellum of
an embryo of nine weeks’ GA. The total cerebellar diameter and left and right
hemispheral diameters are measured by using the wireless joystick in the I-Space
VR application.

Figure 1. Head of an embryo of 8 weeks and 5 days GA visualized using 4D View software.
The cerebellum (*) measurements are performed in the coronal plane (left panel of the
image, plane A). In this plane the mesencephalon (A), fourth ventricle (B) and choroid
plexus (C) are visible. The total cerebellar diameter (1), individual left (2) and right (3) hemi-
spheral diameter, with the corresponding left (4) and right (5) hemispheral thickness are
measured using the ‘distance two points’ function. The right panel of the image shows the
sagittal plane (plane B) of the head.

coronal section through the rombencephalon (figure 2). The following parameters
were determined using both methods: total cerebellar diameter, individual left
and right hemispheral diameter, with the corresponding left and right hemispheral
thickness (figure 2). The CRL was also determined. Verwoerd-Dikkeboom et al.
already showed that both length-measuring methods are reproducible when
used for standard biometric measurements in the first trimester of pregnancy.'
Therefore, the CRL measurements were only performed in VR.

All measurements were performed three times and the mean values were used
for analysis.

Reproducibility

The intraobserver and interobserver reliability and agreement was evaluated in 35
randomly chosen datasets of 35 randomly chosen patients. A total of 5 datasets
per gestational week were selected. To study the intraobserver and interobserver
agreement of the 3D measurements, all cerebellar measurements were performed



Figure 2. The cerebellum (*) of three different patients is visualized in the |-Space. A. This
is the same embryo as in figure 1 (8 weeks and 5 days GA). B. This is an embryo of 9 weeks
and 3 days GA. C. This embryo is 10 weeks and 2 days GA. The corresponding cerebellar
measurements are displayed in the images below A, B and C.

twice by one observer (IALG) using 3D software and repeated independently by
another (MR). For the reproducibility of the VR measurements, all measurements
were again performed twice by one observer (MR) and repeated independently
by another observer (IALG). The observers were blinded to each others results.
To prevent recollection bias the second series of measurements by the same
observer were performed at least two weeks after the first series.

Statistical analysis

To assess reliability, the intraclass correlation coefficients (ICC) were calculated in
SPSS (Release 17.0 for windows). An ICC value above 0.70 is in general considered
to represent a good reliability. To study whether there was a systematic difference
between the measurements acquired with the two different methods — 4D view and
V-Scope - the mean difference and 95% Cl of the mean difference were calculated
using repeated measurement analysis. Secondly, for the agreement between and
within the two observers we calculated the mean difference and the 95% CI of
the mean using the paired t-test. The 95% limits of agreement (mean difference *
1.96SD) were calculated as described by Bland and Altman in both cases.
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Repeated-measurements ANOVA (random coefficient models) analysis was
used to examine the longitudinal measurements (SAS PROC MIXED, release 9.2;
SAS Institute Inc, Cary, NC, USA) for their relation with GA and with CRL. The
association between the cerebellum measurements and the GA and CRL were
expressed in figures and in equations. Patients with unreliable GA according
to the CRL measurement were excluded from the analysis of the GA data. The
possible differences in symmetry of the left and right hemispheral diameter and
thickness were evaluated with multilevel analysis.

RESULTS

The median age of the participating women was 32.0 years (range: 18.9 — 42.7
years). Sixty-three percent of the women were nulliparous. Seventy percent of the
patients conceived spontaneously, while 28% became pregnant after IVF or ICSI
treatment and 2% after IUl. Twenty-six percent had recurrent miscarriages in the
past, defined as having two or more miscarriages. Fifty-nine (53%) healthy girls
and 53 (47%) healthy boys were born with a median birth weight of 3390 grams
and a range from 450 to 4700 grams (SD: 636 grams).

A total number of 630 ultrasound scans were performed in these pregnant
women, with a median of 6 datasets and a minimum of 3 and a maximum of
7 datasets per patient. A total of 453 datasets were excluded from further
analysis, leaving 177 high quality datasets of the posterior fossa (28%). Reasons
for exclusion were movement artifacts (N=81 (13%)) and poor image quality
(N=372 (59%)).

All cerebellum measurements performed in 3D were compared to the
measurements performed using VR. The ICC values are displayed in table I.
The reliability of the 3D and VR measurements is very good. However a small
(less than 0.04 mm) systematic difference (p<0.05) between the 3D and VR
measurements is present.

The mean difference, the limits of agreement and the ICC values for the
intraobserver and interobserver reproducibility of the 3D and VR measurements
are displayed in table II. All ICC values are above 0.98, representing very good
reliability between the measurements. The Bland-Altman statistics show a good
agreement between the measurements as well (table Il). There is a small systematic
difference (p<0.01) between the two observers measuring the total cerebellar
diameter in VR of 0.12 mm, but there is still a very good reliability (ICC=0.996).

There is no systematic difference between 3D and VR measurements and
they are both highly reproducible. Because of this, all further reported results are
based on the measurements performed using VR.

Table Il shows the |-Space measurements per gestational week, with the
corresponding mean value and SD value. The total number of datasets available
and the total number of datasets used for the measurements per gestational week
are also displayed. We were able to measure the cerebellum as early as 7+1
weeks GA (CRL=10.3 mm).
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Table I. The mean difference with the corresponding 95% confidence interval (Cl),
the limits of agreement and the ICC values are displayed comparing the 3D and VR
cerebellum measurements.

N Mean difference* 95% Cl mean 95% limits of ICC

(mm) difference agreement
(mm) (mm)
TCD (3D vs. VR) 177 -0.03 -0.05t0 0.005 -0.31t0 0.25 0.998
LHD (3D wvs. VR) 172 -0.04 -0.06 t0 -0.03%  -0.26t0 0.18 0.993
LCH (3D vs. VR) 164 -0.01 -0.03t0 0.00¢ -0.16t00.13 0.994
RHD (3D vs. VR) 172 -0.04 -0.06 t0 -0.025  -0.27 t0 0.19 0.993
RCH (3D vs. VR) 165 -0.03 -0.04 t0 -0.01%  -0.18t0 0.13 0.993

TCD = total cerebellar diameter; LHD = left hemispheral diameter; LHT = left hemispheral
thickness; RHD = right hemispheral diameter; RHT = right hemispheral thickness

§ Statistically significant (p<0.05).

* Mean differences are calculated as 3D measurement series minus VR measurement series.

Satisfying fits of the repeated measurement models for the cerebellum
measurements were obtained by either linear functions or quadratic functions
of GA and CRL. The equations for the mean values and the associated SD in
relation to GA and CRL are displayed in table IV. A graphical representation of the
relationships with GA is shown in figure 3.

There is no significant difference between the left and right hemispheral
diameter (mean difference= 0.02 + 0.01 mm; p=0.14). There is also no difference
between the left and right hemispheral thickness (mean difference=-0.004 = 0.01
mm; p=0.70). Both differences do not significantly change over gestational time.

DISCUSSION

In this study we have shown for the first time that the human cerebellum can be
measured in vivo as early as seven weeks GA. We measured the total cerebellar
diameter, left and right hemispheral diameter, with the corresponding left and right
hemispheral thickness in the coronal plane using two different measuring techniques:
a 3D technique (4D view) and an innovative VR technique (V-Scope). Intraobserver
and interobserver reliability and agreement of both techniques are very good.
V-Scope is an innovative VR application, allowing the observer to get a
real impression of the developing cerebellum. Using VR, off-line cerebellum
measurements can easily be performed in high quality 3D datasets. VR has also
been proven to be a promising tool for future research and clinical practice. In
contrast to standard 3D analysis software the third dimension can be used to
its fullest as a result of the depth perception offered by the VR system. Small
systematic differences are present when the cerebellar parameters performed
using 3D and VR are compared, however these are too small to be (clinically)
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Figure 3. The cerebellar parameters in relation to GA, with the corresponding mean line
(solid line), 95% CI of the mean values (dotted inner lines) and the 95% reference intervals
(dotted outer lines).

relevant. Therefore we have decided to present only the growth charts and tables
using the VR cerebellum measurements.

The 11.9 MHz transvaginal probe used in this study is one of the highest
resolution vaginal probes currently available. The use of this probe enabled us
to measure the cerebellum already at around seven weeks GA (mean CRL: 13
mm). This is earlier than described by Blaas et al.® Already at around 6+4 weeks’
GA (Carnegie stage 14 and 15; approximately 5-7 mm in greatest length) the
cerebellar hemispheres and plates appear in the growing embryo.’ Although high
quality images were obtained in the present study, visualization of the cerebellum
was only possible in 13% of cases in week seven. The most successful cerebellum



measurements could be performed in gestational week eight (52%), suggesting a
preferable anatomical position of the embryo in this gestational week.

In this prospective study, measurements of the cerebellum were performed off-
line, on stored 3D datasets. During the weekly ultrasound exams, a 3D sweep of
the entire pregnancy was performed, without specifically targeting the cerebellum.
This may explain the low overall success rate of 28%. An important point is that
although the use of a high frequency transducer produces high-resolution images
of the fetal brain, the quality of the images declines rapidly with increasing depth
(for instance due to a high BMI). Therefore lack of depth penetration was the main
reason for the high exclusion rate. Movement artefacts only accounted for 13% of
the exclusion. In a clinical setting a much higher success rate can be achieved by
increasing scanning time and targeted imaging of the cerebellum.

There is only one other study by Blaas et al. describing the 2D longitudinal
ultrasound development of the cerebellum in the first trimester in 29 pregnant
women.® Our results of 177 observations are highly comparable to their results of
93 observations. They also measured the cerebellum in the coronal plane, however
only the total cerebellar diameter and the cerebellar thickness was determined.
Both in our study and the study of Blaas et al., a square root model was used in
relating the total cerebellar diameter to the GA whereas a linear model was used
to relate the cerebellar thickness with the GA. Compared to the results of Blaas et
al. the total cerebellar diameter in our study was 4% larger (4.8 mm vs. 5.0 mm)
at 9+0 weeks GA and 16% larger (8.1 mm vs. 9.4 mm) at 12+0 weeks GA. The
cerebellar thickness measured in our study was 5% smaller at 9+0 weeks GA and
4% larger at 12+0 weeks GA.

Anatomical studies show that the two cerebellar hemispheres fuse already around
10 weeks GA (Carnegie stage 23).° Although it was easy to visualize the separated
cerebellar hemispheres we decided not to measure the gap between them, since
the small size of it seemed to vary considerably due to imaging artefacts. In
contrast to the study of Blaas et al., in our study fusion was already seen in week
10 of pregnancy, and always present in week 11, whereas in their study the two
cerebellar hemispheres seemed to meet in the mid-line during weeks 11 and 12.8
This may be explained by the increasing quality of the datasets.

We uniquely measured the right and left hemispheral diameter and thickness
separately. In a previous study asymmetry of the cerebellar hemispheres has been
demonstrated by measuring the left en right hemispheral volume. However, that
study had been performed in the second and third trimester.?" In our first trimester
cerebellum measurements no significant differences between left and right in the
diameter or thickness of hemispheres could be demonstrated.

The average growth rate of the total cerebellar diameter over a time period of
40 gestational days (between day 50 and 90) was 0.19 mm per day. The average
growth rate between week 16 and week 36 of pregnancy was 0.25 mm per
gestational day in the study of Verburg et al., of which the results are widely used
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in clinical practice.?? The average growth rate is lower in the first trimester when
compared to that in the second and third trimester of pregnancy.

It can be concluded that cerebellar measurements performed using VR are

comparable to traditional 3D measurements. In VR, for the first time, all three
dimensions can be used to measure cerebellar structures between seven and
12 weeks GA. Reference values are now available for studies on cerebellum
development in the early first trimester, as well as for diagnosis of central nervous
system defects, which will be the subject of future research.
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CHAPTER 61 CONJOINED TWIN DOCUMENTATION:

a review illustrated by case reports



ABSTRACT

Background Conjoined twins are rare with a live birth rate around 1 in 250 000.
Conjoined twins are classified in eight types based on the site of union. Imaging
techniques are essential for proper first trimester diagnosis, crucial for adequate
obstetrical management. Technological development lead to new imaging
techniques like three-dimensional (3D) Virtual Embryoscopy (VE). The aim of the
article is to provide a systematic diagnostic tool for first trimester diagnosis of
conjoined twins.

Methods A PubMed literature search was performed using the terms Ultrasound,
Doppler, MRI and CT in combination with First trimester and Conjoined twins.
Three recent cases at our department, a thoracopagus, cephalopagus and
parapagus, are reviewed and examined additionally using 3D VE.

Results A brief summary of the different types of conjoined twins is described
based on the literature including a table for practical use during ultrasound
examination. In the evaluation of conjoined twins two-dimensional (2D) ultrasound
is still the golden standard. 3D ultrasound and doppler ultrasonography add
anatomical and prognostic information complementary to 2D ultrasound. VE
imaging reveals additional findings in our three first trimester cases not seen with
routine 2D ultrasound examination.

Conclusions Each case of conjoined twins has its own characteristics and should
therefore be evaluated with the best possible imaging techniques. 3D ultrasound
and doppler ultrasonography should be added to the evaluation of conjoined
twins. MRl is helpful in the second and third trimester of pregnancy. VE imaging
may contribute to earlier, more appropriate counseling and management of these
pregnancies.

Keywords Conjoined twins; first trimester diagnosis; imaging techniques; Virtual
Embryoscopy

Leonie Baken, Melek Rousian, Erwin J.O. Kompanje, Anton H.J. Koning,
Peter J. van der Spek, Eric A.P. Steegers, Niek Exalto
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INTRODUCTION

Conjoined twins are a rare phenomenon. As conjoined twins occur regular in
domestic animals and several cases are described in wild mammals'™, most
published records concern cases in humans. The prevalence of conjoined twins
in humans is approximately 1 in 50 000 pregnancies®. Due to the poor prognosis
most will die during pregnancy or the pregnancies are terminated by induced
abortion. The prevalence in live births is estimated to be around 1 in 250 000 (5).
For unknown reasons there is a female predominance with a ratio of 3:1.

There are two hypotheses on the origin of conjoined twins; the fission theory
in which a fertilized ovum divides incompletely and the fusion theory explaining
secondary fusion of two originally distinct monovular embryos. Spencer argues
that all types of conjoined twins can only be explained by secondary fusion®”.
The recent finding of a monochorionic diamniotic conjoined twin pregnancy may
further contribute to the fusion theory'. Others are in favor of the fission theory,
maintained by the observation that the incidence of mirror-imaging is higher in
conjoined twins then in monozygotic twins''. No matter what theory is correct,
conjoined twinning is a rare and random event challenging physicians in making a
proper diagnosis, which is essential for considering treatment options. Nowadays
conjoined twins are frequently detected during first trimester ultrasound
examinations, challenging sophisticated imaging techniques as aids in making
a proper diagnosis. Ultrasound criteria for the diagnosis of conjoined twins in
the second and third trimester are well defined. Detailed first trimester analysis
and diagnosis, however, are more difficult. False positive first trimester diagnosis
of conjoined twins have been described in literature’>'. Both monochorionic
monoamniotic twins in close proximity and an intra-amniotic hematoma near
the embryo can be mistaken for a conjoined twin pregnancy'. Well defined
first trimester ultrasound criteria for diagnosing conjoined twins are therefore
desirable and should be discussed.

First trimester diagnosis of conjoined twins and therefore early evaluation
of the different management options assures the best possible outcome for
both mother and affected infants. After appropriate diagnosis and counseling
the first decision is whether to continue or terminate the pregnancy. Offering
earlier termination of pregnancy is associated with minimal maternal morbidity
and has less psychological impact on the parents compared to performing this
procedure later in pregnancy''* In a continuing conjoined twins pregnancy with
one relatively normal and one abnormal twin selective feticide may be another
management option, especially in early pregnancy and in cases with minimal
fusion, resulting in the birth of a healthy infant"’. Exceptionally rare cases are
conjoined twins in a triplet pregnancy'®?. Early recognition of this extreme rare
event and selective reduction of the co-existing conjoined twin provides better
survival chances of the third child®1%.21-23,

Associated risks in conjoined twins pregnancy are intrauterine growth
retardation, polyhydramnion, pre-eclampsia, cord entanglement and intrauterine



fetal death?. After correct first trimester diagnosis of conjoined twins and
continuation of pregnancy these risks can be monitored.

As described above proper first trimester diagnosis of conjoined twins is
important for many different reasons. Schmidt et al. already advocated for first
trimester routine ultrasound screening to allow diagnosis of severe congenital
abnormalities, like conjoined twins, in 1982%. At the end of the last century serial
ultrasound scanning in case of monozygotic twin pregnancies and conjoined twins
was recommended in a few other studies?*?’. Follow-up scans in first trimester
diagnosis of conjoined twins are advocated by Lam et al. in order to visualize the
fetal anatomy and the extend of fusion more clearly?.

The aim of the article is to explore the imaging techniques used in the diagnosis
of conjoined twins and provide a systematic diagnostic tool for obstetricians who
face themselves challenged with first trimester diagnosis of a conjoined twin.

METHODS

Literature search

Articles were identified through a PubMed database search retrieving articles
on the first trimester diagnosis of conjoined twins. The literature search was
performed on the 1< of December 2010 for all available papers written in English.
References of all relevant articles were hand-searched for additional citations. The
free text search terms ‘ultrasound’, ‘Doppler’, ‘"MRI" and ‘CT’ in combination with
"first trimester’ and ‘conjoined twins’ were used. Papers on parasitic conjoined
twins were excluded.

Diagnostic process of recent cases

In the past four years three cases of conjoined twins were diagnosed in the
Erasmus MC University Medical Center Rotterdam. All three cases were initially
examined using two-dimensional (2D) and three-dimensional (3D) ultrasound. For
consecutive analysis using Virtual Embryoscopy (VE) the 3D images made on the
GE Voluson E8 system (GE, Zipf, Austria) were converted to cartesian volumes,
using specialized 3D software (4D View, GE Medical Systems), and transferred to
the BARCO I-Space. The volumes were screened in the |-Space for quality and
completeness of the embryos. The volumes were resized, turned and clipped in
different planes to obtain the best possible images for evaluation. The evaluation
of the three cases with Virtual Reality was done by a different examiner than the
sonographer who did the initial ultrasound exams.

The diagnostic findings during 2D and 3D ultrasound were extrapolated from
the medical records. All features seen with the VE imaging technique were written
down and compared to the 2D/3D ultrasound findings.
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RESULTS

History of the depiction of conjoined twins

The history of printed descriptions and illustrations of conjoined twins is long and
extensive. The oldest known printed illustration of a pair of conjoined twins is in
the 1499 book by Jacob Locher, Carmen heroicum de partu monstrifero?. From
the end of the seventeenth century, the first scientific journals appeared in which
all sorts of congenital malformations, both real and imagined, were depicted and
described. Before these, a series of books on monsters, which were extremely
popular, were published. Authors often copied the fantasy cases from each
other. Explanations, as devilish conception or the result of witnessing evil by the
pregnant women, often fueled the fear of the lay public. From the mid 18th century
onwards, only real depictions and descriptions appeared in the scientific literature.
[llustration techniques in these books and articles were copper engravings, steel
engravings and lithographs, offering a very realistic picture of both the external
appearance and the internal anatomy of the malformations described. In the first
half of the 19th century very detailed descriptions and illustrations of conjoined
twins were published, as the 1832 monograph and atlas on the well-known
parapagus dicephalus conjoined twins Ritta and Christina by Etienne Serres
(1787-1868)%°. Other detailed accounts on conjoined twins have been given by
the Dutch anatomist Willem Vrolik (1801-1863)*'. The first photographical images
of conjoined twins were used in publications after the mid nineteenth century. In
1906, the first volume of one of the most important works on teratology, Ernst
Schwalbe’s ‘Die Morphologie der Missbildungen des Menschen und der Tiere’,
was published®. The last volumes were published as late as 1960. For this work
‘modern’ imaging techniques of the skeletal anatomy were used for illustrations.
In the second volume many radiographic imaging of all sort of conjoined twins
were depicted. Also angiography was used to study the blood vessel connections
between the twins. The first CT images of the internal anatomy of conjoined twins
appeared in the late 1970's.

Classification of conjoined twins

Each set of conjoined twins is unique with respect to the site and extent of
union and their complex anatomy. The most complex anatomy is situated at
the site of union®. Description of conjoined twins is made easier with a simple
classification into eight types, advocated by Spencer’-**. These eight types are
named cephalopagus, thoracopagus, omphalopagus, ischiopagus, parapagus,
craniopagus, rachipagus and pyopagus. The suffix pagus means fixed.

The first differentiation in this classification of conjoined twins is made in
ventral versus dorsal union. Further differentiation is made by the site of union.
The eight types of conjoined twins with their characteristics, incidence and vitality
are described below and are summarized in table I.
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Ventral union

Ventrally conjoined twins are fused rostral (cephalopagus, thoracopagus,
omphalopagus), caudal (ischiopagus) or lateral (parapagus). Ventral union always
includes the umbilicus and the abdomen. Extensive fusion including the thorax,
the head or the pelvis and perineum may be present®*. All share a common yolk
sac and, as a consequence, all share some part of the gastrointestinal tract.

The cephalopagus twin is also called Janiceps twins after the Roman god
Janus with the two faces. These are fused from the head to the umbilicus. Each
twin contributes to half of the head, thorax and abdomen. This extensive fusion
complicates correct diagnosis; cephalopagus conjoined twins are often referred
as a singleton pregnancy with the inconclusive finding of an enlarged head®*-%.
There are always two vertebral columns, two sets of genitalia, four upper and four
lower limbs. Cephalopagus twins are symmetrical with two complete faces or
asymmetrical with one relatively normal face and one reduced face. Two hearts are
formed which are united in the plane of fusion. In the asymmetrical cephalopagus
the posterior heart can be very small and functionless. The upper gastrointestinal
tract is always shared, with one esophagus, stomach and small intestine. The
trachea is also shared which provides a main bronchus for a lung of each twin. This
type of conjoined twins is non viable.

In many thoracopagus a shared cardiac anatomy is the most prominent
feature. The complexity of the shared cardiac anatomy covers a wide range from
a channel between the two atria to complete fused hearts (75%); though nearly all
of these hearts are inseparable. Livers are almost invariable fused in thoracopagus
conjoined twins; if the fusion is extensive this also precludes separation.

The omphalopagus is characterized by a fusion from the sternum to the
umbilicus. Since both thoracopagus and omphalopagus may have an union of
thorax and abdomen it may be difficult to differentiate between the two. The
omphalopagus twins, however, have two separate hearts, while the thoracopagus
share their hearts to some extent. In 25% of cases there are cardiac anomalies,
ranging from minor to severe, influencing the prognosis. In case of normal hearts
the chances of survival are high. There is a single umbilical cord artery present,
and due to this associated anomalies may be present. Twenty-five percent of
omphalopagus cases an omphalocele is present. Shared intestines (17%) are
associated with stillborn twins in half of the cases.

The liver is shared in most omphalopagus and this is associated with the extent
of union of the abdominal wall. The possibility of surgical separation depends on
the vasculature of the conjoined livers. Separation is often possible with a success
rate of 82%’.

The ischiopagus twins are fused at the pelvis and lower abdomen in the cloacal
membrane. This fusion can be end to end or, rarely, with the twins facing each
other. As the ischiopagus twins are fused in the cloacal membrane, the two sets
of external genitalia are located laterally. The lower gastrointestinal tract is shared
in 70% of cases. Ischiopagus may be tetrapus (having four legs), tripus (three legs)
or bipus (two legs). Separation may be possible with a success rate of about 63%’.
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The most common type of conjoined twins is the parapagus with an incidence
of 28%. In case of a parapagus there may be a parapagus dicephalus (having
two heads) or a parapagus diprosopus (having two faces on the same side of a
single head). Parapagus twins are united in the lower abdomen and pelvis and
the fusion may extend even to the cranium. Parapagus have two lower limbs and
have two, three or four upper limbs. There is always one lower abdomen with one
gastrointestinal tract and one pelvis, but there may be two separate thoraxes.
Either one or two hearts may be present. The diagnosis of parapagus dicephalus
is in most cases made by the observation of two distinct heads and one fetal
body*-*. In parapagus diprosopus twins there is a high incidence of anecephaly.
Also forking of the cervical spine is an additional distinctive finding*®. Most cases
of parapagus diprosopus die in utero or die during the neonatal period. Parapagus
dicephalus die in most cases due to anomalies of the heart. The survival into
adulthood is rarely accomplished. However, this is more often by choice than
clinical impossibility. The well known Hensel twins, who were born March 1990,
have now reached adulthood. Both graduated from high school in 2008 and are
now university students. Separation is only possible when there are two separate
hearts but will inevitably lead to severely handicapped children.

Dorsal union

In dorsally fused twins the cranium and/or the vertebrae are always part of the
fusion. The face and both thoracic and abdominal organs however are never
involved in this fusion (33). There are three types of dorsally conjoined twins:
craniopagus, rachipagus and pyopagus.

Craniopagus conjoined twins (5%) are fused at the cranium, but never at the
foramen magnum or the base of the skull. The face, neck, thorax and abdomen are
never involved in the union. The orientation of the twins fused at the cranium may
be in any position. Skull, meninges and venous sinuses are always fused. Brains
are separate in most cases and fusion of the cortex is present in 30% of cases.
Separation without further residual handicaps for the twins is unlikely.

An extremely rare type of conjoined twins is the rachipagus, which has been
described only twice in the literature*'*3. Since only two cases are known, it is highly
favorable to investigate these cases with the best possible imaging techniques and
preserve them*. The limited information makes description and generalization
of this type of conjoined twins difficult. Rachipagus are joined dorsally with
fused vertebral columns. The fusion may involve fusion in the occiputs. Surgical
separation is impossible.

Pyopagus conjoined twins are joined at the sacrum and the perineum. Each
twin has a separate abdomen and therefore the gastrointestinal tract is not
involved with the exception of the rectums. There are two sets of genitalia which
are united dorsally. When the vertebral canals are continuous the dura and/or
spinal cord may be joined which has severe implications for surgery. Separation is
likely to be possible since the conjunction does not involve critical organ systems,
sometimes only compromising soft tissue**. A separation success rate of 68%
has been reported’.



The prognosis always depends on the final diagnosis of the specific type using
the above classification and includes detailed evaluation of the complex anatomy,
usually by puzzling and using additional imaging techniques. Surgical separation
is very likely to fail with the loss of both children in conjoined twins with a single
heart and in conjoined twins with a single QRS-complex on the electrocardiogram
(ECG)*.

Clues for diagnosis

Suspicion of conjoined twinning should be raised in a twin pregnancy with a
single placenta, when it is not possible to demonstrate a separating amniotic
membrane or when there is only one yolk sac present. Signs of possible conjoined
twins are also more than three vessels in the umbilical cord, no change in
relative positions of twins after movement or follow-up scans, fewer limbs than
would be expected, hyperflexion of the spine and bifid appearance of the fetal
pole® 4749 Also increased nuchal translucency thickness can be seen in conjoined
twins, especially in thoracopagus due to hemodynamic disturbances®. When fetal
activity increases, at around eight weeks gestational age, it becomes easier to
differentiate between monoamniotic twins and conjoined twins®'.

In case of first trimester detection of a conjoined twin detailed first trimester
imaging is essential in accurate counseling of the parents and planning opportune
obstetric management.

Imaging techniques

Ultrasound

The introduction of ultrasound in 1960 led to a new revolution in diagnostic
imaging, although diagnostic ultrasound was already developed in the early
1950s°2. Sonography is widely used in the obstetrical field and is the most important
and primary imaging technique in prenatal diagnosis of conjoined twins®. The first
diagnosis of conjoined twins using ultrasound was in 1976%. The first diagnosis of
conjoined twins in the first trimester, at 12 weeks of gestational age, was reported
by Schmidt et al. in 1981%%. The earliest diagnosis of conjoined twins has been
reported at seven weeks of gestation using transvaginal ultrasound®.

Most diagnoses of conjoined twins are established using two-dimensional (2D)
ultrasound, especially when fusion of body parts is obvious. Ultrasound is the
preferred investigation modality since it is non-ionizing, non-invasive, has low costs
and broad availability. It also permits real-time examination that is very useful in
conjoined twins since conjoined twins do not switch their relative position to each
other when fetal movements are present. Minimally conjoined omphalopagus twins
can be an exception to this rule; changes in relative position have been reported®*>’.

The introduction of the transvaginal ultrasonography provides ultrasound
images with high resolution and therefore makes it possible to visualize and
quantify the early pregnancy®®. This has led to advances in first trimester diagnosis
of abnormalities in the fetal anatomy®, like in the extent of fusion in conjoined
twins?’.
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Three-dimensional (3D) ultrasound
3D ultrasound became available with the advances made in computer technology
and has shown to be helpful in the detection of congenital abnormalities®®’.
In conjoined twins 3D ultrasound is used to exactly define the extent of fusion
and to obtain more precise anatomic information®¢. Nowadays, in many cases
of conjoined twins 3D ultrasound helped to confirm the presence of anomalies
and improved diagnostic confidence®*”. Especially facial features, like in
parapagus or cephalopagus conjoined twins, are better studied in detail using 3D
ultrasound®*7°. 3D images provide overall assessment of the fetuses; an example
is the number of upper and lower extremities which can be important in the
definitive classification of conjoined twins. 3D surface rendered images also help
the future parents to understand the complex anomalies in their fetuses®**4,
Since ultrasound and 3D ultrasound are not always successful in providing all
detailed information of the complex anatomy in conjoined twins other imaging
techniques should also be considered.

Doppler ultrasound

Doppler ultrasound has expanded its application in obstetrics, also in
the evaluation of conjoined twin pregnancy by showing vascular communications'
¢ 71 The prognosis of conjoined twins largely depends on the conjunction of the
cardiovascular system. Especially the differentiation between thoracopagus and
omphalopagus for the definitive classification and prognosis can be facilitated by
Doppler ultrasound of the heart®® ¢"-72. Doppler ultrasound is an excellent tool in
the evaluation of the vasculature of conjoined vital organs to determine prognosis
and separability’™ 773 In several cases Doppler ultrasound provided additional
information like the finding of conjoined livers which is important to determine
the possibility and the chance of success of separation surgery’'.

Furthermore, Doppler ultrasound may reveal a characteristic ‘double layer’
umbilical arterial velocity waveform’7>. This specific pattern is observed is the
case of two separate arterial supplies in a single umbilical cord. Such a distinctive
Doppler ultrasound pattern can be used as an extra diagnostic sign in conjoined
twins as proposed by Woo et al’.

Computed tomography (CT)-Scan

Since the discovery of X-rays in 1895 by Wilhelm Conrad Roentgen’¢, diagnostic
imaging has made enormous progress. Only 50 years later 1 in 10 hospital
patients underwent some sort of diagnostic imaging”’. The first prenatal diagnosis
of conjoined twins performed with the use of X-rays was performed in 193475,
Around 1970, CT was introduced in the medical field as the first digital imaging
technique.

We only found two publications, published in 1984 and 1990 respectively,
on the use of CT for antenatal diagnosis of conjoined twins; both in the third
trimester of pregnancy’?®.

X-rays, used in CT-scanning, are potentially dangerous for the fetus and fetal
movements will disturb the image quality. Therefore CT imaging in pregnancy is



limited to very specific congenital abnormalities, like skeletal malformations®'. CT
may also offer better lung and hollow viscus details®2. In case of conjoined twins
CT is mainly used postpartum as a diagnostic tool to evaluate separability.

Magnetic resonance imaging (MRI)

MRI entered the medical scene in the early 1980s. Fetal MRI has already proven
to be complementary to conventional obstetrical ultrasound. Especially in case
of complex anatomical anomalies a MRl may provide additional information in
evaluating conjoined twins pregnancy®8.

With MRI high resolution images of fetal organs, like the brain and liver, show
the extent of fusion of internal organs in conjoined twins®. MRI provides excellent
contrast between cerebrospinal fluid and the brain and spinal cord and is therefore
useful in the detection of central nervous system anomalies?’, as is also shown in
several conjoined twin cases® 80,

In the past long MRI acquisition times lead to detoriated image quality as a
result of fetal motions. Ultrafast MRI imaging is available since the early 1990s88.
With single-shot fast spin-echo MR sequence (SSFSE) artefacts by fetal movements
are minimized resulting in good imaging quality?-2.

In MRI there is no ionizing radiation and there are no known adverse effects
to the fetuses. The disadvantages of MRI are the costs, availability and the lack
of real-time imaging possibilities® 7. The literature does not provide cases of
conjoined twins diagnosed in the first trimester with MRI. The earliest prenatally
diagnosed conjoined twins using MRI was at 16 weeks of gestation®.

In summary MRI is a good imaging technique to provide detailed anatomical
information, precisely define the extension of fusion of the conjoined twins® and
explore vascular anomalies™. MRI can precisely define neuroanatomical anomalies
and can for example be very useful in depicting whether there is fusion of the
spinal cord in pyopagus or fusion of the meninges in craniopagus. This information
is especially useful to predict prognosis and viability and in planning possible
separating surgery?. When conjoined twins are presented late in pregnancy MRI
overcomes the limitations of ultrasound, like in the case of obesity and because
of the decreasing amount of amniotic fluid. MRI provides overall assessment of
the pregnancy, also in late pregnancy.

Virtual Embryoscopy (VE)

Virtual Embryoscopy is a new technique that enhances the 3D US modality. It is
a 3D imaging technique that actually uses all three dimensions, in contrast to
traditional 3D reconstructions viewed on a 2D screen. At our department we use a
transvaginal probe of the GE Voluson 730 expert and E8 system (GE, Zipf, Austria)
for the first trimester ultrasound examinations. The department of Bioinformatics
of the Erasmus MC operates a fully immersive virtual reality system: the BARCO
I-Space. It allows the viewers to perceive depth and interact with 3D volumes in an
intuitive manner. The V-Scope volume rendering application creates a ‘hologram’
of the 3D ultrasound volume in order to provide VE; stereoscopic imaging allows
the discernment of fine details and understanding of 3D structures in the volumes.
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We refer to previous articles for a detailed explanation of the BARCO I-Space and
V-Scope®. The innovative VE technique has already successfully been applied in
prenatal medicine?-1%,

Due to the improved depth perception and 3D interaction the |-Space enables
better assessment of embryonic and fetal structures. A combination of 2D and
3D ultrasound examination and VE may improve the detailed morphological
description and diagnosis.

As seen in our cases (below) VE provides additional diagnostic information in
evaluating complex anatomical structures in conjoined twins.

CASE REPORTS

Case 1

A 30-year-old G4P2 was referred to the Erasmus MC University Medical Center
Rotterdam at 10+6 weeks of gestation for prenatal diagnosis because of
conjoined twins detected with routine ultrasound. 2D and 3D transvaginal and
abdominal ultrasound examinations revealed a thoracopagus with fused thorax
and abdomen, sharing one heart and liver (table I, figure 1A,B). The conjoined
twins appeared to have two separate heads, shoulder girdles, pelvises and four
lower extremities. Fetal hydrops was also noticed. Only three upper extremities
could be visualized using regular ultrasound. Fetal karyotype revealed a normal
male genotype. The parents were informed about the prognosis and decided to
terminate the pregnancy. Pregnancy was terminated at 11+5 weeks gestational
age using misoprostol. Intact conjoined twins were born and macroscopic
examination confirmed the diagnosis thoracopagus. The parents refused autopsy.

Using the |-Space VE system, the thoracopagus with fetal hydrops was
confirmed (figure 1C). In addition 4 arms and 4 legs could be distinguished easily
as well as severe scoliosis, an abdominal defect and an abnormal ulnar deviation
of one of the hands.

Case 2

A 28 year-old G2P1 was referred to our center because of conjoined twins
diagnosed at 13+1 weeks gestational age with routine 2D ultrasound. 2D and
3D ultrasound examination revealed a cephalopagus with fusion of the heads,
both thorax and part of the abdomens (table II, figure 2A,B). Two heartbeats, one
stomach, 4 arms and 4 legs and one shared umbilical cord and placenta were
visualized. The fetal karyogram showed a normal female genotype.

The parents were informed about the lethal prognosis and they decided to
have the pregnancy terminated at 14 weeks gestational age by induction. Intact
conjoined twins were born and the diagnosis of cephalopagus was confirmed
by macroscopic examination (figure 2D). In this case the parents did not give
permission for an autopsy.



Table 1l: 2D/3D ultrasound and VR findings in presented cases (bold: only seen in VE)

Case 1 2 3
Type Thoracopagus Cephalopagus Parapagus
GA 10wéd 13w1d 11wéd

Ref. 2D/3D VE Ref. 2D/3D VE Ref. 2D/3D VE
Head 2 2 2 1 Fused Fused 2 2 2
Frontal Yes
bossing ) ) D ) ) VS ) ) R>L
Face 2 2 2 1/2 ? 1 2 - 2
Vertebral 2 i 2 . ) 2 2 2 2
column scoliosis
Shoulders 4 4 4 4 4 2-4 3
e 4 3 4 4 4 4 23 2 2
limbs

Ulnar

Hands deviation

Fused, Fused,
Thorax Fused hydro- hydro- Fused Fused Fused Fused Fused Fused
thorax  thorax

o

Heart 1/2 1 1 2 2 ? 1/2 1 ?
Abdomen Fused Fused Defect Fused Fused Fused Fused Fused Fused -
Umbilicus 1 - 1 1 1 1 1 1 1 a
3
Omphalo- i No ) ) Yes ) Yes, %
cele small m
Stomach 2 - ? 1 - 1 1/2 1 ? o
0
Liver Shared 1 ? 2 - ?  Shared 1 ? o)
Pelvis 2 . 2 2 - 2 1 - 1 o)
=
O 4 4 4 4 4 4 2 2 2 ©
limbs =
General Hydrops Hydrops Hydrops Hydrops é
o)
Chutiaes 46, XX 46, XX 46, XY e
somal =
Viability Rare No Yes g
Separate- . . o}
bility Not likely No Not likely z
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Figure 1. Case 1: Thoracopagus. A. A conventional 2D US image clearly showing fusion
of the thorax and abdomen. Since one heart was seen during 2D US the diagnosis thora-
copagus was made. B. A 3D US image showing fetuses ‘embracing’ each other. C. [-Space
rendering of the conjoined twins. The operator is visible with the 3D volume of the twins.
With VE the fourth arm was discovered as well as an abdominal defect, abnormal ulnar
deviation and severe scoliosis, which were not seen during 2D/3D US. It is important to
remember that on paper, a picture of an I-Space rendering is nothing more than a 2D
picture, since depth cannot be put on paper or on a computer screen. This figure therefore
does not capture the full potential of the I-Space. D. Ex vivo picture showing the union of
both thorax and abdomen.



Figure 2. Case 2: Cephalopagus. A. 2D US image showing two vertebral columns and
one single head. B. 3D US image showing the profile of the fused face. C. I-space volume
clearly showing the two fetuses situated in front of each other (each arm belongs to one
of the twins) with the faces fused laterally. With VE it was possible to visualize the back of
the head, indicating this as an asymmetrical cephalopagus. D. Ex vivo picture showing the
four upper extremities. The absence of a second face, already seen in VE, was confirmed.

A cephalopagus can either be symmetrical (two identical faces on opposite
sides of the head) or asymmetrical (one 'normal’ face and one reduced face). In
our case the back of the head could not be visualized with 2D and 3D ultrasound
and therefore it could not be determined whether the fetus was a symmetrical or
an asymmetrical.

Intuitive orientation in the dataset with 3D VE allows for detailed evaluation of
anatomical structures (figure 2C). With this technique it was possible to show that
only one face was present as well as 4 shoulders and an omphalocele.
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Case 3

A 22-years-old G3P2 was presented at 11+6 weeks gestational age at our
department of Obstetrics and Prenatal Medicine after detection of conjoined twins
during routine ultrasound. Two-dimensional and 3D transvaginal and abdominal
ultrasound examination revealed conjoined twins with fetal hydrops (figure 3A,B).
Two separate heads and two separate spines were seen. The twins were fused at
the level of the thorax and the abdomen sharing one heart, liver and stomach.
Two arms and two legs could be visualized. The fetuses were diagnosed as a
parapagus dicephalus (table Il). Karyotyping by chorionic villus sampling revealed
a normal male genotype.

After counseling, the parents decided to have the pregnancy terminated at
14+4 weeks gestational age using misoprostol. Autopsy findings correlated with
the diagnosis parapagus dicephalus (figure 3E). There were three lungs, one
heart, one set of kidneys, a shared gastro-intestinal tract and two equal, normal
sized brains present. The internal genitalia were male.

During 3D VE examination two faces were seen with marked frontal bossing.
There were 3 shoulders with two arms and additionally a small omphalocele was
discovered (figure 3C,D).

DISCUSSION

Accurate prenatal imaging is crucial in diagnosing the rare cases of conjoined
twins. Eight types of conjoined twins are known, all with their own characteristics
(table ). Even though this classification, each conjoined twins is unique with
respect to the site and extent of union and their complex anatomy. Prognosis,
especially vitality and separability, should therefore be evaluated individually for
each individual case with the best possible imaging techniques. First trimester
accurate evaluation of conjoined twins allows for early counseling of the parents
to discuss the prognosis and management options.

Ultrasound is the main imaging modality used in diagnosing conjoined twins.
In many cases the diagnosis can be performed using conventional ultrasound,
especially when the conjunction between the twins is obvious. 3D ultrasound
can add anatomical information in several cases of conjoined twins, especially
regarding facial features. 3D ultrasound should always be included in the
evaluation of conjoined twins since the spatial relationships are complex and
understanding them is essential for a proper diagnosis. The surface rendered
images of 3D ultrasound facilitate counseling of the parents. Additional ultrasound
scans in the second trimester may be necessary to make a definitive evaluation
of the anatomic relationships. Doppler ultrasound imaging is important for the
determination of viability and separability by visualizing vascular communications
and by determining the number of hearts. The lack of articles on MRI in first
trimester conjoined twin pregnancies may indicate that there is no indication of
this imaging technique in these particular pregnancies. MRI has emerged to be



Figure 3. Case 3: Parapagus dicephalus. A. 2D US image showing hydrothorax and two
separate heads. B. 3D US image showing fusion in thorax and abdomen and a single
umbilical cord. C. I-Space volume showing hydrothorax. Two vertebral columns are visual-
ized. D. |-Space volume showing the fusion in thorax and abdomen. VE also showed the
presence of only one pelvis. Furthermore frontal bossing and a small omphalocele were
visualized. E. Ex vivo picture confirming that only two upper and two lower extremities
were present.
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a complementary imaging technique in conjoined twins after the first trimester.
In several situations MRI has proved to be superior to ultrasound in that period
of pregnancy. MRl is superior in evaluating possible neuroanatomical anomalies
crucial in determining whether separation surgery is possible in for example
craniopagus and pyopagus conjoined twins. Therefore, the superiority of MRI
as compared to ultrasound in the second and third trimester might also apply to
the first 12 weeks of pregnancy. The excellent resolution of tissue composition
perceived with MRI makes it a potential useful complementary tool in first
trimester diagnosis of conjoined twins. A thorough evaluation of this possible
diagnostic effect could change our view on the diagnostic process of congenital
abnormalities like conjoined twins. The VE technique can also be applied to MRI
to provide even more information.

There was no support in the literature on the use of CT in first trimester
diagnosis of conjoined twins.

In the three cases of conjoined twins referred to our clinic we demonstrated
that 3D VE has the potential to add more precise and extra anatomic information
(table 11). In all cases new anatomic information came to light when evaluating the
twins in the BARCO I-Space. A combination of 2D and 3D ultrasound examination
and 3D VE improves the detailed morphological description and diagnosis.

We conclude that 3D VE provides additional diagnostic information in
evaluating complex anatomical structures, especially when depth perception
is needed, as in case of conjoined twins. This may contribute to earlier, more
appropriate counseling and management of these pregnancies. As this is the first
article on VE in the diagnosis of conjoined twins, more research is needed to
evaluate the implementation of VE in the diagnostic process of conjoined twins
and congenital malformations in general.
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The aim of this thesis is to assess in vivo growth and development in first trimester
pregnancies using 3D ultrasound datasets, in an innovative virtual reality (VR)
application, which we tentatively describe as 'virtual embryoscopy’. We focus on
four topics:

1. The reproducibility of new embryonic biometric and volumetric
measurements performed using VR.

2. The construction of growth charts in relation to GA and the CRL for newly
introduced biometric and automated volumetric measurements.

3. Invivo staging based on internal and external morphologic characteristics
and the relation of the stages to GA, CRL, embryonic volume and brain
ventricle volume.

4. The applicability of VR for diagnosing complex congenital anomalies such
as first trimester conjoined twins.

After discussing the design of the study, these four topics will be further
elaborated on.

Study design: a longitudinal cohort study

Growth is a keyword in this thesis. Growth of an embryo or early fetus can be
compared using longitudinally collected data. For repeated measurements during
pregnancy, appropriate reference ranges must be derived from longitudinal
studies'2. It is possible to analyze longitudinal data as if they came from a cross-
sectional study, which enables one to study size charts and age assessment
charts?. We have to be aware that the sample size has to be large enough and
appropriate statistics have to be used for this purpose. In this thesis all patients
- a cohort of first trimester pregnant women - had 3D ultrasound examinations
performed weekly between six and 12 weeks GA.

At this moment, the study is embedded in a larger project, which aims to
analyze growth and development during and after pregnancy (childhood) and
the influences on these processes; like lifestyle, general health and genetics. This
cohort study is called the PREDICT study. For the patients that will be included in
the future, this means that in addition to the weekly 3D ultrasound examinations
between six and 12 weeks GA, patients have to fill out several questionnaires
(including a Food Frequency Questionnaire) at their first visit, at 24 weeks
pregnancy, at birth and at the first birthday of the newborn. Furthermore, blood
samples are taken in the first trimester of pregnancy, and where possible umbilical
cord samples are taken at birth.

Reproducibility of VR measurements

When new visualization techniques (including their applications) are introduced,
it must be demonstrated that the results obtained with this new technique are
reproducible, which covers the accuracy and reliability. The first new function
introduced to the VR software, was the tracing application. This function enables



the measurement of the length of structures — like embryonic structures - precisely
in three dimensions. Actually, it enables the measurement of embryonic structures
requiring 3D interaction, like the length of the arm, leg or umbilical cord, for
the first time as far as we know. In 2008, Verwoerd-Dikkeboom et al.* compared
(standard and non-standard) biometric measurements performed using 4D View
(a program present on the ultrasound machine which enables 2D measurements
in a 3D dataset) and VR software (in the I-Space). The yolk sac diameter, CRL,
biparietal diameter, head circumference and abdominal circumference were
measured using both visualization techniques. The conclusion of the study was
that length measurements performed using VR, were reliable.

Secondly, the volume measuring tool was introduced and evaluated. This tool
enables (semi) automated volume measurements of hypoechoic and hyperechoic
structures. However, the study was limited to the measurement of in vitro and
in vivo hypoechoic structures (balloons and yolk sacs), since they were the only
structures that could be measured by all four available techniques, of which
VOCAL is seen as the ‘golden standard’. V-Scope was as accurate and reliable
as the ‘golden standard’. V-Scope was also the fastest measuring technique in
the in vivo part. The main factor influencing the reproducibility of the volume
measurements, but also of the length measurements, was the image quality.

The measurement of structures which would enable us to monitor the embryonic
growth and development more accurately and precisely was the next step.
Examples of these structures are the gestational sac, the amniotic sac, the yolk
sac, the embryonic volume and brain cavity volume, which are not all presented
in this thesis. This also includes the volumetric growth parameters used for more
precise monitoring of growth in the second and third trimester of pregnancy *°.
These structures are not only hypoechoic or simple shaped structures as studied
in the reproducibility study (part 3.1), but since the technique is automated, the
reproducibility of the hypoechoic structures can be extrapolated to hyperechoic
structures as well (like the embryonic body volume).

Non-standard biometric measurements

After studying the reproducibility of the two measurement tools in V-Scope, we
measured two structures of vital importance to embryogenesis: the umbilical
cord and vitelline duct. These structures are not measured routinely due to their
complex shape and morphology, requiring 3D interaction for their measurement.

The measurement of these structures might be important, since for instance
abnormalities of the umbilical cord, are associated with intrauterine demise, fetal
malformations and chromosomal abnormalities’"?, which makes early detection
clinically valuable. Therefore, knowledge of the development of these structures
in the first trimester may eventually serve as a background for early detection
of abnormal fetal development (part 4.1). In part 4.1 a linear relation is found
between the umbilical cord length and the CRL and GA, which is also the case for
the vitelline duct length measurements. Image quality greatly affects the ability
of measuring different parts of the umbilical cord and vitelline duct, and because
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of that it was not possible to measure these structures successfully in all cases.
We believe that in the future, equipment offering better image quality in the first
trimester will help to overcome this limitation.

In part 4.2 examples of other non-standard measurements like the length of
the arm'? and legs are illustrated; which are structures requiring 3D interaction for
their measurement as well. In future studies these measurements have to proof
their ability to discriminate between normal and abnormal development.

Volume measurements

Using 2D ultrasound, volume estimations of symmetric and (near) spherical
structures can be achieved using three orthogonal diameters and applying
the volume formula of an ellipsoid shape. Although this gives a reasonable
approximation for symmetrical structures, the technique is inappropriate for
complex structures and shapes'. With the development of 3D ultrasound
transducers accurate volume measurements were introduced, even in organs that
are irregular or asymmetrical in shape''.

The ability to perform volume measurements of different structures facilitates
visualization of the (spatial) relationships and sizes, besides the already used length,
width, depth or circumference measurements. This makes the measurement more
informative, because it reflects the real size, instead of taking a derivative, like the
CRL for growth.

When we are interested in the growth of an embryo (as a whole), the
measurement of the embryonic volume seems superior to the CRL measurement,
since the whole embryo is taken into account and the measurement does not
depend on factors like the position or movement of an embryo™. In part 5.1 of
this thesis the relationship between the CRL and embryonic volume in the first
trimester and birth weight is studied, resulting in a non significant relationship,
which might be a power problem due to the limited number of measurements
included. In a recently published study the late first trimester fetal volume
measurements and CRL measurements significantly correlated with birth weight,
and the fetal volume even better than the CRL".

The gestational sac volume is another example of a volume measurement that
may have a predictive value for adverse pregnancy outcomes'®?, although this
has to be studied more extensively in the future. To facilitate this research, new
charts were constructed in this thesis as well, using VR.

Brain development: volume and cerebellum

In part 5 of this thesis we mainly focus on the development of the embryonic
brain and especially the brain ventricle and cerebellar development. Normal
development of both structures is of vital importance.

The shape and size of the brain cavities are important diagnostic markers
for the detection of central nervous system disorders in very early pregnancy.
Therefore it may be expected that holoprocencephaly is the first condition



that can be recognized with ultrasound in the developing embryo?'. In several
case studies it has been demonstrated that holoprocencephaly can already be
diagnosed at 9 weeks GA??2%. The brain ventricle volume measurements of there
cases showed that the volumes were different in comparison to normal developing
brain ventricles?. Acrania is another example of a central nervous system disorder,
characterized by an altered appearance of the brain cavities with decreased fluid
content, which can be recognized as early as 9 weeks GA?*25,

In aquaductal stenosis, the Sylvian aquaduct is wide throughout the first
trimester, so one can expect that an early diagnosis is possible. However it is
unknown when exactly the stenosis develops.

In the second trimester of pregnancy the cerebellum is measured routinely?,
but in this thesis we show that the cerebellum can already be measured at 7
weeks GA using VR. Diagnosing embryonic brain anomalies ultrasonographically
is possible already in the first trimester. Reference values of the brain ventricle
volumes and cerebellum length measurements, to compare findings in high risk
patients, are therefore necessary. The charts constructed in this thesis provide
quantitative and accurate information and may be useful in the differentiation
between early normal and abnormal brain development.

The reported relatively low success rate is a point of debate, but may be explained
by the fact that at the time these 3D ultrasound examinations were performed, the
focus was on the embryo as a whole, and no separate brain scans were recorded.
Targeted scanning of the brain will result in a much higher success rate.

Using VR for in vivo staging

An accurate description of in vivo embryonic growth and development can be
achieved by adequate staging. The Carnegie Staging system describes the
human embryonic growth by using in vitro samples??%. As the |-Space allows us
to see depth and the 3D ultrasound datasets collected in our studies are high
resolution samples, it is possible to stage embryos (part 5.1) using the internal
and external morphological characteristics. In our study it was not possible to
use the histological characteristics or in vitro verification, as was the case in the
Carnegie Staging system?. Still the ability of staging the embryos, with good
correlation with the CRL and GA, shows us that the development of a living
human embryo, can be monitored using VR, next to the separate measurements
of different structures. In this way, the whole embryo can be used to get an
accurate description of its growth and development.

Abnormal growth and development: Conjoined twins and
miscarriages

Previously, we described the visualization and quantification possibilities of the VR
application for normal growing and developing human embryos and early fetuses.

In addition we studied the value of VR in the description of conjoined twins in
part 6. This is a group of high risk pregnancies in which accurate diagnostics is
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crucial for prognosis purposes. Ultrasound is the main diagnostic tool, and the
depth perception and 3D interaction offered by VR provides additional information
in the evaluation of the complex anatomical structures. Since this is a review and
case study, many more cases will have to be studied before we can state that
VR contributes to earlier and more appropriate counseling and management of
these cases.

To illustrate the potential clinical value of embryonic volumetry, series of
recently obtained embryonic volume measurements of four pregnancies ending in
a miscarriage are presented. Two of the miscarriages occurred at eight weeks GA
and two at ten weeks GA. Figure 1 shows the embryonic growth of the additional
four miscarriage cases. In two out of four cases (case one and four) embryonic
volume measurements are below the 2.5" percentile whilst the corresponding CRL
measurements are normal. The embryonic volume measurements are abnormal
from the beginning in three out of four cases ending in a miscarriage, whereas the
CRL measurements are less indicative of an abnormal outcome. The four cases
show that different growth patterns may already exist in first trimester pregnancies
subsequently ending as a miscarriage. As has been shown by abnormal first
trimester growth and adverse obstetric outcomes from CRL studies?-', it is to be
expected that embryonic volume measurements are more accurate in prediction
models. Embryonic volume measurements may therefore be implemented in
routine clinical practice in the nearby future. However, more research is needed to
validate the assumption that abnormal volume measurements can be successfully
used to predict a miscarriage.

Future perspectives and general applicability

Before VR can be implemented into clinical practice for the visualization and
detection of congenital abnormalities in the first trimester of pregnancy, additional
research has to be performed. One of our ongoing studies will compare the
detection rate of congenital abnormalities in first trimester pregnancies using
a VR system (movie 6) and the regularly used ultrasound machines. Blinded
observers will score and describe the congenital abnormalities they see and the
time needed for the detection will be registered. Finally, a questionnaire will be
filled out, comparing the opinion of the different observers using both systems
about topics such as the quality of the images, the user interface and the offered
depth perception.

The I-Space VR system, located at the Erasmus MC, is the only Cave-like system
in the world used for growth and developmental analysis of the early pregnancy.
As explained in several parts of this thesis, a desktop alternative for the fully
immersive system exists (figure 2). The V-Scope application can be run on this
desktop system, which uses a low-cost 3D screen and a similar tracking system as
used in the |-Space. Such a display system on the desk of a doctor or added to an
ultrasound machine will not only greatly benefit a doctor or technician in coming
up with a diagnosis, but also aid in the counseling of patients by clearly illustrating
embryonic and early fetal anatomy. We foresee a future where 3D displays will
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Figure 1. A. Crown-rump length measurements of four miscarriage cases are plotted
against gestational age. The mean value and the 95% reference interval for the Robinson
and Flemming growth chart are indicated by the solid and dotted lines, respectively.
B. The whole-body volume measurements of the four miscarriage cases are plotted against
gestational age. The mean value and the 95% reference interval are again indicated by the
solid and dotted lines, respectively.
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Movie 6. This movie shows a fetus at 12 weeks GA in the |-Space. The fetus
has an omphalocele, radius dysplasia, a single umbilical artery, spina bifida and
exencephaly, and was finally diagnosed with trisomy 18.

be as common as 2D displays in hospital settings. Until that day, our department
offers the possibility to sent first trimester 3D datasets to our research center by
using the following webpage: https://png3dvr.erasmusmc.nl. These 3D datasets
are loaded in the I-Space and checked using V-Scope software. The outcome
of this ‘virtual consult’ is sent to the requesting doctor and can be shared with
the patient.

In conclusion we can state that virtual reality offers an impressive new way
of looking in vivo at an embryo, presenting information in all three human
dimensions and making it possible to measure structures which could not be
measured before. The combination of staging, biometry and volumetry, called
"Virtual Embryoscopy’, enables us to study normal and abnormal embryonic
development; which will eventually offer earlier and more accurate diagnosis of
abnormal growth and development and contribute to a shift from second and
third trimester fetal analysis to the first trimester. Being able to do so will bring
‘embryonic medicine’ a step closer.

Figure 2. Desktop version running the V-Scope application as the |-Space. An embryo of
10 weeks’ GA is displayed on the screen. The observer is interacting with the hologram.
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SUMMARY

The overall aim of this thesis is to establish an accurate and reliable description
of new in vivo biometric and volumetric measurements in the first trimester of
pregnancy using 3D ultrasound datasets, analyzed using an innovative VR system.
These new measurements, which make optimal use of all three dimensions, will
form a basis for follow-up studies describing the abnormal development of
embryonic and early fetal life.

In part 1, chapter 1.1 the introduction of the research performed in this
thesis is briefly described. Chapter 1.2 is an overview of the application of 3D
ultrasound during embryonic and early fetal life. In addition, the I-Space VR
system and V-Scope volume rendering application are described; explaining
functionality such as the measurement of old and new biometric parameters, the
measurement of new automated volumetric parameters and the possibility of
embryonic staging. Finally, the possible use of VR in the detection of abnormal
growth and development is introduced.

In part 2 the accuracy and reliability of the V-Scope volume measuring
function is tested in an in vivo and in vitro setting. Three-dimensional ultrasound
datasets of first trimester yolk sacs were used for the in vivo part of the study.
For the in vitro part, small water filled balloons with a known volume were used.
In addition to the semi-automatic V-Scope method, the volume measurements
of the hypoechoic parts were performed using three other techniques: VOCAL,
Inversion mode and SonoAVC. VOCAL is a manual segmentation method, which
makes volume measurements of hypoechoic and hyperechoic structures possible.
Inversion mode and SonoAVC are semi-automated volume measuring methods,
allowing only measurements of hypoechoic structures. In the in vitro and in
vivo part of the study VOCAL and V-Scope proved to be the most reliable. The
intraobserver and interobserver reproducibility of all four techniques proved to be
good. As V-Scope is an automated, less time-consuming method, it offers great
potential for the estimation of different embryonic structures in an accurate way.

In part 3 non-standard volume measurements of different embryonic
structures are described. Growth charts are constructed and parameters are
related to GA and CRL, and to other parameters as well. In chapter 3.1 the
use of VR for the measurement of the embryonic body, including the limbs, and
the yolk sac is evaluated in normal, healthy pregnancies. VR allows us to obtain
unique information about the size of the embryo using all three dimensions.
The interobserver reproducibility of the irregularly shaped human body volume
measurements proved to be excellent. In chapter 3.2, the gestational sac
diameter (GSD), gestational sac fluid volume (GSFV) and gestational sac volume
(GSV) were measured using VR and new charts were constructed according to
GA, CRL and GSD. The GSD formula constructed in our study was significantly
different from the commonly clinically used formula. The GSV measured in our
study was on average 20% smaller when compared to the GSV calculated by
using the ellipsoid formula.



The description of normal growth of the first trimester umbilical cord and
vitelline duct by length measurements are presented in chapter 4. The in vivo
measurement of these structures during the first trimester of pregnancy is
only possible when the measuring application offers depth perception and 3D
interaction. VR enables the measurement of multi-planar structures, like the
umbilical cord, which contains loops already in the early pregnancy.

In chapter 5 the study of neurosonographic parameters and the construction
of charts relating the growth of the brain structures to GA and CRL are presented.
Part 5.1 introduces the possibility of measuring the volume of the brain cavities
(semi-)Jautomatically. The visualization of the cavities allows embryonic staging
using some internal morphological criteria of the Carnegie Staging system, in
addition to the external morphological criteria. In the second part, part 5.2, the
development of the cerebellum during the first trimester is described in detail.
Next to the total cerebellar diameter, the length of the left and right hemispheres
and the corresponding heights were measured and related to GA and CRL. The
measurements were performed in two different settings: on the ultrasound
machine and using the |-Space VR system. Both methods proved to be highly
reproducible and comparable to each other. The use of VR allows easy localization
of the cerebellum, providing a realistic impression of the developing hemispheres.

In chapter 6, the applicability of VR to provide a systematic diagnostic tool
for diagnosing first trimester conjoined twins is described. In this overview study
all possible imaging techniques are evaluated. Three cases of first trimester
conjoined twins are described in detail using 2D and 3D ultrasound examination,
as well as examination using the VR system. VR provided additional information in
our first trimester cases, and therefore may contribute to earlier, more appropriate
counseling and management of conjoined twin cases.

In the last chapter, chapter 7, the general discussion, the results of all studies
are combined and discussed in a broader perspective. Our goal was to discuss
the use of a VR application in the study of embryonic growth and development
in an in vivo setting. The |-Space VR system and the V-Scope application allow
the exploration of all three dimensions, and therefore offers visualization and
quantification of structures that cannot be shown or measured in one or two
dimensions. Since abnormalities and/or developmental problems in the embryonic
period have major consequences for fetal and neonatal life, it is important to
check these structures and their growth as early and precisely as possible. Early
diagnosis of abnormalities may eventually lead to new antenatal strategies and
interventions, opening up a new field of ‘embryonic medicine’.
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SAMENVATTING

Dit proefschrift heeft als doel het accuraat en betrouwbaar beschrijven van
nieuwe in vivo uitgevoerde biometrische lengte- en volumemetingen in het
eerste trimester van de zwangerschap aan de hand van drie-dimensionale (3D)
echoscopie datasets, geanalyseerd met behulp van een innovatief virtuele realiteit
(VR) systeem. Deze nieuwe metingen, uitgevoerd met optimaal gebruik van alle
drie de dimensies, zullen een basis vormen voor vervolgstudies waarin abnormale
ontwikkeling in de embryonale en vroege foetale periode centraal zullen staan.

Deel 1, hoofdstuk 1.1 is de algemene introductie van het proefschrift. In
hoofdstuk 1.2 wordt de mogelijkheid beschreven om 3D echoscopie tijdens de
embryonale en vroege foetale periode toe te passen. Tevens worden het |-Space
VR systeem en de V-Scope applicatie beschreven; waarbij de functionaliteit, zoals
het meten van bestaande en nieuwe biometrische parameters, het meten van
nieuwe automatische volumetrische parameters en stagering van het embryo,
wordt toegelicht. Tenslotte wordt het gebruik van VR in de detectie van abnormale
groei en ontwikkeling geintroduceerd.

In deel 2 van het proefschrift wordt de nauwkeurigheid en betrouwbaarheid
van volumemetingen met V-Scope getest in een in vivo en in vitro setting.
Voor het in vivo gedeelte werden 3D echoscopie datasets van eerste trimester
dooierzakken gebruikt en voor het in vitro gedeelte kleine, met watergevulde
ballonnen waarvan de hoeveelheid ingebrachte water bekend was. Naast het
meten van de hypoechogene inhoud van structuren met V-Scope, werden de
metingen ook uitgevoerd gebruikmakend van drie andere technieken: VOCAL,
Inversion mode en SonoAVC. Bij de VOCAL methode wordt gebruik gemaakt van
manuele segmentatie om volumemetingen te verrichten in zowel hypoechogene
als hyperechogene structuren. Inversion mode en SonoAVC zijn semi-automatische
volumemeetmethoden, die alleen de mogelijkheid bieden om volumes te meten
van hypoechogene structuren. In het in vitro en in vivo gedeelte van de studie
bleken VOCAL en V-Scope het meest betrouwbaar. De intra-onderzoeker en inter-
onderzoeker reproduceerbaarheid van alle vier de technieken was goed. Omdat
bij V-Scope een geautomatiseerde methode wordt gebruikt, heeft deze techniek,
mede door de snelheid ervan, grote potentie voor het accuraat en efficiént meten
van verschillende embryonale structuren.

In de kliniek niet standaard uitgevoerde volumemetingen van verschillende
embryonale structuren worden beschreven in deel 3. Tevens worden groeicurven
beschreven die de gemeten parameters relateren aan de zwangerschapsduur
en kop-stuit lengte (CRL), en aan enkele andere parameters. In hoofdstuk 3.1
worden de metingen van het embryonale volume, inclusief de ledematen, en
van het volume van de dooierzak beschreven in een normale populatie gezonde
zwangeren. VR maakt het mogelijk om unieke informatie te verkrijgen over
het embryonale volume, gebruikmakend van alle drie de dimensies. De inter-
onderzoeker reproduceerbaarheid van het embryonale volume bleek goed
te zijn, ondanks de onregelmatige en complexe vorm van het embryo. In het



volgende hoofdstuk, hoofdstuk 3.2, werden een aantal structuren gemeten met
behulp van VR: de diameter van de vruchtzak, het volume van de totale vruchtzak
en het volume van het vocht in de vruchtzak. Nieuwe curven zijn geconstrueerd,
waarbij de gemeten parameters zijn gerelateerd aan de zwangerschapsduur,
CRL en vruchtzakdiameter. De in deze studie geconstrueerde formule, die de
vruchtzakdiameter vergelijkt met de zwangerschapsduur in dagen, is significant
verschillend van de in de kliniek gebruikte formule. Het vruchtzakvolume gemeten
in onze studie was gemiddeld 20% kleiner vergeleken met het volume berekend
met behulp van de formule voor een ellipsoide figuur, zoals gebruikelijk in de
klinische praktijk.

De normale eerste trimester lengtegroei van de navelstreng en ductus
vitellinus worden beschreven in deel 4. De in vivo meting van deze structuren
tijdens het eerste trimester van de zwangerschap is alleen mogelijk wanneer
de meetmethode diepteperceptie biedt in combinatie met 3D interactie. VR
biedt de mogelijkheid om structuren die zich niet in één vlak bevinden, zoals de
navelstreng met meerdere windingen, al vroeg in de zwangerschap te meten.

In deel 5 wordt een veelbelovende ontwikkeling beschreven: het bepalen
van neurosonografische parameters en de constructie van curven waarmee
deze parameters worden gerelateerd aan de zwangerschapsduur en CRL. In
hoofdstuk 5.1 wordt de mogelijkheid van het (semi-)automatisch meten van
het hersenventrikel volume geintroduceerd. Een bijkomend voordeel van het
visualiseren van de hersenventrikels is de mogelijkheid om in vivo te stadieren
op basis van enkele interne morfologische criteria, die beschreven worden in
het Carnegie Stadierings systeem, naast de criteria beschreven voor de externe
morfologische kenmerken. In het tweede gedeelte, hoofdstuk 5.2, wordt in detail
de ontwikkeling van het cerebellum tijdens het eerste trimester beschreven. De
volgende structuren zijn gemeten en gerelateerd aan de zwangerschapsduur en
CRL: de totale cerebellaire diameter, de lengte van de linker en rechter hemisfeer
en de hoogte van de linker en rechter hemisfeer. De metingen zijn uitgevoerd op
het echoscopie apparaat en in de I-Space VR systeem. De metingen konden met
beide methoden reproduceerbaar worden gemeten. De waarden, verkregen met
de verschillende meetmethoden, waren vergelijkbaar met elkaar. Met behulp van
VR kan het cerebellum gemakkelijk worden gelokaliseerd en wordt een realistische
impressie geboden van de zich ontwikkelende cerebellaire hemisferen.

VR kan gebruikt worden als een methode om eerste trimester Siamese
tweelingen systematisch te diagnosticeren. Deze mogelijkheid van de |-Space
wordt beschreven in deel 6, aan de hand van drie casus van eerste trimester
Siamese tweelingen. Er wordt hierbij gebruik gemaakt van twee-dimensionale,
3D en VR technieken. VR biedt additionele informatie bij de diagnostiek van
eerste trimester Siamese tweelingen, en kan als zodanig bijdragen aan een betere
counseling en behandeling.

In de algemene discussie, het laatste deel van dit proefschrift (deel 7),
worden de resultaten uit alle studies gecombineerd en geplaatst in een breder
perspectief. Het doel was het bediscussiéren van het gebruik van VR in de studie
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naar in vivo embryonale groei en ontwikkeling. Het I-Space VR systeem en de
V-Scope applicatie bieden de mogelijkheid om alle drie de dimensies optimaal
te gebruiken. Het is dan ook mogelijk om bepaalde embryonale structuren te
visualiseren en kwantificeren, die niet goed te visualiseren en kwantificeren zijn
wanneer maar een of twee dimensies beschikbaar zijn. Het is belangrijk om
deze structuren en hun groei zo vroeg en precies mogelijk te volgen, omdat
abnormale groei en/of ontwikkeling in de embryonale periode vergaande
consequenties heeft voor de foetale en postnatale periode. Vroege diagnostiek
van abnormale ontwikkeling zal mogelijk uiteindelijk kunnen leiden tot nieuwe
strategieén in aangedane patiénten en patiénten met een hoog risico op
zwangerschapsgerelateerde complicaties.
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inspirerende begeleiding binnen het onderzoek, en ik zal altijd met een glimlach
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wereld, en voor de ultrasnelle correcties van mijn manuscripten.

Professor Peter van der Spek, mijn tweede promotor. Beste Peter, hartelijk
dank voor de mogelijkheid die uw afdeling heeft geboden om dit onderzoek
tot stand te brengen en draaiend te houden. Het naar Rotterdam halen van de
[-Space was een zeer goede beslissing!

Wim Hop, wij hebben meerdere uren zitten mind-breaken over de statistiek die
we hebben losgelaten op onze datasets om tot de resultaten van dit proefschrift
te komen. Hartelijk dank voor al je adviezen en hulp!

Irene Groenenberg, zo enthousiast en toegewijd; daar bewonder ik je om.
Naast het mooie onderzoek, hebben we het vooral gehad over fashion, sporten,
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De ‘jonge garde’ van het onderzoek in de I-Space: Robbert vO, Evelien vU,
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tijdens het onderzoek en heel veel succes met het vervolg van jullie onderzoek
en opleidingen! |k zal de goede tijd die we samen hebben doorgebracht missen.
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al hun adviezen en goede gesprekken over het onderzoek, maar ook privé! Ik zal
jullie zeker missen.

De afdeling Bioinformatica kan ik ook niet vergeten: bedankt voor alle hulp en
moeite bij de totstandkoming van dit proefschrift en de website!
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lunches, borrels, etentjes, congressen (MIAMI BEACH): | always had great fun
spending time with you!
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