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Introduction

Rationale

Until recently, prenatal care and research focused mainly on fetal growth in the second and third
trimester of pregnancy. However, growth and development rates are highest in early pregnancy.
This also makes the first-trimester a vulnerable period in which complications of pregnancy might
originate.

The past years of research have provided obstetricians with new insights in the early pregnancy and
especially in the periconception period.' The periconception period compromises gametogenesis,
placentation and embryogenesis. The well recognized fetal origins (or Barker's) hypothesis postulates
that conditions or exposures during the periconception period influence pregnancy outcome, health
during adult life and even future generations.’

First-trimester growth is documented by crown-rump length (CRL) measurements and is used for
pregnancy dating. Thereby, it is assumed that first-trimester growth is uniform. We now know that
multiple factors, like maternal characteristics and lifestyle, are associated with embryonic and fetal
growth.”® In Figure 1 several factors associated with either an increased or a decreased CRL are shown.
The study of Mook-Kanamori et al. demonstrated that first-trimester growth restriction is associated
with an increased risk of adverse pregnancy outcomes.® Recently it was found that impaired first-
trimester growth is associated with an adverse cardiovascular risk profile in school age children.’

Developmental adaptations to a suboptimal environment, also called fetal programming, arise
mainly through the mechanism of epigenetics. Epigenetics is defined by Callinan and Feinberg as “the
study of heritable changes other than those in the DNA sequence”; for example DNA methylation and
histone modification.”” An example of an environmental factor leading to epigenetic changes that
persist throughout life, is shown in a study on prenatal exposure to famine during the Dutch Hunger

Figure 1: Factors associated with either an increased or a decreased crown-rump length (CRL) during the first-
trimester of pregnancy.
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Winter in World War II. '" In this study, six decades after the event, an association of lower methylation
of a specific gene (IGF2 DMR) and prenatal exposure to famine was found.

These new insights highlight the importance of the early pregnancy period, the recognition of
which is essential to improve perinatal outcome. Physicians should acknowledge the importance of
embryonic health, both in research and in clinical practice.

Ultrasound

Ultrasound provides an excellent, safe, technical opportunity through which invaluable information
about early pregnancy can be obtained. Until the mid-80's first-trimester ultrasound scans were
limited to establishing localization of the pregnancy, diagnosing non-viable pregnancies, detecting
multiple pregnancies, and estimating gestational age more accurately. With the introduction of high
resolution ultrasound and transvaginal ultrasound much more information can now be obtained.
Routine first-trimester ultrasound scans are increasingly being offered to pregnant women in most
developed countries. Although the mid-trimester scan is considered the standard screening moment
for congenital abnormalities, the advances in ultrasound technology will contribute to the shift to-
wards an earlier anomaly scan. Several studies demonstrate that a significant proportion of structural
congenital abnormalities can consistently be diagnosed in the first-trimester.'* " Clinical effectiveness
of first-trimester screening for these abnormalities is, however, still at debate due to the wide range
of detection rates that have been reported."” Though, it should be beared in mind that with ongoing
technological development and further refinement of already established screening tools the screen-

ing for congenital abnormalities will continue to evolve and move towards early pregnancy.

Early detection of ‘abnormal’ pregnancies

Most future parents want to know about any abnormal development or congenital abnormalities
as early as possible.'”® An earlier prenatal diagnosis of (major) congenital abnormalities may also
result in improved management: the possibility of scheduling additional ultrasound scans (before the
limits of legal termination), the option for an earlier and safer termination of pregnancy”' and in some
cases intrauterine treatment. % Furthermore, the future parents are counseled and can prepare
themselves for the birth of a child with congenital abnormalities. In case of a normal screening earlier
reassurance and reduced anxiety are favorable outcomes.

Three-dimensional ultrasound and Virtual Reality

Advances in computer technology made it possible to create three-dimensional (3D) reconstructions
of ultrasound scans starting in the 1980's. Nowadays 3D ultrasound is used in selected cases for the
detection of fetal malformations, mainly malformations of the face, limbs, thorax, spine, and central
nervous system.” The embryonic period is especially well visualized using 3D ultrasound due to the
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relative large amount of amniotic fluid. However, the third dimension of these so called 3D ultra-
sounds is not used to its optimum. 3D ultrasounds are usually evaluated on a computer screen, which
is a two-dimensional medium.

Truly benefitting from all three dimensions is possible using a stereoscopic display or virtual reality
(VR) system. A VR system immerses the viewer(s) in a virtual environment that allows for true depth
perception and interaction with the ‘hologram’. VR might revolutionize the assessment of 3D data,
such as 3D ultrasound and MRI scans.

Clinicians and researchers, when using this VR approach, should be familiar with normal embry-
onic growth and development before any attempt is made to diagnose early structural congenital
abnormalities or abnormal growth patterns. Therefore, normal embryonic growth and development
in VR was previously studied extensively in the theses of Verwoerd-Dikkeboom? and Rousian®. As a
logical next step, in this thesis the use of VR in the assessment of abnormal growth and development
is described.

Outline of this thesis

This thesis focuses on the transition from studying physiology to studying abnormal embryonic and
fetal development using VR.

This thesis consists of six parts. A general introduction on the thesis and the I-Space virtual reality
system is provided in chapter 1. Chapter 2 describes the new concepts of the VR approach that have
been introduced. In chapter 3, two studies regarding the relationship of embryonic volume and ad-
verse pregnancy outcome are presented. The use of embryonic volume measurements as a measure
of growth restriction is described in pregnancies in which a structural congenital abnormality was
diagnosed in the first-trimester of pregnancy (chapter 3.1) and in pregnancies that will subsequently
end in a miscarriage (chapter 3.2). Chapter 4 presents data on newly introduced, non-standard
biometric measurements of embryonic and fetal development. Their role in detecting aneuploid
pregnancies is discussed. Finally, chapter 5 provides insight in the diagnostic opportunities of VR in
the first-trimester diagnosis of specific structural congenital abnormalities. In chapter 6, the general
discussion is presented.

The research objectives can be summarized as follows:

- Chapter 2: To investigate new concepts of the virtual reality approach.

- Chapter 3: To determine the role of automated embryonic volume measurements in the detec-
tion of abnormal embryonic development.

- Chapter 4: To analyze (non-standard) biometry and volumetry in aneuploid pregnancies.

- Chapter 5:To determine the diagnostic applicability of the third dimension in embryos and fetuses
with structural congenital abnormalities.

15
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I-Space Virtual Reality system

The I-Space virtual reality (VR) system discussed in this thesis is situated at the department of Bioinfor-
matics at the Erasmus MC, University Medical Center Rotterdam. In 2004 the Erasmus MC was the first
medical center to install such a system for both research and clinical applications.

The |-Space is a CAVE™-like' VR system where the researcher stands in a small room that provides a
three-dimensional (3D) virtual environment. Eight projectors are directed to the three walls and the
floor of this small room. The CAVE, an acronym for Cave Automatic Virtual Environment and inspired
by Plato’s cave allegory, was developed as an alternative to head mounted displays, also known as VR
helmets. Advantages of a CAVE system over a head mounted display, are a marked reduction in‘simu-
lator sickness’as well as the possibility of multiple viewers experiencing the virtual world together.

Because our eyes are separated by a 4-6 centimeter distance humans are able to see depth. Due
to this difference in position, each eye has a slightly different viewpoint. The two different viewpoints
are processed by the brain and the difference is interpreted as depth. Stereoscopic imaging, as used
in the I-Space VR system, relies on the same principle. Two slightly different images are projected, one
for each eye. By wearing stereoscopic glasses, the left eye image is only seen by the left eye and the
same applies for the right eye.

The images in the I-Space are generated by eight Barco SIM5 DLP projectors that are directed to
the four projection screens (2.60 by 1.95 meters) forming the three walls and the floor of a small room.
Infrared cameras are installed in four corners of the room to enable head and hand tracking. Using the

Figure 1: Picture of observer (LB) in the I-Space. The user is wearing the tracking glasses and holding the wireless
pointer. An embryo of twelve weeks gestation is projected.
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information of the tracking system, the user is provided with the correct perspective, allowing him
to walk around and interact with the stereoscopic projected image, which we will call a ‘hologram’
(Figure 1). The wireless four-button plus hat switch joystick is used to operate the V-Scope volume
rendering application?, designed by Anton Koning, for interaction and manipulation of the volumetric
dataset. Using the joystick, it is possible to rotate, translate and enlarge the hologram. A clipping plane
makes it possible to “cut” the hologram in any direction. Furthermore, V-Scope offers several other
tools, e.g. a virtual eraser to create a better view of the object of interest and tools to perform several
biometric and volumetric measurements.

Most 3D imaging modalities can be visualized using V-Scope in the I-Space. In addition to the
3D ultrasound datasets featured in this thesis, datasets from computed-tomographic (CT), magnetic
resonance imaging (MRI), positron emission tomography (PET) and similar modalities can be used.
Several other departments in the Erasmus MC are using the |-Space in both research and clinical

practice.”®

V-Scope measurement tools used in this thesis

Biometric measurements can be easily performed in the |-Space by placing two or more measuring
points (calipers) in the dataset. This can be used for standard, routinely used, biometric measurements
like the crown-rump length (Figure 2). Non-standard measurements can also been performed using
this tool; measurements of the width of the hips, knees, elbows and the length of the ear and foot

Figure 2: A picture of a nine weeks old embryo. Calipers are placed from crown to rump to measure crown-rump
length.
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were published earlier” and in this thesis non-standard measurements of the hand are described
(chapter 4.1). By placing multiple calipers the length of an irregular structure, e.g. the umbilical cord®
or the hand (chapter 4.1), can be traced and measured. The depth perception and intuitive interaction
with the volume enable the measurement of complex structures, and allow precise verification of the
accurate positioning of the calipers.

The V-Scope application implements semi-automatic volume measurements in 3D datasets. In
contrast to two-dimensional (length) measurements, 3D measurements take into account all three
dimensions, and therefore are assumed to reflect growth more accurately. The semi-automatic al-
gorithm of V-Scope is based on a region growing approach with both grey level and neighborhood
variation thresholds. The user selects the thresholds and places a seed point in the structure of inter-
est. The algorithm will then segment the structure of interest starting from the seed point by adding
voxels, i.e. 3D pixels, until voxels exceeding one of the thresholds are reached (Figure 3). Prior to a
volume measurement all connecting structures that fall within the threshold values have to be erased
in order to limit the segmentation to the structure of interest. Both hypoechoic and hyperechoic
structures can be measured using the segmentation algorithm. If the structure of interest consists of
both hypoechoic and hyperechoic structures, as does an embryo, the segmentation has to take place
in two steps, by first segmenting the hyperechoic parts and later filling in the hypoechoic spaces.
Due to the depth perception and simple 3D interaction offered by the I-Space the user can quickly
check whether the segmentation is correct. If not, additional seed points can be placed, the volume
can be manually grown or shrunk and a brush function can be used to add or delete voxels from the
segmentation.

Figure 3: The same embryo as seen in Figure 2 of which an embryonic volume measurement is shown.
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In conclusion, the I-Space VR system offers a new and promising way of visualizing early pregnancy.
Growth and development can be accurately monitored in vivo by using biometry, volumetry and by
studying morphology.
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Abstract

Purpose. To design and validate a desktop virtual reality (VR) system, for presentation and assessment
of volumetric data, based on commercially-of-the-shelf (COTS) hardware as an alternative to a fully
immersive CAVE™-like I-Space VR system.

Methods. We designed a desktop VR system, using a three-dimensional (3D) monitor and a 6 degrees-
of-freedom (6DOF) tracking system. A personal computer uses the V-Scope (Erasmus MC, Rotterdam,
The Netherlands) volume rendering application, developed for the I-Space, to create a hologram
of volumetric data. Inter- and intraobserver reliability for crown-rump length (CRL) and embryonic
volume (EV) measurements are investigated using Bland-Altman plots and intraclass correlation coef-
ficients (ICC). Time required for the measurements was recorded.

Results. Comparing the I-Space and the desktop VR system, the mean difference for CRL is -0.34%
(limits of agreement (LoA) -2.58 to 1.89, £2.24%) and for EV -0.92% (LoA -6.97 to 5.13, £6.05%). Intra-
and interobserver ICCs of the desktop VR system were all > 0.99. Measurement times were longer on
the desktop VR system compared to the I-Space, but the differences were not statistically significant.
Conclusions. A user friendly desktop VR system can be put together using COTS hardware at an ac-
ceptable price. This system provides a valid and reliable method for embryonic length and volume

measurements and can be used in clinical practice.
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Introduction

The introduction of three-dimensional (3D) imaging modalities such as computed tomography (CT),
magnetic resonance imaging (MRI), and 3D ultrasound (US) made it possible to non-invasively study
internal details of the human body in all three dimensions. In the 90's 3D ultrasound was introduced
in the field of prenatal diagnostics. The advantages of 3D ultrasound in the diagnosis of congenital
abnormalities are unequivocal and it is mainly used for the anatomical evaluation of the developing
face, limbs, thorax, and spine.

Although a great step forward, in most cases 3D datasets are still presented either as slices, or as 3D
reconstructions on flat two-dimensional (2D) computer screens, or on paper. These media do not of-
fer depth perception, nor do they allow natural 3D interaction. Although physicians can gather much
information from these imaging modalities, it is well known that humans are better at understanding
three-dimensional relations when they are viewed on three-dimensional displays.

The I-Space, a CAVE™-like' virtual reality (VR) system at the department of Bioinformatics of the
Erasmus MC in Rotterdam, is a stereoscopic projection system that allows optimal presentation and
assessment of data in all three dimensions (Figure 1). A hologram of the 3D volume can be created by
the V-Scope’ volume rendering software (Erasmus MC, Rotterdam, The Netherlands) developed at our
department of Bioinformatics. The hologram can be manipulated with the use of a wireless joystick;

Figure 1: Image of the I-Space VR-system. Three-dimensional datasets are projected on the three walls and the
floor of the room using eight projectors. An embryo of ten weeks and four days gestational age is visualized in
the I-Space. The observer wears stereoscopic glasses and handles a wireless joystick to interact with the dataset.
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the hologram can be sized, turned, and clipped. The V-Scope software makes it possible to accurately
measure length and volume.

In our center the I-Space is used in a wide range of medical fields. Virtual reality is used by the
department of plastic and reconstructive surgery in evaluating cranial deformities® and by the depart-
ment of orthopedic surgery in evaluating postoperative results.* The department of cardiology did
several studies to investigate the added value of VR in the assessment of 3D echocardiography.”
Through research of the department of obstetrics and gynecology it has been proven that the I-Space
is a powerful tool for early prenatal research”'® and diagnostics.'"'? However, the relatively high cost
(approximately US$ 500,000) and the necessity of a separate room of at least 40m?/400 sq. ft. are an
obstacle for wide spread integration in daily clinical practice. To enable routine use of a VR system it
is necessary to have the functionality of the I-Space and V-Scope in the form of a desktop system to
facilitate clinical use in the consulting room.

The primary aim of this study is to explore the necessary characteristics of a desktop VR system,
and to investigate how such system can be put together at an acceptable price and in such a way
that it takes up a limited amount of (desk) space and integrates well with the normal work flow. The
secondary aim is to establish to which degree the much smaller desktop system can provide the
same high standard of performance in the accuracy of measurements performed and to establish the
time that is required for these measurements compared to the |-Space. As a proof of concept we will
compare the desktop VR system to the I-Space using embryonic length and volume measurements.

Material and Methods

Design
As a successful volume rendering application for the I-Space’ had already been developed, a desktop
VR system capable of running this with little or no adaptation would be preferable over either using
a different application, or having to develop a completely new one from scratch. Although ‘portable’
versions of the CAVE-concept are commercially available, e.g. the ImmersaDesk, these are too large
to be considered as a desktop system. An extensive literature and Internet search is performed to
investigate the availability of a 3D VR desktop system that can run V-Scope and that complies with
our requirements.
The envisioned system should meet the following criteria to enable easy integration in routine daily
(prenatal) care:
- Small foot print, as desk and floor space tends to be limited in most hospitals.
- Low price (below USS$ 25,000/20,000 euro), as ultrasound equipment is relatively cheap (compared
to CT or MRI scanners).
- As similar to the I-Space as possible, to limit the effort needed in software development and to
allow us to build on our experiences with the I-Space.
- Easy toinstall, use, and maintain. To be accepted by clinicians the system should be easy to use
and should not require special IT-skills to operate.



3D Virtual Reality Desktop System

These aspects also interact. Ease-of-use and similarity to the I-Space interface means the desktop
system needs to offer the same interaction model as the I-Space. Therefore, ideally it should be a
single-handed six degrees-of-freedom (6DOF) pointing device with at least four buttons and a dual-
axis joystick/hat switch to mimic the wireless joystick used in the I-Space.

Should no such system be commercially available, a desktop VR system using commercially-off-the-
shelf (COTS) components will have to be custom built.

Validation

Patient and Ultrasound Scan selection

From January 1% 2009 until December 31° 2009 a total of 112 patients with uncomplicated singleton
pregnancies were included in an ongoing study on embryonic growth and development. The col-
lected data of these patients were also used in other studies.”" In this group 3D US scans were
performed weekly between 6+0 and 12+6 weeks gestation using a 3.7-9.3 MHz transvaginal probe
of the GE Voluson E8 expert system (GE Medical systems, Zipf, Austria). A total of 595 different 3D
datasets had been collected for general study purposes of the department. The scans were saved as
Cartesian volumes and transferred to the I-Space and the desktop VR system. The procedures of the
study received ethics approval from the medical ethical committee of the Erasmus MC (METC Erasmus
MC MEC 2004-227).

Since this study focuses on validity and reliability, only volumes with acceptable image quality
were included. In addition, volumes in which parts of the embryo were missing, and volumes with
shadowing and movement artifacts were excluded.

For a more convenient sample size a random subset was subsequently chosen using a free online
random number generator. A total of 5 US datasets per gestational week were selected, resulting
in 30 3D US volumes of 30 different patients (gestational age ranged from 7+0 to 12+6 weeks) that
remained for analysis.

Measurements

To optimize the image quality the gray scale and opacity of the data were adjusted in the I-Space
and on the desktop 3D VR system when necessary. The volumes were enlarged, rotated, and cropped
where necessary to provide the best view of the embryo.

For measuring the crown-rump length (CRL, the length of the embryo or fetus from crown to rump
excluding the limbs), the calipers were placed from crown to caudal rump in the mid-sagittal plane.
The embryo’s hologram was turned to verify correct position of the calipers. The previously mentioned
V-Scope software includes a region-growing segmentation algorithm to semi-automatically measure
volumes of a structure of interest. The segmentation algorithm combines a region-growing approach
with a neighborhood variation threshold, originally proposed for MRI data.'® Upper and lower grey
level threshold and the standard deviation threshold of the voxels neighborhood are determined by
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the researcher. After placing a seed point the algorithm will grow a region until a tissue interface is
reached.”

The measurements in the |-Space VR system and on the 3D VR Desktop system were performed
by a single examiner (Lv.G). A second series of measurements on the 3D VR Desktop system were
performed by the same examiner (Lv.G) to calculate intraobserver reliability. These measurements
were performed one week later than the first series to avoid recollection bias. For interobserver reli-
ability another operator (L.B.) performed the same measurements once on the 3D VR Desktop system.
Observer 1 (1.v.G.) had recently started to perform measurements in the I-Space. Observer 2 had two
years of experience measuring CRL and embryonic volume (EV) in the I-Space. Both observers were
blinded to each other’s results as well as to the gestational age of the embryo. The 3D US volumes
were presented in a different order for both imaging techniques to avoid recognition of the datasets.

The time per measurement was recorded.

Statistical Analysis

Data analysis was performed using SPSS (Release 19.0 for Windows) and R (Release 2.15.1 for Win-
dows). The validity of the 3D VR desktop system was studied by comparing measurements made
using this system to the same measurements performed in the already validated Barco (Kortrijk,
Belgium) I-Space system. For testing this agreement mean differences and limits of agreement as de-
scribed by Bland and Altman'”'"® were calculated. For the Bland-Altman plots the relative difference in
percentages was chosen, because the size of the embryo increases over time and so will the absolute
differences. Therefore, uniform limits of agreement cannot support this relationship between differ-
ence and magnitude. Although acceptable limits of agreement are subjective and differ for various
clinical decisions, one can say that a mean relative difference less than £2.5% and limits of agreement
smaller than £10% would support the validity of the system.

Apart from agreement, the repeatability of measurements has to be assessed by testing the intra-
and interobserver reliability. Intraclass-correlation coefficients (ICC) were calculated and values above
0.90 indicate a good correlation.

The mean time per measurement (CRL and EV) was calculated for both techniques. The Wilcoxon
signed-rank test was used to test for statistical significance. A p-value <0.05 was considered to be
statistically significant.

Results

Design

Over the years many solutions have been proposed for stereoscopic display systems for medical appli-
cations, ranging from simple workstations with 3D monitors to the very expensive Dextroscope'®, but
none have attained any widespread acceptance. Despite an extensive literature and Internet search
no suitable commercially available desktop-system that would support the V-Scope application could
be found. It was therefore decided to custom build a desktop VR system out of COTS components.
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In order to satisfy the low costs and small footprint requirements a 24" passive stereoscopic moni-
tor (Miracube G240M, Pavonine Korea Inc., Incheon, Korea) was selected as the 3D display device. A
passive stereo display has the advantage that the glasses are very cheap and no special graphics
hardware is required to create the stereoscopic images (Figure 2). An auto-stereoscopic display was
not considered as this type of display tends to have a very limited viewing angle, requiring the user to
sitin a stable and fixed position, directly in front of the display.

As the new 3D VR desktop system should ideally possess the same interaction model as the I-Space,
a single-handed 6DOF pointing device with at least four buttons and a dual-axis joystick/hat switch is
preferred. Although this particular joystick was available separately, and could be used on a desktop
system, it is rather unwieldy and too expensive for the system that’s being build. As a suitable pointing
device with buttons could not be found, it was decided to initially use a simple marker for pointing,
tracked by an infrared optical tracking system (Atracsys beMerlin, Atracsys LCC, Le Mont-sur-Lausanne,
Switzerland) and a stationary 6DOF mouse (3Dconnexion SpaceExplorer, 3Dconnexion, Boston, MA)
to orient the dataset. While this changes the interaction model slightly, it better fits a desktop system
and is also more flexible.

Figure 2: Image of an observer using our three-dimensional (3D) virtual reality desktop system. An embryo of
nine weeks and three days gestational age is projected on the 3D monitor. The observer wears stereoscopic
glasses to obtain depth perception from the 3D monitor. The observer is holding the 6DOF pointing device.
In combination with the 6DOF mouse, which is on the left of the observer, and the tracking system interaction
with the dataset is possible. The second, two-dimensional, computer monitor displays the menu containing all
measurement tools.

35

Chapter

2



36 | Chapter 2.1

Validation

Scatter plots comparing the |-Space and the 3D VR desktop system measurements of the two pa-
rameters (CRL and EV) are presented (see supplemental Figure 1). Bland-Altman plots of the mean
relative difference between the measurements are given in Figure 3. The mean relative differences,
comparing the two techniques, for the CRL and EV are -0.34% and -0.92%, respectively and showed
no statistical difference (p=0.109 and 0.114, respectively). The limits of agreement for the CRL are -2.58
to 1.89 (+£2.24%) and for the EV from -6.97 to 5.13 (£6.05%) (Table 1).

Table 2a shows data for the two measurements by the same observer (intraobserver reliability). No
significant differences were found. Table 2b shows the data of the two different operators (interob-
server reliability). No significant differences were found for the CRL measurements. A significant mean
difference of -1.52% was found for the EV measurements (p=0.046). The ICCs are all >0.99 for both

Table 1: Agreement between measurements using I-Space and 3D VR desktop system of two biometric
parameters.

Parameter n Mean 95% Clformean p Limits of ICcC 95% Cl for ICC
difference (%) difference (%) agreement”

CRL 30 -0.34 -0.77 t0 0.08 0.109 -2.58t0 1.89 1.000 0.999 to 1.000

EV 30 -0.92 -2.07t00.23 0.114 -6.97t05.13 0.999 0.998 to 1.000

* Mean difference = I-Space minus 3D VR Desktop system divided by mean of two systems in percentages
# Limits of agreement = mean difference + 1.96 SD

Table 2: Intraobserver agreement between measurements using 3D VR desktop system of two biometric pa-
rameters (A). Interobserver agreement between measurements using 3D VR desktop system of two biometric
parameters (B).

A

Parameter n Mean 95% Clformean p Limits of IcC 95% Cl for ICC
difference (%)  difference (%) agreement’

CRL 30 -0.05 -0.52t0 0.43 0.838 -2.53t02.44 1.000 1.000 to 1.000

EV 30 -0.20 -1.22t0 0.82 0.695 -5.55t05.15 1.000 0.999 to 1.000

B

Parameter n Mean 95% Clformean p Limits of IcC 95% Cl for ICC
difference (%)° difference agreement’

CRL 30 -0.06 -0.60 to 0.48 0.828 -2.891t02.78 1.000 0.999 to 1.000

EV 30 -1.52 -3.01t0-0.03 0.046 -9.35t06.31 0.999  0.997 to 0.999

* Mean difference = second measurement minus first measurement divided by mean of two measurements in
percentages

# Limits of agreement = mean difference + 1.96 SD

§ Mean difference = measurements of the second examiner (LB) minus measurement of the first examiner (IvG)
divided by mean of two measurements in percentages

CRL= crown-rump length, EV=embryonic volume, 95% Cl = 95% confidence interval, ICC = intraclass correlation
coefficient
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Figure 3: Bland-Altman plots comparing I-Space en 3D VR Desktop system measurements: (A) crown-rump
length (CRL) and (B) embryonic volume (EV). The solid line represents the mean percentage difference and the
broken lines the limits of agreement, calculated as the mean difference +1.96 SD.

intra- and interobserver reliability. Scatterplots and Bland-Altman plots of the interobserver reliability
are given in supplemental Figure 2 and 3.

Time required for each measurement for both techniques is shown in supplemental Table 1. For
both CRL and EV the longest time required is reported during the first series of measurements on the
3D VR desktop system by the first observer. On average, when using the 3D VR desktop system more
time was required for CRL and EV measurements, although the median differences (I-Space - 3D VR
desktop) expressed in seconds were not statistically significant for CRL (-29.50, 95% Cl -42.50, 1.50,
p=0.059) and for EV (-86.50, 95% Cl -166.50, 0.50, p=0.051). The second series of measurements on
the 3D VR desktop are, in comparison to the first series, significantly faster. This is graphically shown
in supplemental Figure 4. The second observer required significantly less time to measure CRL and
EV compared to both the first observer’s first and second series of measurements (see supplemental
Table 2).

Discussion

A user-friendly desktop VR system was developed using COTS hardware, at an acceptable price. When
a new measuring tool is introduced, it has to be demonstrated that the measurements performed
using the new method are valid and reproducible. In this study agreement and repeatability of length
and volume measurements obtained with the 3D VR desktop have been compared to the gold stan-
dard, the I-Space. In an in vitro setting volume measurements using the |-Space exactly match the
true (known) volume.'” It was shown that the 3D VR desktop is a valid and reliable system to measure
CRL and EV as the mean relative difference were all below +2.5% and limits of agreement were all
smaller than £10%, and ICCs are all >0.99.
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In contrast to the high ICCs for both interobserver CRL and EV measurements, a significant difference
of -1.52% was found between the EV measurements of both observers. One outlier, as can be seen in
supplemental Figure 3b, causes this difference. The large difference between the measurements of
both observers is most likely due to a gestational age of only seven weeks. In these early pregnancies
a small measurement error accounts for a large percentage difference between measurements as the
absolute difference was only 0.04 cm’.

When comparing the time that is required to measure the two parameters using both systems,
the 3D VR desktop measurements are found to take longer compared to measurements performed
using the |-Space, although not statistically significant. As the second series of measurements on the
desktop were significantly faster than the first series (p=0.015) and the more experienced, observer
(L.B.) needed significantly less time for the measurements compared to the other observer (p<0.001)
it is suggested that more experience will shorten measurement time.

The lower costs and smaller work space of the 3D VR desktop come with a price. It requires the
simultaneous use of a 3D mouse, a normal mouse, and a pointer device, instead of a single joystick
and is therefore somewhat more complex to use. In addition, the current 3D VR desktop system, in
contrast to the I-Space, does not offer motion parallax (i.e. head tracking) so the user cannot move his
head in order to get a better view of the subject. However, it is relatively simple to extend the system
to include this, should an application call for it.

With the 3D VR desktop system semi-automatical volume measurements are now available to
clinical practice. It can be expected that volume measurements, compared to length measurements,
will prove to be more precise is estimating size and detecting growth deviations. Although volume
measurements at this point aren't routinely used in the field of obstetrics, several studies point out
the usefulness of these measurements. The relationship between abnormal first-trimester volume
measurements and (adverse) pregnancy outcome is well established; embryonic volume measure-

ments could predict early pregnancy failure”, chromosomal abnormalities”

, growth disturbance in
twins”, and birth weight®*#. If future studies can further establish these relationships this might lead
to implementation of volume measurements in routine clinical practice in the near future.

In conclusion, the results of this study involving of first-trimester biometric measurements indicate
that the 3D VR desktop system presented here can be reliably used for length and volume measure-
ments. The 3D VR desktop system can be integrated in the normal clinical workflow due to its small
size and low cost. Future studies should investigate the implementation of VR in clinical practice,
although in several cases it already proved to be of help during the diagnostic process.”*'** In addi-
tion, research involving 3D datasets can now take place on the 3D VR desktop system, both in our own

medical center, as well as in other hospitals.
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Supplemental Figure 1: Scatter plots comparing the I-Space en 3D VR Desktop system measurements: (A)
crown-rump length (CRL); (B) embryonic volume (EV). The line of equality is indicated.

Supplemental Figure 2: Scatter plots comparing the measurements of the two observers: (A) crown-rump
length (CRL); (B) embryonic volume (EV). The line of equality is indicated.
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Supplemental Figure 3: Bland-Altman plots comparing the measurements of observer 1 (L.v.G,; initial measure-
ment) and observer 2 (L.B.): (A) crown-rump length (CRL) and (B) embryonic volume (EV). The solid line repre-
sents the mean percentage difference and the broken lines represent the limits of agreement, calculated as the
mean difference £1.96 SD.

A B

Supplemental Figure 4: Line diagram showing the time (in seconds) per patient required for crown-rump
length (CRL) measurements (A) and embryonic volume (EV) measurements (B) on the desktop 3D virtual real-
ity system. The initial set of measurements is shown in blue and the second set of measurements are shown in
green.
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Supplemental Table 1: Mean time of the I-Space and 3D VR Desktop-system measurements of two biometric
parameters.

Parameter Technique Mean time (sec) + SD Mean time (min)
CRL DT 1% measurement 152+ 49 2:32

DT 2™ measurement 127 +37 2:07

DT 2" observer 76 + 28 1:16

|-Space 131+£38 2:11
EV DT 1* measurement 701 £279 11:41

DT 2" measurement 514 +201 8:34

DT 2™ observer 218 £ 81 3:38

I-Space 619 +294 10:19

CRL= crown-rump length, EV= embryonic volume, DT = 3D VR Desktop system, SD = Standard deviation

Supplemental Table 2: Time differences between all measurements.

Parameters Median (sec.) 95% ClI p
I-Space - DT 1* CRL -29.50 -42.50,1.50 0.054
EV -86.50 -166.50, 0.50 0.052
DT 2™ -DT1* CRL -14.00 -46.00,-2.50 0.035
EV -161.00 -228.00,-124 <0.001
DT 2" obs-DT 1% CRL -78.00 -107.50,-69.50 <0.001
EV -402.50 -490.00, -362.50 <0.001
DT 2™ obs - DT 2™ CRL -48.00 -63.50,-36.00 <0.001
EV -241.50 -311.50,-200.00 <0.001

* Wilcoxon signed-rank test

DT 1* = First measurement on 3D VR Desktop system by observer 1

DT 2™ = Second measurement on 3D VR Desktop system by observer 1

DT 2™ obs = Measurement on 3D VR Desktop system by second observer

CRL= crown-rump length, EV=embryonic volume, DT = 3D VR Desktop system, 95% Cl = 95% confidence interval
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Abstract

The aim was to determine the diagnostic performance of three-dimensional virtual reality ultrasound
(3D VR US) and conventional two- and three-dimensional ultrasound (2D/3D US) for first-trimester
detection of structural abnormalities. Forty-eight first-trimester cases (gold standard available, 22
normal, 26 abnormal) were evaluated off-line using both techniques by five experienced, blinded,
sonographers. We analysed whether the case was correctly classified as (ab)normal, and whether the
specific diagnosis was correctly made. Sensitivity in terms of (ab)normal was comparable for both
techniques (p=0.24). The general sensitivity for specific diagnoses was 62.6% using 3D VR US and
52.2% using 2D/3D US (p=0.075). 3D VR US more often correctly diagnosed skeleton/limbs malforma-
tions (36.7% vs 10%; p=0.013). Mean evaluation time in 3D VR US was 4:24 minutes and in 2D/3D US
2:53 minutes (p<0.001). General diagnostic performance of 3D VR US and 2D/3D US apparently is
comparable. Malformations of skeleton and limbs are more often detected using 3D VR US. Evaluation
time is longer in 3D VR US.
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Introduction

There is an increasing interest in detection of structural abnormalities in the first-trimester of preg-
nancy, in particular in high risk patients. Several factors have contributed to this shift of interest from
the third and second trimesters of pregnancy to the first-trimester. First, nuchal translucency (NT)
measurements have become available as an effective screening tool for Down syndrome. As a result
more structural abnormalities have been detected during the late first-trimester. Second, ongoing
technical development of ultrasound (US) equipment continues to improve visualization of first-
trimester fetal anatomic structures.

The majority of structural abnormalities can now be detected during a first-trimester ultrasound
scan."® The reliability of first-trimester screening for structural abnormalities is still at debate. However,
if structural abnormalities can be reliably diagnosed in the first-trimester of pregnancy this will allow
for earlier informed decision making.

Three-dimensional (3D) US is mainly used complementary to two-dimensional (2D) US in specific
cases, where it may provide additional information.” However, 3D US is still presented by means of a
2D medium, which is unable to provide all information offered by the 3D dataset.

In this study we report on a new display technology called virtual reality (VR). This technology aims
to further improve visualization by presenting 3D US data as a hologram (3D VR US) in a four-walled
CAVE like® VR system in which investigators are surrounded by stereoscopic images (Figure 10). A
hologram is created by the V-Scope rendering application and polarized glasses enable the viewer to
perceive depth and to interact with the 3D volume in an intuitive manner. ° In a research setting 3D
VR US has already successfully been applied for determining various first-trimester reference values,
and in individual cases of complex congenital malformations 3D VR US supported the diagnosis by
adding clinically relevant details.””'®

While clinicians rapidly adopted conventional 3D US upon its introduction at the end of the 1990
without formal evaluation’, this study aims to provide diagnostic evidence to support a similar deci-
sion on 3D VR US. The application is investigated for the use of first-trimester screening for structural
abnormalities. Study outcomes are feasibility (in particular evaluation time) and diagnostic accuracy
(sensitivity or detection rate) for both 2D/3D US and 3D VR US compared to an independent gold
standard.

Methods

In this comparative study 48 pregnancies with known outcomes were assessed by five reviewers
unknown to the cases. The two imaging techniques were compared in this study are conventional
2D/3D US (Figure 1A-B) and experimental 3D VR US (Figure 1C). The known outcome (gold standard)
is based on all available information at the time of inclusion (mid-gestation US scan, outcome of
the pregnancy, pathology report etc.). Twenty-four pregnancies were classified as abnormal due to
structural congenital and/or other abnormalities and 24 pregnancies were classified as normal. Study
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outcome is limited to feasibility (in particular evaluation time) and diagnostic accuracy, both general
and per organ system if a structural abnormality is present. The study was conducted between April
and September 2011.

Data collection

Pregnancies were collected from an ongoing study, started in 2009, in which women are recruited for
weekly US examinations between 6 and 12 weeks of gestational age (GA) and 2D/3D and 3D VR data
are collected." "> " This cohort aims to include uncomplicated pregnancies. Ultrasound examina-
tions are performed transvaginal using a GE Voluson E8 system (GE, Zipf, Austria) with a 9-12 MHz
probe. This study is approved by the institutional medical ethical committee.

Selection of used cases and controls

From the pregnancies of this cohort with available 2D/3D and 3D VR data we selected 24 abnormal
pregnancies and, randomly, 24 normal pregnancies. Abnormality of pregnancy was determined at
the time of inclusion by the clinical obstetrician in charge. Abnormal pregnancies were defined as
cases with structural congenital abnormalities and/or maternal uterine abnormalities. All cases were
selected on the availability of a postpartum diagnosis or a pathological investigation after termination
of pregnancy. Only cases with reasonable image quality were included in the study. For this reason
images with poor image quality due to incompleteness of the 3D dataset, an intermediate position of
the uterus or movement artifacts were excluded. This diagnosis (normal or abnormal with the specific
abnormality) we regard as the gold standard. The selected 24 abnormal cases were matched one to
one to normal cases (birth of a child without congenital abnormalities, established in a similar way)
with the same GA.The GA, based on the last menstrual period (LMP) or conception date, ranged from
842 to 1345 weeks.

Due to a database error the assumed gold standard changed after reassessment: a twin pregnancy
(classified as a normal singleton) and a pregnancy with a uterine myoma (classified as normal) were
reclassified into the abnormal group. This led to a distribution of 22 normal and 26 abnormal pregnan-
cies used for analysis. One or more abnormalities were present per case with a total of 54 structural
abnormalities in our study population.

In Table 1 the number of included abnormalities per organ system is presented.

Reviewing process

Five sonographers (AE, JC, EMS, MH, KT), experienced in advanced US screening, the so called review-
ers, evaluated all 48 US volumes once with 2D/3D US and once with 3D VR US. The clinical cases
and images were unknown to the reviewers. The reviewers were also unaware of the distribution of
normal and abnormal cases. Apart from GA, no other clinical information was provided.

All'US volumes were evaluated offline with 2D/3D US using the 4D View software (version 9.1,
GE Healthcare, Zipf, Austria) and with 3D VR US using V-Scope software in the BARCO I-Space.” The
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reviewers reviewed the 48 cases once using 3D VR US and once using 2D/3D US. To avoid recognition
a four week interval was used between the evaluations using the two techniques and as well the
order of the cases differed for the two techniques. Findings of the reviewer using the two techniques
are therefore treated as independent observations. US volumes were anonymized and assigned an
identification number and the reviewers randomly started with either 2D/3D US or 3D VR US. As
both the I-Space (3D VR US) and the 4D-View software (2D/3D US) were new to the reviewers, a brief
training session preceded the study. In this training session the reviewers were trained to translate,
rotate and magnify the volumes, to use the clipping plane and to change the region of interest. No
measurements were performed by the reviewers in this study.

During the study, the reviewer had a checklist available for every case containing all traceable
structural abnormalities (n=91) in the first-trimester of pregnancy grouped by organ system. The
reviewer scored for every category if an abnormality was present (or not), and if so which specific
abnormality within the category was diagnosed. The time required for completion of the evaluation
by the reviewer was recorded by the investigator (LB).

Finally we offered a small survey to each reviewer to record subjective experience with 2D/3D US
and 3D VR US.

Analysis of data

Correctness of classification (accuracy) was established in two ways. More permissive accuracy
assumed the classification to be accurate if the right organ category was indicated as abnormal,
whereas the specific diagnosis did not necessarily had to be correct. Strict accuracy assumed a specific
diagnosis to be correct if the diagnosis corresponded with the gold standard. Standard diagnostic
performance measures could be calculated for both types of accuracy: sensitivity, specificity, positive
likelihood ratio (LR+) and negative likelihood ratio (LR-).

The statistical analysis was complex as there were five reviewers, two techniques, two levels of di-
agnosis (more permissive and strict accuracy), and 48 cases. The latter number limited the application
of multilevel techniques or complex ANOVA-techniques. Instead, we applied exploratory analyses
where the five reviewer judgements on one case or one abnormality were treated as five separate
observations. Statistical testing and interpretation was conservative in this explorative context.

First we calculated the sensitivity for the detection of structural abnormalities comparing both
techniques. A total of 54 individual abnormalities with five reviewers accounts for 270 detected
abnormalities as a maximum. At this stage we did not make a difference between cases and reviewers
in order to get a rough comparison of sensitivity of 2D/3D US and 3D VR US. Secondly, we computed
the average sensitivity, specificity, and other diagnostic measures across cases at the reviewer level.
These average performance measures were calculated using the more permissive accuracy and the
strict accuracy, respectively. The more permissive approach has a total of 240 (48 cases * 5 reviewers)
observations. The strict approach accounts for a total of 21840 (48 cases * 5 reviewers* 91 possible
abnormalities) observations.
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Furthermore, the agreement among the reviewers in their final judgement and evaluation time of
both techniques were analysed.

We used the dependent t-test and the McNemar test for diagnostic performance comparisons and
between technique comparisons, and the independent t-test for within technique comparisons (i.e.
evaluation time). We evaluated time differences over all cases and when omitting the first five or ten
cases, to evaluate the possible effect of a learning curve in terms of time expenditure.

The survey results were used as additional qualitative information to support formal data analysis.

Results

The overall sensitivity of 3D VR US for detecting structural abnormalities was 62.6% (169/270) and was
52.2% (141/270) using 2D/3D US, p=0.075 (see Table 1 for a detailed comparison). Sensitivity of 3D VR
US compared to 2D/3D US was higher for small details like polydactyly (4/5 vs 1/5) and facial clefts
(5/5 vs 2/5) and lower for holoprosencephaly (2/5 vs 5/5). Malformations of skeleton and limbs were
significantly more often correctly diagnosed using 3D VR US (p=0.013).

Table 1: The number of included abnormalities per organ system and their detection rates (sensitivity) among
the five reviewers with both techniques are presented. In total 54 abnormalities were presented in 26 cases.

Structural abnormality n 3DVRUS 2D/3D USs p
Detection rate Detection rate
(n (%)) (n (%))
Uterus 3 3/15(20) 2/15(13.3) 1.000
Myoma 1 1/5 1/5
Subseptus 1 2/5 1/5
Asherman 1 0/5 0/5
Twins 6 25/30(83.3) 22/30(73.3) 0.248
Bichorionic 2 8/10 7/10
Mono-chorionic bi-amniotic 2 7/10 7/10
Acardiac twin 1 5/5 3/5
Conjoined twins 1 5/5 5/5
Central nervous system 8 17/40 (42.5) 18/40 (45) 1.000
Exencephaly 5 13/25 13/25
Holoprosencephaly 1 2/5 5/5
Spina bifida 2 2/10 0/10
Face and neck 5 15/25 (60) 12/25 (48) 0.571
Facial cleft 1 5/5 2/5
Micro/retrognathia 1 0/5 1/5
(Cystic) hygroma 2 6/10 6/10

Increased nuchal tranlucency 1 4/5 3/5
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Hydrops 9 34/45 (75.6) 34/45 (75.6) 0.250
Hydrops foetalis 8 29/40 29/40

Hydrothorax 1 5/5 5/5

Thoracic 1 2/5 (40) 2/5 (40) 1.000
Ectopia cordis 1 2/5 2/5

Digestive 10 40/50 (80) 32/50 (64) 0.061
Omphalocele 2 10/10 8/10

Gastroschisis 2 10/10 7/10

Large bodywall defects 1 3/5 4/5

External liver 2 7/10 4/10

External stomach 2 5/10 5/10

Intra-abdominal cyste 1 5/5 5/5

Nephrourinary 2 7/10 (70) 6/10 (60) 1.000
Megacystis 1 4/5 4/5

Ectopic bladder 1 3/5 2/5

Skeletal / limbs 6 11/30 (36.7) 3/30(10) 0.013
Skeletal dysplasia 1 1/5 0/5

Radial aplasia 1 2/5 1/5

Split hands/feet 1 2/5 1/5

Polydactyly 1 4/5 1/5

Scoliosis 1 1/5 0/5

Kyphosis 1 1/5 0/5

Other 4 8/20 (40) 6/20 (30) 1.000
Double yolk sac 1 4/5 3/5

Umbilical cord cyste 1 4/5 3/5

Short umbilical cord 2 0/10 0/10

Total 54 169/270 (62.6) 141/270 (52.2)

Table 2.1 displays data on the reliability of the two techniques to distinguish normal pregnancies
from pregnancies with structural abnormalities. The average sensitivity, specificity, LR+ and LR- were
not statistically different.

Table 2.2 shows the same comparison, but now analysing the correctness of the specific diagnoses
of structural abnormalities that were made. The average sensitivity, specificity, LR+ and LR- were not
statistically different comparing the two techniques.

Furthermore, the agreement between the five reviewers was analysed. The agreement in the
distinction between normal and abnormal cases and the agreement on the specific diagnoses were
studied separately. The agreement on classifying a case as‘abnormal’was higher for 3D VR US, whereas
2D/3D US had higher agreement in distinguishing the normal pregnancies (supplemental Table 1). A
better agreement between the reviewers was observed with 3D VR US as compared to 2D/3D US in
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Table 2.1: Test characteristics of 3D VR US versus 2D/3D US in the discernment of abnormal (1 or more structural
abnormalities) from normal cases. A and B: two-by-two tables combining all 5 reviewers of respectively 3D VR US
and 2D/3D US. C: Average sensitivity, specificity, LR+ and LR- of both techniques. (n=48*5; 26 abnormal cases, 22
normal cases; all judged by 5 different reviewers using both techniques.)

A
3DVRUS Reference

Abnormal Normal Total
Abnormal 112 29 141
Normal 18 81 99
Total 130 110 240
B
2D/3D US Reference

Abnormal Normal Total
Abnormal 106 18 124
Normal 24 92 116
Total 130 110 240
C

3DVRUS 2D/3D US P
Sens. (SD) 86.2% (2.1) 81.5% (6.3) 0.235
Spec. (SD) 73.6% (14.5) 83.6% (16.6) 0.051
LR+ 3.27 4.98 0.339
LR- 0.19 0.22 0.370

3D VR US = three-dimensional virtual reality ultrasound, 2D/3D US = two- and three-dimensional ultrasound,
SD = standard deviation, Sens. = sensitivity, Spec. = specificity, LR+ = positive likelihood ratio, LR- = negative
likelihood ratio.

diagnosing malformations of the central nervous system (CNS) and malformations of the skeleton and
extremities (data available from the authors).

The reported mean time to evaluate a case using 3D VR US was 4:24 minutes and 2:53 minutes
using 2D/3D US (p<0.001). More time was required with 3D VR US in the evaluation of normal
pregnancies (+2:00 minutes p<0.001) as well as in pregnancies with structural abnormalities (+1:51
minutes p<0.001). If structural abnormalities were present, using 3D VR US time expenditure was less
as compared to time expenditure in normal cases (-1:05 min p<0.001). This difference was not seen
with 2D/3D US (-0:13 min p=0.152) (supplemental Table 2). When excluding the first five or ten cases
per reviewer the average evaluation time did not change, thereby excluding the possible effect of a
learning curve in terms of time expenditure.

The subjective reviewers experience, as reported by the survey, showed that the required infor-
mation intuitively was provided faster and depth perception was better appreciated in 3D VR US.
Operating 3D VR US was reported by the reviewers to be easy.
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Table 2.2: Test characteristics of 3D VR US versus 2D/3D US in making the correct diagnosis per case. A and
B: two-by-two tables combining all 5 reviewers of respectively 3D VR US and 2D/3D US. C: Average sensitivity,
specificity, LR+, and LR- of both techniques. (n=48%5%*91; 48 cases (26 abnormal cases, 22 normal cases); 91 pos-
sible first-trimester structural abnormalities on score sheet; all cases judged by 5 different reviewers with both
techniques). Fifty-four different structural abnormalities were present in the 26 abnormal cases.

A

3DVRUS Reference
Structural abnormality Normal Total

Structural abnormality 169 76 245
Normal 101 21494 21595
Total 270 21570 21840
B
2D/3D US Reference

Abnormal Normal Total
Abnormal 141 64 205
Normal 129 21506 21635
Total 270 21570 21840
C

3DVRUS 2D/3D US p
Sens. (SD) 62.6% (8.4) 52.2% (9.0) 0.075
Spec. (SD) 99.6% (0.22) 99.7% (0.16) 0.445
LR+ 177.6 176.0 0.851
LR- 0.375 0.479 0.074

3D VR US = three-dimensional virtual reality ultrasound, 2D/3D US = two- and three-dimensional ultrasound,
SD = standard deviation, Sens. = sensitivity, Spec. = specificity, LR+ = positive likelihood ratio, LR- = negative
likelihood ratio

Discussion

The overall sensitivity for the detection of first-trimester structural abnormalities is high for both 3D
VR US (62.6%) and 2D/3D US (52.2%; p4=0.075). Thus, 3D VR US detected 10% more abnormalities,
but this difference was not statistically significant. As available studies reported first-trimester detec-
tion rates (sensitivity) of structural abnormalities ranging from 18% to 84%™?°%, our study results are
within the same range.

Whereas overall detection was quite similar, the sensitivity of malformations of the skeleton and
extremities was significantly higher using 3D VR US. These malformations included for example
polydactyly and radial aplasia. Holoprosencephaly was more often diagnosed using 2D/3D US. It can
be envisaged that the more spatial presentation of 3D VR US represents in particular a benefit in
abnormalities at the exterior of the embryo, while the regular planes for brain evaluation using 2D/3D
US perform better for early detection of holoprosencephaly. This is also emphasized in the survey,
where the reviewers stated that better depth perception was perceived using 3D VR US. The reviewers
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Figure 1: A fetus of 10+3 weeks’ gestational age is visualized in (A) two-dimensional ultrasound, (B) three-di-
mensional ultrasound (3D) and (C) the Barco I-Space 3D virtual reality system. The viewer is wearing polarized
glasses and is holding the wireless joystick, both equipped with a tracking system. Please note that this two-
dimensional picture cannot express the three-dimensionality of the original ‘hologram.

experience of faster information retrieval and easy to learn technique of 3D VR US further confirmed
professional appreciation.

The higheryield and perhaps higher professional appreciation of 3D VR US has a price. The complete
evaluation of a case requires on average more time for 3D VR US compared to 2D/3D US, in particular
in normal cases. In view of the larger amount of volume data in a hologram compared to 2D/3D US, it
requires more time to exclude abnormalities. We believe that more experience will turn this balance
more to the advantage of 3D VR US. Remarkably, the reviewers stated in the questionnaire that the
information they needed was provided faster using 3D VR US.

Some features of early pregnancy, like the position of the feet and the omphalocele, were scored
as pathological while at this stage they are physiological. Before first-trimester screening of structural
abnormalities will be effective these misunderstandings have to be elucidated. Other groups of as-
sumed abnormalities showed considerable inter-reviewer differences with both techniques. These
included malformations of the abdominal wall, the uterus and the umbilical cord. Foremost this can
be explained by lack of experience in evaluation of early pregnancy. This study stresses the need for
more basic information on the normal appearance of the early pregnancy. Other studies have shown
that with increasing experience at first-trimester ultrasound screening the detection rates (sensitivity)

of structural abnormalities increase.”®
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A lower detection rate than expected on beforehand was seen for some abnormalities. For ex-
ample, the detection rate of ectopia cordis in this study was 40% for both techniques. This might be
explained by the fact that heart action is not visualized in the offline, static images that were used
for the evaluation of cases. During real-time ultrasound a detection rate of near 100% is most likely
achieved. At this point four-dimensional (4D, the 4" dimension being time) ultrasound is not routinely
obtained. These 4D datasets can however also be evaluated using virtual reality thereby overcoming
the limitations of static images. Moreover, the detection rate of an increased nuchal fold was detected
in 60% of cases using 2D/3D US. Detection rate would likely have been near 100% if the reviewers
would have measured the nuchal fold in all cases. However, this would significantly prolong evalua-
tion time and was therefore not performed in this study. Finally, it must be pointed out that 100% of
twin pregnancies were detected in this study. The data in Table 1 reflect the percentage of twins that
were correctly type regarding chorionicity and amnionicity.

A limitation of the study is the retrospective design. We performed thorough blinding to account
for this aspect. Furthermore, the retrospective design allows for comparison to a gold standard and
therefore investigation of the validity of 3D VR US and 2D/3D US, whereas a prospective study mea-
sures the agreement between two techniques. Secondly, due to the wide range and rarity of structural
abnormalities we choose to select our cases, instead of following a cohort, for efficiency reasons. This
can be seen as another limitation of the study. A third limitation is the small number of studied cases.
We deliberately aimed for a proof of concept study. Now we know that 3D VR US has the promise of
improving the detection of first-trimester structural abnormalities, larger size studies are warranted
to study the effect of 3D VR US in routine conditions. Agreeable, the BARCO I|-Space does not lend
itself for wide spread dissemination as it is too large (requiring a separate room of at least 40m?/400
sq. ft.) and too expensive (approximately 500,000 USD). However, a desktop version of this 3D VR US
system is developed, making this new and innovative technique broadly accessible to hospitals in the
near future. A prototype is being evaluated at our department for use in daily clinical practice, and if
successful, performance data like the ones shown in this paper can be established over time.

We conclude that in this proof of concept study the diagnostic performance of 3D VR US and 2D/3D
US are statistically equal. A higher sensitivity was observed for abnormalities of skeleton and limbs
in 3D VR US. Results suggest an additive value of 3D VR US in specific cases. As the time required for
completion of the procedure was about two minutes longer for 3D VR US and reviewers subjectively
reported better representation, the technique for now might be implemented under research condi-
tions.
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Supplemental Material

Supplemental table 1: Agreement between reviewers in the discernment of abnormal (1 or more structural
abnormalities) from normal pregnancies where misclassification of the specific diagnosis was allowed for in the
same organ category (permissive accuracy). The upper table shows the results for 3D virtual reality ultrasound
(3D VR US), the lower table shows the results for 2D/3D ultrasound (2D/3D US). 5-0 = Five reviewers agreed on
the case to be normal/with abnormalities. 4-1 = Four reviewers agreed, 1 disagreed etc.

Reference 3DVRUS

5-0 4-1 3-2 2-3 1-4 0-5 Total
Abnormal 19 2 2 1 1 1 26
Normal 5 8 6 3 0 0 22
Total 24 10 8 4 1 1 48
Reference 2D/3D Us

5-0 4-1 3-2 2-3 1-4 0-5 Total
Abnormal 15 4 4 1 1 1 26
Normal 9 8 4 1 0 0 22
Total 24 12 8 2 1 1 48

Supplemental Table 2: Mean time required for evaluation of an ultrasound volume, expressed in minutes.

Mean (SD) Mean difference P
All cases
3DVRUS 4:24 (2:00) 1:31 <0.001
2D/3D US 2:53(1:11)
Abnormal
3DVRUS 3:56 (1:43) 1:51 <0.001
2D/3D US 2:47 (1:12)
Normal
3DVRUS 5:01 (2:09) 2:00 <0.001
2D/3D US 3:00 (1:09)
3DVRUS
Abnormal 3:56 (1:43) -1:05 <0.001
Normal 5:01 (2:09)
2D/3D US
Abnormal 2:47 (1:12) -0:13 0.152
Normal 3:00 (1:09)

3D VR US = three-dimensional virtual reality ultrasound, 2D/3D US = two- and three-dimensional ultrasound
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Abstract

Objectives. A significant proportion of structural congenital abnormalities can be detected during
the first-trimester of pregnancy. With the introduction of three-dimensional (3D) ultrasound it has
become possible to measure volumes. As the relative increase in embryonic volume (EV) is much
larger than that of the crown-rump length (CRL) over the same time period, we examined whether EV
is a better measure of growth restriction in fetuses with structural congenital abnormalities.
Methods. CRL and EV were measured using a Barco I-Space virtual reality (VR) system in prospec-
tively collected 3D ultrasound volumes of 56 fetuses supposed to be euploid and diagnosed with
structural congenital abnormalities in the first-trimester of pregnancy (gestational age 7*° to 14*
weeks). Measured CRL and EV were converted to z-scores and to percentages of the expected mean
using previously published reference curves of euploid fetuses. The one-sample t-test was used to
test significance.

Results. The EV was smaller than expected for gestational age in fetuses with structural congenital
abnormalities (-35% p<0.001, z-score -1.44 p<0.001), whereas CRL was not smaller than expected
(-6.43% p=0.118, z-score -0.43 p=0.605). After correction of EV for the observed CRL the statistical
differences were no longer present, suggesting proportional growth restriction.

Conclusions. CRL is a less reliable indicator for growth restriction in fetuses with structural congenital
abnormalities as compared to EV. By measuring EV, growth restriction in first-trimester fetuses with
structural congenital abnormalities becomes more evident and might enable an earlier detection of
these cases. The underlying pathophysiology of structural congenital abnormalities seems to impair
first-trimester growth.
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Introduction

In the past decade prenatal screening has shifted from the second-trimester to the first-trimester of
pregnancy. Because of vast improvements in imaging technology the embryo and fetus in early preg-
nancy can be evaluated in much more detail allowing screening for structural abnormalities between
11 and 14 weeks GA."” A significant proportion of major structural abnormalities can be detected
already in this period. In some cases, non-specific findings, like increased nuchal translucency, may
be the first sign for existing structural abnormalities, leading to additional ultrasound examinations.®

It is well known that first-trimester growth is associated with pregnancy outcome’'® and that
several factors influence first-trimester growth."" Traditionally, first-trimester fetal growth has been
documented by two-dimensional (2D) crown-rump length (CRL) measurements. With the introduc-
tion of three-dimensional (3D) ultrasound it has become possible to measure embryonic volumes
(EV). Earlier studies show that the relative increment of the EV is much larger than the increment of
the CRL during the same period.'® Using an innovative 3D virtual reality (VR) technique, Rousian et al.
demonstrated that when the CRL doubles the EV increases 6.5-fold.'® Volume measurement might
therefore enable earlier detection of fetal growth restriction in pregnancy. It is well known that a too
small CRL is a clinical predictor for miscarriage, chromosomal abnormalities (especially trisomy 18) and
fetal growth restriction in the second and third trimester of pregnancy.'® " It has been suggested
that EV is smaller in aneuploid pregnancies and by using VR it was proven that, compared to CRL, EV
was not only smaller in trisomy 18 pregnancies but also in trisomy 21 and trisomy 13 pregnancies.’"”
EV therefore turns out to be a better measure for growth restriction caused by aneuploidy than CRL.

From these observations it is suspected that underlying pathophysiological changes in these cases
might influence embryonic and early fetal growth. First-trimester growth might also be impaired in preg-
nancies diagnosed with a congenital abnormality. An association between the presence of structural con-
genital abnormalities and second- and third-trimester growth restriction has been previously found.”?

The aim of this study is to examine the first-trimester growth pattern in embryos and fetuses with
structural congenital abnormalities. CRL and EV are compared between pregnancies with and without
first-trimester structural congenital abnormalities.

Methods

Between December 2008 and November 2013 three-dimensional (3D) ultrasound volumes were collected
of first-trimester pregnancies in which a structural congenital abnormality was diagnosed (n=71). Cases
were collected at the department of Obstetrics and Prenatal Medicine at Erasmus MC University Medical
Center Rotterdam (n=47) and at Princess Grace Hospital in Monaco (n=15). An additional nine cases were

included from the Rotterdam Predict study'" '* %%

, a periconception cohort aimed at early pregnancy.
Ultrasound scans were performed using the Voluson E8 Expert system (GE Medical Systems, Zipf, Austria).
In spontaneously conceived pregnancies dating was based on the first day of the last menstrual

period (LMP). When the menstrual cycle was regular but >3 days different from 28 days the gestational
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age (GA) was adjusted for the cycle length. In pregnancies conceived by in vitro fertilization (IVF) with
or without intra-cytoplasmic sperm injection (ICSI) GA was calculated from the day of oocyt retrieval
plus 14 days. If the first day of the LMP was missing or if the menstrual cycle was irregular, these
pregnancies were excluded from this analysis. The GA ranged from 7*° to 14" weeks.

The 3D volumes were converted to Cartesian volumes, using 3D software (4D View, GE Medical
Systems, Zipf, Austria), and transferred to the BARCO (Kortrijk, Belgium) I-Space VR system at the de-
partment of Bioinformatics of Erasmus MC University Medical Center Rotterdam. This is a four-walled
CAVE™ like™ VR system in which investigators are surrounded by stereoscopic images. A ‘hologram'’
of the ultrasound data is created by the V-Scope®' volume rendering application (Erasmus MC, Rot-
terdam, the Netherlands) and polarized glasses enable the viewer to perceive depth and to interact
with 3D volumes in an intuitive manner. In the |-Space all 3D ultrasound volumes were evaluated and
the best volume for each case was selected based on image quality and completeness of the volume.
A fetus with structural congenital abnormalities visualised in VR is shown in Figure 1.

CRL and EV were measured in the BARCO I-Space using the V-Scope software. The V-Scope®' appli-
cation includes a region-growing segmentation algorithm for semi-automatical volume calculation in
selected structures.’®’' The innovative VR technique has already successfully been applied in various
prenatal studies.***

The procedure for measuring EV is described in detail by Rousian et. al.'® The omphalocele, fysiologi-
cal or pathological, is included in the EV calculation as well as hydrops, frequently present in fetuses
with structural congenital abnormalities. All measurements were performed by the same investigator
(LB). The accuracy and reproducibility of CRL and EV measurements has been proven in previous

Figure 1: Transvaginal ultrasound dataset of a fetus with ectrodactyly ectodermal dysplasia-cleft (EEC) syn-
drome in virtual reality. Bilateral split hands and splits feet are seen as well as a bilateral cheilo-gnatoschisis. An
overriding aorta with a ventricle septum defect was diagnosed additionally.
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studies and CRL and EV reference curves have been established.' > The data of the present study
are compared to these reference curves.

Statistical analysis
The observed CRL and EV were subtracted from the expected mean CRL and EV of reference fetuses
of the same GA. This expected value was obtained from reference curves published in earlier studies.'®
%3 This difference was expressed as the z-score and as a percentage of the mean CRL and EV of
reference fetuses. The same analysis was performed when the EV was corrected for the measured CRL.
The one-sample t-test was used to test for statistically significant differences between observed
values of CRL and EV in pregnancies with a structural congenital abnormality and expected values of
CRL and EV in reference pregnancies. This analysis was performed in the overall group of cases with
structural congenital abnormalities and in the different subgroups of various structural congenital
abnormalities.
Data analysis was performed using SPSS v.21 (SPSS Inc., Chicago, IL, USA). A p-value <0.05 was
considered statistically significant.

Results

Three cases were excluded from the analysis because of uncertain GA and one because of a twin
pregnancy. We excluded 11 cases for the measurements of both CRL and EV due to poor image qual-
ity (n=9), due to incompleteness of the volume (n=1) and because of negative heart action at the time
of the ultrasound scan (n=1). A total of 56 cases remained for analysis of CRL. As in five of these cases
the image quality was too poor for performing EV measurement 51 cases remained for analysis of EV.

In the overall group of fetuses with structural congenital abnormalities the EV was smaller than
expected for GA (-35% p<0.001, z-score -1.44 p<0.001), whereas CRL was not smaller than expected

Figure 2: CRL and EV of all cases with structural congenital abnormalities plotted relative to the reference curves
for healthy pregnancies.
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Table 1: Mean percentage difference and z-scores for CRL and EV in both the overall group of structural congeni-

tal abnormalities and in the various subgroups.

Mean difference in:

Variable / congenital abnormality

CRL

Overall
Craniofacial
Cardiac
Skeletal/muscles
Gastro-intestinal
Urogenital
Neurological
Hydrops

EV

Overall
Craniofacial
Cardiac
Skeletal/muscles
Gastro-intestinal
Urogenital
Neurological

Hydrops

n

56

%

(95% CI)

-6.43 (-14.55,1.69)
-0.60 (-50.36,49.15)
-5.03 (-16.46,6.39)
-3.02 (-18.58,12.54)
-7.02 (-18.05,4.02)
-4.98 (-7.87,-2.09)
0.12(-30.53,30.77)
-26.89 (-43.26,-8.51)

-34.91 (-41.97,-27.85)
-21.22 (-187.3,144.85)
-31.86 (-56.43,-7.28)
-26.18 (-60.67,8.30)
-35.78 (-49.45,-22.11)
-16.26 (-25.21,-7.31)
-43.24 (-59.20,-27.28)
-40.85 (-66.34,-15.36)

p*

0.118
0.903
0.288
0.660
0.194
0.009
0.993
0.011

<0.001
0.351
0.023
0.108
<0.001
0.010
<0.001
0.008

z-score
(95% CI)

-0.46 (-2.21,1.30)
-0.05 (-6.25,6.15)
-1.34(-2.27,0.90)
-0.55(-2.62,1.51)
-1.08 (-2.44,0.28)

-0.64 (-1.04,-0.25)
1.59 (-5.74,8.94)

-2.94 (-5.18,-0.71)

-1.44 (-1.71,-1.16)
-1.00(-8.73,6.73)

-1.34(-2.30,-0.39)
-0.92 (-2.21,037)

-1.53 (-2.09,-0.96)
-0.75 (-1.22,-0.27)
-1.70(-2.27,-1.13)
-1.76 (-2.88,-0.64)

0.605
0.931
0.296
0.547
0.111
0.010
0.646
0.018

<0.001
0.349
0.017
0.127
<0.001
0.016
<0.001
0.008

*For observed mean difference vs 0.

Table 2: The mean percentage differences and z-scores for EV after correction for the observed CRL both in the

overall group of structural congenital abnormalities and the subgroups of structural congenital abnormalities.

Mean difference in:

Variable / congenital abnormality n

EV

Overall
Craniofacial
Cardiac
Skeletal/muscles
Gastro-intestinal
Urogenital
Neurological

Hydrops

%
(95% CI)

27.86 (-14.34,70.05)
-6.18 (-266.27,253.92)
2.90(-11.97,17.76)
29.69 (-71.29,130.66)
14.94 (-4.72,34.60)
4.95(-2.93,12.82)
-1.82(-25.66,22.03)
150.26 (-211.03,511.54)

p*

0.191
0.813
0.617
0484
0.124
0.139
0.872
0.348

z-score
(95% CI)

0.92 (-0.66,2.49)
-0.40 (-11.64,10.84)
-0.10(-0.71,0.51)
0.88(-3.07,4.82)
0.47 (-0.38,1.31)
0.008 (-27.34,28.98)
-0.12(-1.11,0.87)
5.50(-7.89,18.89)

p*

0.247
0.730
0.673
0.591
0.254
0.932
0.798
0.354

*For observed mean difference vs 0.
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(-6.43% p=0.118, z-score -0.43 p=0.605). The CRL was significantly smaller in the subgroups with
urogenital abnormalities and in the subgroup with hydropic abnormalities. The EV was significantly
smaller in the subgroup with cardiac abnormalities, gastro-intestinal abnormalities, urogenital abnor-
malities, neurological abnormalities, and in the group with hydropic abnormalities (Table 1).

In Figure 2 CRL and EV of all cases with structural congenital abnormalities are plotted in the refer-
ence curves for pregnancies without structural congenital abnormalities.

In Table 2 the percentage difference and z-score for observed versus expected EV after correction
for the observed CRL is presented. No statistical differences were found.

Discussion

To the best of our knowledge this is the first study that investigates the relationship between EV
and first-trimester structural congenital abnormalities. Whereas overall the CRL was not significantly
smaller in fetuses with structural congenital abnormalities, a smaller than expected CRL was observed
in hydropic fetuses and fetuses with urogenital abnormalities. In contrast to CRL, EV was statistically
significant smaller than expected in the overall group of structural congenital abnormalities. In all
subgroups, except for those with craniofacial and skeletal/muscle abnormalities, we found a signifi-
cantly smaller EV than expected.

The mean difference in EV was more evident than the mean difference in CRL and went up to
-43% (z-score -1.70) in fetuses with neurological abnormalities. This can be explained by the fact that
a volume is a three-dimensional measurement in contrast to CRL which is a flat, two-dimensional
distance measurement. It was already demonstrated by Rousian et al. that when the CRL doubles EV
increases 6.5 times.'® However, after correcting the EV for the measured CRL significant differences
where no longer present suggesting proportional growth restriction. EV turned out to be a better
indicator for first-trimester growth restriction as compared to CRL.

From the literature it has recently become evident that a detailed anatomical scan can be suc-
cessfully performed at the end of the first-trimester. The majority of major structural congenital
abnormalities can therefore be diagnosed between 11 and 14 weeks GA. EV measurements can be
performed from 6 weeks GA onwards'® and may therefore possibly be used as a marker of an underly-
ing abnormality long before an early anomaly scan can be performed. The effectiveness of EV as a
marker for structural congenital abnormalities should be subject of further study.

The combination of early growth restriction and the presence of structural congenital abnormali-
ties might be due to underlying pathological mechanisms. Growth restriction might either occur as
a result of a structural congenital abnormality or growth restriction and structural congenital abnor-
malities might have a common etiological factor.

Limitations of the study are the low numbers in some of the subgroups of structural congenital
abnormalities. Still finding significant differences for EV suggest a strong relationship of first-trimester
structural congenital abnormalities and a decreased EV. Therefore, increasing the numbers in future
studies will most likely only strengthen this relationship. Pregnancies with known chromosomal
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abnormalities were not included in the study. However, as fetal karyotyping was not performed in
all cases it may be possible that a single case with a chromosomal abnormality in our study group
remained unnoticed. Furthermore, the BARCO I|-Space is too large and too expensive to become a
routine method for the measurement of EV. However, a much smaller and more affordable 3D VR
desktop system is currently being evaluated and will provide a good alternative, making this tech-
nique broadly available to hospitals.

In conclusion, CRL, the current golden standard for the detection of first-trimester growth re-
striction, seems a less reliable indicator for growth restriction in fetuses with structural congenital
abnormalities as compared to EV, which is significantly decreased in these pregnancies. By measuring
EV, first-trimester growth restriction becomes more evident and might enable an earlier detection of
cases at risk for a congenital abnormality.
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Abstract

Objective. To investigate whether there is an additional value of the embryonic volume (EV) measure-
ment compared to the crown-rump length (CRL) measurement in the analysis of singleton pregnan-
cies that will subsequently end in a miscarriage.

Methods. Forty-eight miscarriages from a prospective periconception study in a tertiary center were
included before eight weeks gestational age (GA). We performed weekly three-dimensional (3D) ul-
trasound scans from enrolment up to subsequent diagnosis of miscarriages. Only the last ultrasound
examination with positive heart action was used for analysis. CRL and EV measurements (n=48 and
n=33, respectively) were performed using 3D virtual reality (3D VR) in the BARCO I-Space. Z-scores
for CRL and EV were calculated for each pregnancy by using previously published 3D VR references
values of normal uncomplicated singleton pregnancies.

Results. The mean z-score for CRL is -1.64 (p<0.001) and for EV -1.27 (p<0.001) as compared to the
reference values. The mean z-scores for CRL and EV are not significantly different from each other
(p=0.109). When EV is adjusted for the measured CRL the mean z-score is no longer smaller than
expected (mean z-score -0.08, p=0.489).

Conclusion. CRL and EV are smaller in subsequent miscarriages compared to reference values of nor-
mal uncomplicated singleton pregnancies. No significant difference is observed between the mean
z-scores of EV and CRL. EV measurements are not expected to provide additional information in the
diagnosis of miscarriages as compared to CRL measurements.
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Introduction

Itis well known that ultrasound findings are predictors of first-trimester outcome of pregnancy.” The
detection of positive heart action by ultrasound however does not guarantee ongoing pregnancy as
the miscarriage risk still remains 5-20%.””

Embryonic size, most commonly determined by crown-rump length (CRL) measurements, is an
important and well-studied predictor of adverse pregnancy outcome.”' Some studies suggest that
a difference in embryonic size might be more accurately assessed using volume rather than length
measurements. The increment of embryonic volume (EV) is much larger than the respective incre-
ment in CRL due to the cubic physical quantity of a volume."”" This was also confirmed by Rousian et
al. showing that a doubling of the CRL results in a 6.5 times larger EV."

In aneuploid pregnancies EV seems to be a better indicator of growth delay when compared to the
CRL."*'® These observations suggest that EV measurements might enable earlier and more accurate
detection of abnormal embryonic growth preceding a miscarriage. This may be clinically relevant for
detailed early pregnancy evaluation in a new pregnancy after recurrent miscarriage.

The aim of this study is to assess the potential additional value of the EV measurement, as compared
to the CRL measurement, in singleton pregnancies that will subsequently end in a miscarriage.

Material and methods

Study design

This study is embedded in the Rotterdam Predict Study, a prospective periconceptional birth cohort
study in a tertiary center.”*° Pregnant women who participated in this study were enrolled through
the outpatient clinic of the department of Obstetrics and Gynaecology, Erasmus MC, Rotterdam, the
Netherlands, and local midwifery practices. An additional cohort of miscarriages was included in the
study through the early pregnancy unit of the same outpatient clinic. All women received weekly
three-dimensional (3D) ultrasound scans between 6+0 and 1246 weeks gestational age (GA). At
enrolment, participants signed an informed consent form.

Ultrasound data

The transvaginal ultrasonographic volumes were obtained using a Voluson E8 (GE Medical Systems,
Zipf, Austria) with a 4.5-11.9 MHz GE-probe (RIC-6-12-D). The 3D volumes were converted to Cartesian
volumes using 3D software (4D View, GE Medical Systems) and transferred to the BARCO I|-Space
(Barco N.V,, Kortrijk, Belgium) at the Department of Bioinformatics at the Erasmus MC, Rotterdam, The
Netherlands. The I-Space is a four-walled CAVE™-like virtual reality system that creates ‘holograms’ of
3D data sets that allows for true depth perception and interaction with the dataset.”’ The V-Scope®
software allows fully three-dimensional interaction with the dataset and enables precise length
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and volume measurements. These measurements obtained in the I-Space are described in detail

before,'*?**

Pregnancy dating

In spontaneously conceived pregnancies dating was based on the first day of the last menstrual period
(LMP) recorded by the researcher during the first visit. When the menstrual cycle was regular but >3
days different from 28 days the GA was adjusted for the cycle length. In pregnancies conceived by in
vitro fertilization (IVF) with or without intra-cytoplasmic sperm injection (ICSI) GA was calculated from
the day of oocyte retrieval plus 14 days. In case of cryopreserved embryos GA was calculated from the
day of embryo transfer plus 17 or 18 days depending on the number of days between oocyte retrieval
and cryopreservation of the embryo. In pregnancies originating from intrauterine insemination GA
was calculated based on the LMP or insemination date plus 14 days. Pregnancies were excluded from
the study if the LMP was missing or if the menstrual cycle was irregular. Pregnancies in which GA was
adjusted for CRL, in case of a difference >7 days from the expected CRL according to the Robinson
curve”, were excluded from the analysis.

Study population

Women of > 18 years old with a singleton pregnancy of 6-8 weeks GA were eligible to participate
in our study. Informed written consent was obtained from all participants. Eighty-three subsequent
miscarriages were recruited from the Rotterdam Predict study from January 2009 - January 2013.
Another seven miscarriages were collected at our early pregnancy unit. Part of this study population
has been used in a previous study.”” Of the total of 90 subsequent miscarriages 11 had unknown

Figure 1: Flowchart of the study population.
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LMP or an irregular cycle and were excluded. Twenty were diagnosed as an empty gestational sac
and therefore excluded. An additional 11 cases were excluded because of missing data or missing
3D ultrasounds datasets (n=5), poor image quality of the 3D datasets (n=3), intrauterine fetal death >
16 weeks GA (n=1) and no available 3D datasets with positive heart action (n=2). Forty-eight miscar-
riages remained for analysis (Figure 1). If multiple measurements were available per miscarriage only
the last measurement with positive heart action was used for comparing the additional value of EV
measurements with CRL measurements. CRL was available in all 48 cases and EV only in 33 of these
48 cases (68.8%).

Statistical analysis

In each pregnancy complicated by miscarriage the observed value for CRL or EV was subtracted from
the expected mean for GA, obtained from the reference values of normal uncomplicated pregnan-
cies.""”* This difference was divided by the standard deviation (SD) for GA of the reference values in
order to obtain the z-score. Only the last measurement with positive heart action was used in the
analysis, resulting in one z-score per pregnancy.

The one-sample t-test was used to test for a statistically significant difference in z-score as com-
pared to the reference value. The paired t-test was used to test for a significant difference between
CRL z-scores and EV z-scores in miscarriages. In a subgroup analysis recurrent miscarriages, defined as
three or more consecutive miscarriages, were compared to non-recurrent miscarriages. To compare
proportions of dichotomous variables, i.e. the proportion of miscarriages with a CRL <2SD versus the
proportion of miscarriages with an EV <2SD, the McNemar test for paired samples was used. Statistical
analysis was performed using IBM SPSS statistical software version 21 (SPSS Inc,, Chicago, IL, USA). A
p-value of <0.05 was considered statistically significant.

Ethical approval

This study has been approved by the Central Committee on Research in The Hague and the local
Medical Ethical and Institutional Review Board of the Erasmus MC.

Results

The patient characteristics of the miscarriage group are presented in Table 1. In Figure 2 the individual
growth trajectories (each line represents a case) of all CRL and EV measurements are displayed in
relation to previously published reference curves of CRL* and EV™.

The mean z-score for the overall group of miscarriages is -1.64 (SD 2.08, p<0.001) for the CRL and
-1.27 (SD 1.58, p<0.001) for the EV. The mean z-scores for CRL and EV are not significantly different
from each other (p=0.109) (Table 2). When the EV measurement is adjusted for the CRL the association
lost significance (mean z-score -0.08, p=0.489).

A smaller CRL for GA is observed in 39/48 (81.2%) of cases, being comparable to a smaller EV for GA
in 27/33 (81.8%). A too small CRL (below 2SD) is observed in 18/48 (37.5%) of the miscarriages and a
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Table 1: The mean and ranges or percentages of the patient characteristics of the miscarriages (n=48).

Characteristic Median (range) or percentage
Maternal age (years) 32 (24-45)
Parity

V] 56.3%

1 35.4%
22 8.3%
Gravidity 3(1-11)
Miscarriages = 2 58.4%
Conception mode

Spontaneous 64.6%
IVF/ICSI 31.2%
1UI 4.2%

IVF=in vitro fertilization, ICSI=intracytoplasmic sperm injection, lUl=intrauterine insemination

Table 2: Z-score of crown-rump length and embryonic volume in pregnancies subsequently ending in a miscar-
riage.

CRL EV p
n=48 n=33
Mean z-score (SD) -1.6375 (2,08) -1.2681 (1.56) 0.109*
smaller than expected (n, %) 37(77.1) 27 (81.8) 0.9994#
<-1SD (n, %) 28(58.3) 23(69.7) 0.375#
<-25D (n, %) 18 (37.5) 11(33.3) 0.999#
<-3SD (n, %) 12 (25.0) 3(9.1) 0.063#

CRL=crown-rump length
EV=embryonic volume
SD=standard deviation

* paired t-test

# McNemar test for paired samples

too small EV (below 2SD) in 9/33 (27.3%). In two cases of a too small CRL the EV is normal (within +
2SD) and there are no cases in which the CRL is in the normal range in combination with a too small
EV (Supplemental Table 1).

In supplemental Table 2 women with and without recurrent miscarriages (n=16 and n=32, respec-
tively), defined as three or more consecutive miscarriages, are compared. No significant differences
are found for mean z-score for CRL and EV between the two groups.

Discussion

To the best of our knowledge this is the first study that evaluates the potential role of EV measure-
ments in the prediction of miscarriage. In this study we found that both CRL and EV are significantly
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Figure 2: CRL (A) and EV (B) growth trajectories for the miscarriages plotted on the references curves (solid line
p50, dashed lines p5 and p95). Each line represents the course of a different case.

smaller than expected in pregnancies subsequently ending in a miscarriage. However, mean CRL and
EV z-scores in miscarriages were not significantly different from each other and moreover, significance
was lost when EV was adjusted for measured CRL. Therefore, EV measurements are not expected to
provide additional information in the diagnosis of miscarriages as compared to CRL measurements.
No differences were observed between the mean z-scores for CRL and EV between the groups with
and without recurrent miscarriage.

Whereas the mean z-score for CRL is lower than the mean z-score for EV, both mean z-scores are
not below 2SD. Inspection of Figures 2A and 2B suggest that this might be explained by the fact that
pregnancies that will subsequently end in a miscarriage can broadly be divided into two groups; one
with an early and marked growth delay and one without an evident growth delay.

Many growth parameters have been studied in the light of pregnancy outcome prediction. Several
studies have demonstrated the relationship between a smaller than expected CRL and subsequent
miscarriage in early, viable singleton pregnancies."*” In the present study this was confirmed.

Logically, it was presumed that volume measurements, due to their cubical quantity, might enable
earlier and more accurate detection of growth disturbances. This was previously demonstrated in
aneuploid pregnancies where EV is a better indicator of growth disturbances compared to CRL."*'®
Although nearly 70% of miscarriages are related to chromosomal abnormalities”, a different growth
pattern seems to be present between aneuploid pregnancies and miscarriages. EV is a better indica-
tor of growth restriction than CRL in aneuploid pregnancies diagnosed at the end of the first-trimester
whereas it is not in miscarriages not surviving until the end of the first-trimester. However, it should
be noted that the percentage of chromosomal abnormalities in our cohort is not known. Abnormal
placental development has been suggested as a possible explanation for a different growth patternin
miscarriages.”**** Another possible explanation might be that in pregnancies that will subsequently

end in a miscarriage hydropic changes are present prior to embryonic death masking a difference
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in EV. In future studies this could be analysed by studying CRL and EV measurements even earlier in
pregnancy when possible hydropic changes might not be present yet.

As this study compares the course of miscarriages to previously published references curves cut-off
values cannot be calculated from these data and should be obtained from large cohort studies. Fur-
thermore, cut-off values should be based on more than just CRL or EV, as cut-off values and the risk of
miscarriage might also be influenced by maternal characteristics, like age and race.*'****? Discordant
growth of other, non-embryonic, structures have also been related to poor first-trimester outcome.

However, different studies report conflicting results for gestational sac diameter’*****

35-38

and yolk sac
diameter™=" and their use in the prediction of miscarriage is still at debate.

A limitation of our study is that it depends on accurate pregnancy dating. We only included cases
with regular menstrual cycles or a known conception date in the study and as a consequence our
results can only be applied to these women. Secondly, our population was mainly recruited through
a tertiary hospital and is therefore more likely to be at risk for pregnancy complications. A high per-
centage of pregnancies analysed in our study was conceived by artificial reproductive technique.
Furthermore, a significant part of our cohort were recurrent miscarriages. These points might limit
the external validity of our study. Furthermore, at this time the BARCO I-Space is too large (requiring
a separate 40m*/400 sq ft) and too expensive (500,000 USD) for 3D VR becoming a routine diagnostic
procedure. However, a desktop version of this 3D VR is recently being developed and evaluated, mak-
ing this new and innovative technique broadly accessible to hospitals in the near future.*

In conclusion, a discrepancy in first-trimester embryonic size in pregnancies that will subsequently
end in a miscarriage can be quantified by CRL or EV measurements. As the mean z-score for EV is not
smaller than that of CRL, EV measurements are not expected to provide additional information in the

diagnosis of miscarriages as compared to CRL measurements.
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Supplemental material

Supplemental Table 1: Comparison of crown-rump length and embryonic volume in 33 cases for which CRL
and EV z-scores are available.

CRL EV

>-2SD <-2SD
>-2SD 22 0 22
<-2SD 2 9 1
Total 24 9 33

CRL = crown-rump length
EV= embryonic volume
SD = standard deviation

Supplemental Table 2: Z-score of crown-rump length and embryonic volume in pregnancies with and without
previous recurrent miscarriages (three or more consecutive miscarriages).

Recurrent miscarriage No recurrent miscarriage p
n=16 n=32
CRL z-score (SD) -1.26 (1.98) -1.83(2.13) 0.375%
n=12 n=21
EV z-score (SD) -1.06 (1.79) -1.39(1.47) 0.577%

CRL=crown-rump length
EV=embryonic volume
SD=standard deviation

* paired t-test
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Abstract

Objective. Although second-trimester and third-trimester reference curves for human foetal hand
growth allow for identification several genetic syndromes, little is known about first-trimester hand
growth. We investigated first-trimester hand growth in euploid and aneuploid foetuses.

Methods. Between 9 and 12 weeks' gestational age (GA), wrist width, hand width, hand length, and
hand index were measured in three-dimensional (3D) ultrasound datasets of 112 euploid and 65
aneuploid pregnancies. We constructed reference curves for these measurements in euploid preg-
nancies and calculated z-scores for measurements in aneuploid pregnancies. Reproducibility was
established in a subset of 20 datasets.

Results. While wrist width, hand width, and hand length increased with GA, hand index decreased.
Intraobserver and interobserver intraclass correlation coefficient values were >0.97.

In trisomy 21 cases, wider wrists and hands were observed compared with euploid pregnancies (mean
z-scores 1.06, SD 2.04, p<0.001 and 1.16, SD 1.30, p<0.001, respectively). Trisomy 18 cases showed
narrower and shorter hands (mean z-scores -0.74, SD 1.20, p=0.009 and -0.97, SD 0.86, p=0.005, re-
spectively). In trisomy 13 cases, no differences were observed.

Conclusion. Reference values are available for first-trimester studies on human hand development.
First-trimester hand measurements in trisomy 21 and 18 differ significantly from those in euploid
pregnancies and may be useful for early identification of abnormal development.
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Introduction

The upper limb buds of the human embryo appear and start to enlarge at day 26 after conception;
at day 32, the paddle-shaped hand becomes manifest. From day 41 onwards, the digits of the upper
limb can be distinguished."?

Numerous ultrasound (US) studies have been performed during the second and third gestational
trimesters on the development of foetal limbs. Reference curves for prenatal finger length have been
reported from 14 weeks' gestational age (GA) onwards using two-dimensional (2D) US.>* These refer-
ence curves made it possible to identify several genetic syndromes. Apart from genetic syndromes,
abnormalities of the hands may be associated with limb-reduction defects, genetic syndromes, and
skeletal dysplasia. Aneuploid pregnancies are characterized by hand abnormalities. In trisomy 21,
short fingers and a dysplastic middle phalanx of the fifth finger are seen. A clenched fist with an
overlapping index finger is typically for trisomy 18 and polydactyly is often observed in trisomy 13.>°

Very limited data are available on the first-trimester growth of the hand.” As first-trimester US is
becoming more popular for first-trimester screening and diagnosis of foetal congenital anomalies,
there is a need for first-trimester reference charts on hand growth parameters.

The primary aim of this study was therefore to investigate growth patterns of the human hand
during the first-trimester of pregnancy. We also hypothesized that hand abnormalities in aneuploid
pregnancies, observed in the second- and third-trimesters, are most likely already present in the first-
trimester.

Methods

In this retrospective study stored three-dimensional (3D) US datasets of first-trimester pregnan-
cies were used. Data were collected within the periconception Rotterdam Predict study®' at the
Department of Obstetrics and Gynaecology at Erasmus MC, University Medical Center Rotterdam,
the Netherlands. Women of > 18 years with a singleton pregnancy of 6 to 8 weeks' GA were eligible
to participate.

As part of the Rotterdam Predict study, women received weekly transvaginal 3D US scans in the
first-trimester (up to 1246 weeks' GA) of their pregnancy. In spontaneously conceived pregnancies,
GA was based on the first day of the last menstrual period by the researcher during the first visit. If
the menstrual cycle was regular but >3 days different from 28 days, the GA was adjusted for the cycle
length. In pregnancies conceived by in vitro fertilization with or without intra-cytoplasmasmic sperm
injection, GA was calculated from the day of oocyte retrieval plus 14 days. In case of an unknown LMP
or when the observed crown-rump length (CRL) differed more than six days from the expected CRL
according to the Robinson curve, GA was determined by the CRL.

The transvaginal ultrasonographic volumes were obtained using a Voluson E8 (GE Medical Systems,
Zipf, Austria; with GE-probe RIC-6-12-D (4.5-11.9 MHz)). The 3D volumes were converted to Cartesian
volumes using 3D software (4D View, GE Medical Systems) and transferred to the BARCO I|-Space
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(Barco N.V,, Kortrijk, Belgium) at the Department of Bioinformatics at Erasmus MC. The |-Space is a
four-walled CAVE™-like" virtual reality system that creates holograms of 3D datasets that allow for
true depth perception and interaction with the dataset. The V-Scope'® software allows for precise
length and volume measurements."'®

The study population consisted of 112 pregnancies resulting in the birth of phenotypically normal
neonates (considered to be euploid) recruited from the 2009 cohort of the Rotterdam Predict Study,
which constituted the controls, and 65 aneuploid pregnancies (30 cases of trisomy 21, 29 cases of
trisomy 18, and 6 cases of trisomy 13). The aneuploid pregnancies were recruited through the out-
patient clinic of the department of Obstetrics and Gynaecology at Erasmus MC University Medical
Center and the Hopital Princesse Grace Monaco between 2008 and March 2013. Of these aneuploidy

cases 26 with trisomy 21, 19 with trisomy 18 and five with trisomy 13 were used in an earlier study."

Measurements

Ultrasound scans were performed using a 9 to 12 MHz transvaginal transducer of the GE Voluson E8
system (GE Medical systems, Zipf, Austria). The 3D datasets were acquired, stored as Cartesian volumes
and visualized using the I-Space virtual reality system.

From nine weeks' GA onwards, wrist width, hand width, and hand length were measured in the
hand that had been best visualized (closest to the transducer). Measurements were defined as follows
(Figure 1):

- Wrist width: transverse distance of the narrowest point of the wrist distal to the radius/ulna com-
plex.

- Hand width: transverse distance between the outermost points of the second and fifth digit
(above the bifurcation of the thumb).

- Hand length: distance perpendicular to and starting at the transverse axis of the wrist width to the
tip of the third finger.

- Hand index: hand width dived by hand length.

Wrist width and hand width were measured by placing callipers in a straight line at the above
points indicated. Hand length was measured using the tracing function of the V-Scope software.
Measurements take approximately one minute per hand.

Reproducibility

The intraobserver and interobserver reliability and agreement were calculated in 20 datasets of ran-
domly chosen patients. A total of five datasets per gestational week (9 to 12 weeks'GA) were selected.
To study the intracbserver agreement of the 3D measurements, all hand growth measurements were
performed three times by one observer (LB) using the |-Space virtual reality system and repeated
three times after two weeks. The mean of the three measurements was used for comparison. To study
the interobserver agreement, the measurements were repeated independently by another observer
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Figure 1: A fetus of 1146 weeks' gestational age as rendered by the V-Scope software in the I-Space (A). The left
hand and arm of the same foetus are magnified in order to measure the hand parameters (B,C). Wrist width and
hand width are measured by placing callipers in a straight line. Hand length is measured using the trace function.

(NE). The observers were blinded to each other’s results. Both observers were experienced in using
virtual reality at the beginning of the study.

Statistical analysis

Intraobserver and interobserver reliability was determined using 95% limits of agreement, Bland-
Altman plots, and intraclass correlation coefficients.

We used the lambda-mu-sigma method by Cole” as implemented in the R package GAMLSS
(Rigby2005, R2012) to estimate centile curves for the euploid pregnancies. In this method, we assume
that after performing a Box-Cox transformation to remove skewness, the measurements follow a

normal distribution. We modelled the median of the distribution with a spline in GA, and we assumed
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that the coefficient of variation depends linearly on the GA. The number of degrees of freedom for the
spline, that is, its smoothness, is chosen based on the information criterion.

The measurements in the aneuploid pregnancies were transformed into z-scores and compared
with the estimated distribution of the euploid pregnancies using Kolmogorov-Smirnov tests. Note
that because there are no established statistical techniques to compare distributions when the
measurements are not independent, this fact had to be ignored, and the test has to be considered
approximate.

Analyses were performed using R 3.0.1 (R Core Team, Vienna, Austria) and IBM SPSS20 (IBM Inc.,
Armonk, NY, USA). A p-value of <0.05 was considered statistically significant.

Results

One hundred and twelve women carrying healthy euploid pregnancies were studied to evaluate
normal first-trimester growth of the hand. The median maternal age was 33 years (19-43 years) in
the euploid group versus 35 years (23-44 years) in the aneuploid group. In this article, 62.5% versus
35.5% of women was nulliparous, and 70.5% versus 91.9% conceived spontaneous in the euploid and

Table 1: Mean of wrist width, hand width, hand length, hand index, and crown-rump length measurements in
euploid pregnancies with corresponding standard deviation (SD), number of cases (N), and range grouped per
completed week gestational age.

GA N Mean CRL SD Mean SD Range

(weeks) (mm) (mm) (mm) (mm) (mm)

9 41 2597 4.27 Wrist width 2.02 0.26 1.53-2.62
Hand width 2.92 0.43 2.09-3.79
Hand length 4.36 0.80 2.55-6.17
Hand index 0.68 0.11 0.51-0.93

10 60 36.15 5.90 Wrist width 2.29 0.37 1.51-3.06
Hand width 3.47 0.55 2.31-4.80
Hand length 5.56 1.06 3.77-8.88
Hand index 0.63 0.09 0.45-0.87

11 63 48.48 7.02 Wrist width 2.80 0.47 1.92-3.78
Hand width 4.55 0.80 3.00-6.98
Hand length 7.47 133 4.93-11.59
Hand index 0.61 0.08 0.47-0.86

12 44 61.68 7.26 Wrist width 333 0.41 2.32-4.24
Hand width 543 0.80 3.85-8.13
Hand length 9.04 1.56 5.64-12.29

Hand index 0.61 0.07 0.43-0.81
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aneuploidy group, respectively. In the euploid group, 52.7% of the newborns was female versus 35.4%
of the foetuses in the aneuploid group.

A total of 434 scans were performed from 63 to 93 days’ GA. Hand measurements could be
performed in 209 of the 422 scans (49.5%). The median number of datasets per patient in which
measurements were obtained was 2 (range 1-4). The GA ranged from 63 to 93 days (median 77 days,
SD 7.38 days) and the CRL ranged from 20 to 76 mm (median 42 mm, SD 13 mm). Measurements
of wrist width, hand width, hand length, and hand index are presented per completed gestational

Figure 2: Graphical presentation of first-trimester wrist width (A), hand width (B), hand length (C), and hand
index (D) in relation to gestational age (GA). Blue crosses indicated the individual measurements in euploid
pregnancies (+). The mean (p50, cyan line) and the 5% and 95% reference interval (black line) and 20% and 80%
reference interval (red line) are plotted. Each circle indicates a case of trisomy 21 (green), trisomy 18 (red) and
trisomy 13 (black).
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week in Table 1. The graphical presentation of the relationship between the measurements and GA is
illustrated in Figure 2. InTable 2 the expected mean (p50) and the p5, p20, p80 and p95 of the different
hand measurements from 63 to 90 days GA are presented. Wrist width, hand width, and hand length
increase with GA. Hand index decreases with GA, showing that with increasing GA fingers become
longer and hands become smaller relatively. The relationship between the measurements and CRL is
presented on a comparable way in Supplemental figure 1 and Supplemental table 1.

A total of 65 aneuploidy pregnancies were evaluated. Hand measurements could be performed in
31 of the 74 scans (41.9%, trisomy 21 n=19, trisomy 18 n=9, trisomy 13 n=3). Of the 19 trisomy 21 cases
three presented with an hypoplastic nasal bone and one with hygroma colli. Of the nine trisomy 18
cases three presented with an omphalocele, three with a hygroma colli, one with a mega bladder, one
with spina bifida, and one with holoprosencephaly. In the group of trisomy 13 cases (n=3) one case
with holoprosecephaly and one case with a hygroma colli was seen. The median number of datasets
per patient in which measurements were performed was one (range 1-2). GA ranges from 73 to 97
(median 87 days, SD 5.46 days) and de CRL ranged from 35 to 74 (median 60 mm, SD 11.12). Aneuploid
pregnancies are plotted on the GA based reference ranges in Figure 2. In trisomy 13 no significant
differences were found in hand measurements compared to euploid pregnancies. In trisomy 18 hand
width and hand length were significantly smaller compared to euploid pregnancies (p=0.009 and
p=0.005, respectively). In trisomy 21 a significantly larger wrist width and hand width were observed
compared to euploid pregnancies (p<0.001 and p<0.001, respectively) (Table 3).

Allintraclass correlation coefficient values were > 0.97, indicating excellent reliability. Bland-Altman
statistics (Table 4) and Bland-Altman plots (Figure 3) showed good agreement between the measure-
ments. There were no systematic differences between the measurements of two different observers
and between the repeated measurements of one observer.

Table 3: Z-scores of wrist width, hand width, hand length and hand index of aneuploid pregnancies with cor-
responding standard deviation (SD). p<0.05 shows a significant difference from euploid pregnancies.

Trisomy 13 Trisomy 18 Trisomy 21

z-score (SD) p z-score (SD) p z-score (SD) P
Wrist width -0.52 (1.03) 0.841 -0.18 (1.64) 0.292 1.06 (2.04) <0.001
Hand width -0.60 (0.82) 0.344 -0.74 (1.20) 0.009 1.16 (1.30) <0.001
Hand length 0.03(0.71) 0.740 -0.97 (0.86) 0.005 0.70 (1.43) 0.230
Index -0.33(1.33) 0.436 0.30(1.04) 0.912 0.59 (1.01) 0.136

Discussion

The present study is the first to provide an in vivo description of normal first-trimester hand growth
in the human embryo. New charts for wrist width, hand width, hand length, and hand index are
established between 9 and 13 weeks'GA, facilitated by a virtual reality system. Both intraobserver and
interobserver reliability and agreement proved to be excellent.
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Figure 3: Bland-Altman plots of the four measured hand parameters (wrist width, hand width, hand length, and
hand index) of intraobserver (A) and interobserver variability (B). The solid line represents the mean percentage
difference and the broken lines the limits of agreement, calculated as the mean difference £1.96 SD. Index =
hand width / hand length.
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Table 4: Mean differences between measurements with corresponding 95% confidence interval, the limits of
agreement and the ICCs with their 95% confidence interval are displayed. Measurements between two differ-
ent observers (interobserver) and repeated measurements of the same observer (intraobserver) are compared.

N Mean 95% Cl mean p limits of [d 95% ClIICC
difference (%) difference (%) agreement (%)

Interobserver
Wrist width 20 -1.468 -4.08-11.4 0.254 -12.40-9.46 0.984 0.960-0.994
Hand width 20 -1.139 -3.024-0.96 0.271 -9.95-7.67 0.992 0.981-0.997
Hand length 20 -0.253 -1.94-1.43 0.757 -7.31-6.81 0.997 0.994-0.999
Hand index 20 -0.860 -2.88-1.16 0.385 -9.34-7.62 0.984 0.959-0.993
Intraobserver
Wrist width 20 -0.364 -2.06-1.34 0.659 -7.48-6.76 0.993 0.983-0.997
Hand width 20 0.622 -1.10-2.35 0.460 -6.60-7.84 0.993 0.982-0.997
Hand length 20 -0.319 -1.69-1.05 0.632 -6.06-5.43 0.998 0.995-0.999
Hand index 20 0.954 -1.22-3.12 0.369 -8.13-10.04 0.978 0.945-0.991

In euploid pregnancies, wrist width, hand width, and hand length increased with GA. Hand index
decreased with GA, showing that the increase in embryonic hand length exceeds that of hand width.
In cases with trisomy 21 and trisomy 18, first-trimester hand parameters are significantly different from
those in euploid pregnancies. Trisomy 18 cases have both smaller and shorter hands, whereas trisomy
21 cases have wider wrists and wider hands. Hand growth in trisomy 13 pregnancies did not appear
to be different.

As in the evaluation of both normal and abnormal hands, three-dimensional imaging was found to
be helpful in evaluating spatial relationships.”"** 3D US allows for complete evaluation of all fingers
in a substantially higher percentage of cases than does 2D US.” The innovative VR tool used in this
study both uses and enhances the information from the data that are obtained during 3D US. The
VR technique is unique in its ability to truly visualize the third dimension and provides an intuitive
understanding of the spatial relationships. Due to its tracing function, VR enables measurements of
the hands and fingers, in any position, which is not possible using 3D US alone.

We are aware that the BARCO |-Space is not currently widely available. However, a desktop version
of this 3D VR system is currently being developed, making this new and innovative technique broadly
accessible to hospitals in the near future.

In this study, hand measurements were performed off-line on stored 3D US datasets. During the
weekly US scans, a 3D sweep of the entire embryo or fetus was made. No targeted sweeps of the hand
were made, which might explain the low success rate of 49.5%. In a clinical setting, higher success
rates can be achieved by increasing scanning time and obtaining targeted sweeps of the hand.

To the best of our knowledge, only one other study, by Malas et al,” has described normal hand
development in the first-trimester. The results of their measurements of hand growth parameters
were considerably larger compared to ours. However, because of differences in study design, it is
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hard to compare their findings with ours. Whereas Malas et al. performed hand measurements on
abortion material, we preformed our measurements in vivo using ultrasound. Their reference curves
may therefore not be applicable for prenatal diagnosis. Moreover, they studied only 21 apparently
normal cases from 9 to 12 weeks' GA.

Several other studies showed that hand growth is correlated to GA and CRL**’** emphasizing
that hand parameters are good indicators of foetal development and possibly also for congenital
malformations such as skeletal dysplasia.”” In cases of increased risk for limb or skeletal abnormalities,
it might be of clinical value to incorporate foetal hand length and hand width measurements within
the foetal assessment in early pregnancy.

The aetiology of different hand growth patterns in trisomy 21 and trisomy 18 pregnancies is unclear.
Several studies have been performed on finger length in trisomy 21. Kjaer et al. found normal finger
length in trisomy 21 cases in the first half of the foetal period, but with shorter bones of the hand.’
Maymon et al. reported that all five digits of fetuses with trisomy 21 are short around mid-gestation.”®
Hypoplasia of the middle phalanx of the fifth digit has also been reported to be a characteristic of
trisomy 21.*”7 In our study, we could not confirm that hand length was shorter in trisomy 21 in the
first-trimester of pregnancy. It can be envisaged that any delayed maturation of the bones in trisomy
21 becomes evident after the first-trimester. In our first-trimester study population, it was not possible
to evaluate the middle phalanx of the fifth digit.

Conclusion

Our study provides detailed information on human first-trimester hand development. In vivo first-
trimester measurements of the hand appears feasible using a VR technique. Reference values are
now available for studies on hand development in the first-trimester and for diagnosing abnormal
hand growth. First-trimester hand measurement in cases affected by trisomy 21 and trisomy 18 differ
significantly from that in euploid pregnancies.

Other than aneuploidy cases, we did not have cases available that were diagnosed with abnor-
malities of the hand. For this reason, no clear cut-off value below or above which the hand growth
parameters are called abnormal can be given until more data is available on these cases. For now, we
suggest that the presented p5/p95 intervals can be used as cut-off values. More research is needed
on both aneuploid pregnancies and pregnancies at risk for abnormalities of the hand, to study the
implications for first-trimester screening. These insights into hand size during normal and abnormal

foetal development might be useful in future shift of prenatal diagnosis towards early pregnancy.
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Supplemental Figure 1: Graphical presentation of first-trimester wrist width (A), hand width (B), hand length
(C), and hand index (D) in relation to crown-rump length (CRL). Blue crosses indicated the individual measure-
ments in euploid pregnancies (+). The mean (p50, cyan line) and the 5% and 95% reference interval (black line)
and 20% and 80% reference interval (red line) are plotted. Each circle indicates a case of trisomy 21 (green),
trisomy 18 (red) and trisomy 13 (black).
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Abstract

Objective. To examine whether embryonic volume (EV), as measured using three-dimensional (3D)
ultrasound and a virtual reality (VR) approach, is a better measure of growth restriction than crown-
rump length (CRL) in aneuploid fetuses.

Methods. We retrospectively measured CRL and EV in prospectively collected 3D ultrasound volumes
of 55 aneuploid fetuses using our Barco I-Space VR system. The gestational age ranged from 11+2 to
14+4 weeks. We compared our measured data with previously published reference curves for euploid
fetuses. Delta-values were calculated by subtracting observed values from the expected mean for
euploid fetuses of the same gestational age. The one-sample t-test was used to test the significance
of differences observed.

Results. The CRL measurements of fetuses with trisomy 21 (n=26), trisomy 13 (n=5) and monosomy X
(n=5) were comparable to those of euploid fetuses, but in fetuses with trisomy 18 (n=19) the CRL was
14.5% smaller (p<0.001). The EV in fetuses with trisomy 21, 18, 13 and monosomy X was smaller than in
euploid fetuses (-27.8%, p<0.001; -39.4%, p=<0.001; -40.9, p=0,004; and -27.3%, p=0.055; respectively).
Conclusion. When relying on CRL measurements alone, first-trimester growth restriction is especially
manifest in trisomy 18. Using EV, growth restriction is also evident in trisomy 21, 13 and monosomy X.
EV seems to be a more effective measurement for the assessment of first-trimester growth restriction
in aneuploid fetuses.
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Introduction

It has been known for a long time that fetal growth restriction may be a marker for aneuploidy.””
Typically, growth restriction in aneuploid pregnancies is of early onset, and is evident from the first-
trimester onwards. In trisomy 21, however, crown-rump length (CRL) measurements are similar to
chromosomally normal fetuses of the same gestational age (GA)."?

Traditionally, first-trimester fetal growth has been documented by two-dimensional (2D) CRL
measurements. With the introduction of three-dimensional (3D) ultrasound it became possible to
measure embryonic and fetal volumes. Earlier studies show that the relative increment of fetal volume
is much larger than the increment of CRL during the same period.* Rousian et. al. (2010) demonstrated
that when the CRL doubles the embryonic volume (EV) increases 6.5-fold.* Volume measurement
might therefore enable earlier detection of fetal growth restriction in pregnancy.

Several other studies have been performed measuring fetal volumes using 3D ultrasound.”® To
estimate the embryonic or fetal volume in these studies 2D contours were defined manually in several
different planes. As various methods have been used and different normal values for EV have been
reported there is a need for standardization.”'

The introduction of the virtual reality (VR) visualization technique enables us to use all three dimen-
sions of these 3D ultrasound scans. The Erasmus MC operates a BARCO I-Space VR system. This is a
four-walled CAVE™-like'" VR system in which investigators are surrounded by stereoscopic images.
A hologram is created by the V-Scope'” volume rendering application and polarized glasses enable
the viewer to perceive depth and to interact with 3D volumes in an intuitive manner. Using V-Scope
it is possible to perform precise EV calculations semi-automattically* while benefitting from true 3D
depth perception.

The aim of this study was to examine fetal growth pattern in aneuploid fetuses (trisomy 21, 18, 13,
and monosomy X) during the late first-trimester and to compare EV and CRL between euploid and

aneuploid pregnancies.

Methods

Between 2008 and 2012 3D ultrasound volumes were collected of singleton pregnancies in which an
increased nuchal translucency (NT) was measured (>3.5 mm) during routine ultrasound examination.
Ultrasound scans were performed using the Voluson 730 Expert (GE Medical Systems, Zipf, Austria)
ultrasound machine. Later, following invasive prenatal diagnosis, aneuploid pregnancies were identi-
fied (n=63). The GA was calculated based on the first day of the last menstrual period or, when assisted
reproductive technology was performed, on the day of conception. The GA ranged from 1142 to
1444 weeks.

The 3D volumes were converted to Cartesian volumes using 3D software (4D View, GE Medical
Systems) and transferred to the BARCO I-Space. In the |-Space all volumes were evaluated and the
best volume for each case was selected based on image quality and completeness of the volume.
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We excluded eight cases for the measurements of both CRL and EV due to poor image quality (n=5),
due to incompleteness of the volume (n=1), and because of absence of fetal heart activity at the time
of the ultrasound scan (n=2). Of these eight cases three were diagnosed with trisomy 21, three with
trisomy 18, and two with monosomy X (45, XO). Four 3D volumes, two cases with trisomy 21 and two
cases with trisomy 18, were excluded for analysis of EV alone. Due to poor image quality it was not
possible to measure EV; however in these cases it was possible to measure CRL. Following exclusions,
26 pregnancies diagnosed with trisomy 21, 19 with trisomy 18, five with trisomy 13 and five with
monosomy X were available for analysis. A fetus affected by trisomy 18 in the I-Space VR-system is
shown in Figure 1.

Figure 1: Fetus with trisomy 18 in the I-Space virtual reality system. Multiple congenital abnormalities can be
seen: exencephaly, radial aplasia, and omphalocele. Spina bifida and polydactyly were also present.

CRL and EV were measured using the V-Scope software. The V-Scope'” application includes a region-

growing segmentation algorithm for semi-automatic volume calculation in selected structures.'"?

The innovative VR technique has already successfully been applied in prenatal medicine.”"

The procedure for measuring EV has been described in detail by Rousian et. al.* Both physiological
and pathological omphalocele were included in the embryonic volume. Hydrops, frequently present
in fetuses with chromosomal abnormalities, was also included in the embryonic volume calculation.
This is relatively easy to achieve by performing a second segmentation of the anechoic fluid layer of
the hydrops, aside from the segmentation of the body volume. If necessary this fluid layer can also
be segmented manually. All measurements in the I-Space were performed by the same investigator
(L.B.).The accuracy and reproducibility of length and volume measurements have been demonstrated

in previous studies*'®"®

, in which the growth trajectories of euploid pregnancies for CRL and EV have
also been determined and reference curves established. The collected data in the present study were

compared to the results of these previous studies on euploid fetuses.



Embryonic Volume in Aneuploid Fetuses

Statistical analysis

The expected mean EV of euploid fetuses at the same GA was subtracted from the observed EV of the
aneuploid fetuses. This expected value was obtained from equations published in earlier studies® "',
and the difference was expressed as a proportion of the mean embryonic volume of euploid fetuses.
The same analysis was performed to investigate the possible association of EV and CRL, and for CRL
and GA. We furthermore determined the difference in days' GA, comparing observed days of GA and
expected days of GA according to the observed EV and CRL.

The one-sample t-test was used to test for statistically significant differences between observed
values of aneuploid pregnancies and expected values of euploid pregnancies.

Data analysis was performed using SPSS v.17.0.2 (SPSS Inc,, Chicago, IL, USA). A p-value <0.05 was
considered statistically significant.

Results

Of the 26 trisomy 21 cases three presented with hydrops and/or hygroma colli. In the trisomy 18 group
nine were diagnosed with a pathological omphalocele and four with hydrops fetalis. Three of the 19
trisomy 18 cases had multiple congenital malformations (i.a. exencephaly, holoprosencephaly, spina
bifida, skeletal abnormalities, nephrourinary abnormalities). Two cases of holoprosencephaly, three
cases with hydrops and/or hygroma colli, one omphalocele and one hypoplastic left heart syndrome
were diagnosed in the trisomy 13 group. Three of the five cases with monosomy X presented with a
hydrops. Other congenital abnormalities diagnosed in this group were hydronephrosis and cardiac
abnormalities.

Table 1: Mean percentage difference and mean difference in days’ gestational age (GA) for crown-rump length
(CRL) and embryonic volume (EV) for aneuploid fetuses in comparison to the normal mean according to GA for
euploid fetuses.

Mean difference in:

Variable/karyotype n % P* Days’ GA (95%Cl) P*
(95% Cl)

CRL

Trisomy 21 26 -1.29(-4.97 to 2.38) 0.475 -0.55 (-1.79 to 0.69) 0.369

Trisomy 18 19  -1453(-19.94t0-9.12) <0.001 -4.78 (-6.77 to -2.78) <0.001

Trisomy 13 5 -5.44 (-14.39t0 3.52) 0.167 -1.75 (-4.55 to 1.06) 0.159

Monosomy X 5 -3.65(-18.72t0 11.43) 0.539 -1.43(-6.18 t0 3.32) 0.450

EV

Trisomy 21 24 -27.76(-35.80t0-19.72) <0.001 -3.45 (-4.56 t0 -2.34) <0.001

Trisomy 18 17 -39.37 (-48.23 t0 -30.50) <0.001 -5.14 (-7.04 to -3.23) <0.001

Trisomy 13 5 -40.87 (-59.75 t0 -22.00) 0.004 -5.25(-8.63 t0 -1.88) 0.012

Monosomy X 5 -27.29 (-55.56 to 0.0097) 0.055 -3.63(-8.33t0 1.07) 0.097

* For observed mean difference vs 0.
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Figure 2: First-trimester measurements of crown-rump length (CRL) and embryonic volume (EV) according to
gestational age in fetuses affected by (A,B) trisomy 21, (C,D) trisomy 18, (E,F) trisomy 13 and (G,H) monosomy
X plotted on references curves (median (solid | line) and 95% reference interval (dashed line) for CRL and EV of
euploid fetuses by Verwoerd-Dikkeboom et al."® and Rousian et al.%, respectively.
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Fetuses diagnosed with trisomy 18 showed a 14.53% smaller CRL than expected (p<0.001), cor-
responding to a -4.78 differences in days GA. The other groups of aneuploid fetuses, trisomy 21, 13 and
monosomy X, showed a non-significantly smaller CRL than did euploid fetuses (Table 1). In all groups
of aneuploid fetuses the EV was smaller than expected for GA: -27.76% for trisomy 21 (p<0.001),
-39.37% for trisomy 18 (p<0.001) and -40.87% for trisomy 13 (p=0.004), although the difference was
not quite statistically significant for monosomy X (-27.29%; p=0.055). In terms of days' GA, these dif-
ferences ranged from —3.45 to —-5.14 (Table 1). In Figure 2, the CRL and EV of fetuses with trisomy 21,
trisomy 18, trisomy 13 and monosomy X are plotted relative to the reference range with respect to
gestational age of euploid fetuses.

The difference between observed EV for the aneuploid fetuses and that expected according to
their CRL is presented in Table 2. Significant differences were found for fetuses affected by trisomy 18,
which had on average a 17.37% smaller EV compared to the normal mean for CRL (p=0.003). Smaller
measurements of EV than expected for CRL were also found for cases of trisomy 13, although this was
not statistically significant. For trisomy 21 and monosomy X, no difference was observed.

Table 2: Mean percentage difference in embryonic volume (EV) in aneuploidy fetuses compared to normal
mean EV in euploid fetuses for crown-rump length.

Karyotype n Mean % difference p
(95% CI)

Trisomy 21 24 -0.37 (-8.56 to 7.83) 0.927

Trisomy 18 17 -17.37 (-6.68 to -28.04) 0.003

Trisomy 13 5 -9.75 (-31.78 to 12.28) 0.287

Monosomy X 5 5.48 (-20.63 to 31.60) 0.591

Discussion

The results of this study are in line with previous research demonstrating that chromosomal abnor-
malities are often accompanied by growth restriction. The data show that based on CRL growth
restriction can be observed in trisomy 18 at 11-14 weeks (-14.53%, p<0.001). Small, non-significant,
differences in CRL were found for trisomy 13, monosomy X and trisomy 21.

In contrast to CRL, EV was significantly smaller than expected in trisomy 21, trisomy 18 and trisomy
13, with a large but marginally non-significant difference in the small sample of fetuses with mono-
somy X. The mean percentage difference in EV was also more evident than the mean percentage
difference in CRL and was a high as -40.87% for trisomy 13. These findings show the same trend as the
reported birth weights in these conditions; infants with trisomy 18 are the most likely and those with
trisomy 21 the least likely to be small for GA.”® The EV in fetuses affected by trisomy 21, 13 and mono-
somy X was found to be in proportion to their CRL, as no significant difference from that expected was
found when EV was corrected for the observed CRL. However, disproportionate growth restriction
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was found in the fetuses with trisomy 18; when correcting for CRL, EV was significantly decreased by
17% on average. This disproportionality points at an asymmetric growth disturbance that affects the
internal organs more than the skeleton, with this being associated with more severe growth restric-
tion. To further examine the aspects of disproportionality, future research will be performed on the
head-to-body volume ratio in both euploid and aneuploid fetuses in order to evaluate the type of
growth restriction (symmetric or asymmetric).

Structural congenital abnormalities are frequently present in chromosomally abnormal fetuses.
As explained, we accounted for omphalocele and hydrops fetalis in the EV calculation. Holopros-
encephaly, associated with trisomy 13 and 18, might have a small influence on EV. However, holo-
prosencephaly can be accompanied by both microcephaly and hydrocephaly, each contributing to
EV in a different direction. Moreover, it is unlikely that a 30-40% smaller EV is caused by structural
abnormalities exclusively. Abnormal EV in aneuploid fetuses can be explained by an increased dura-
tion of the cell-cycle, due to checkpoint control genes, resulting in a significantly reduced numerical
cell count compared to euploid fetuses.”

At present, it is only possible to speculate regarding the clinical importance of first-trimester growth
restriction in aneuploid fetuses. It is as of yet unclear whether first-trimester growth restriction is help-
ful in identifying fetuses with chromosomal abnormalities during the first-trimester of pregnancy. It
may, however, be hypothesized that markedly growth restricted aneuploid fetuses are more prone to
intrauterine fetal death in the second and third trimester of pregnancy, and these pregnancies may
be identified earlier by measuring EV. This hypothesis should be subject of further research on EV and
pregnancy outcome.

Limitations of this study include the low number of cases for both trisomy 13 and monosomy X;
the groups with the lowest incidence of the aneuploidies investigated in this study. However, the
fact that we found a statistically significant difference in EV for trisomy 13 and an only marginally
non-significant difference for monosomy X (p=0.004 and p=0.055, respectively) suggests that there
is a strong relationship between aneuploidy and decreased EV. It seems likely that the analysis of
additional cases in these groups would confirm the relationship. Another limitation of our study is
that at this time the BARCO I-Space is too large (requiring a separate 40m?/400 sq. ft. room) and too
expensive for 3D VR to become a routine diagnostic procedure, which limits its use in routine practice.
However, a desktop version of this 3D VR system is currently being developed, which will make this
new and innovative technique more accessible to hospitals in the near future. A prototype is already
being evaluated at our outpatient clinic for use in both research and daily clinical practice.

In conclusion, evaluation of growth in the first-trimester is typically performed by measuring CRL
using two-dimensional ultrasound. CRL can only be used as a reliable indicator of growth restriction
in aneuploid fetuses in the first-trimester for pregnancies with trisomy 18. Using EV, growth restriction
is also evident in trisomy 21, trisomy 13 and monosomy X. This study shows that in aneuploid fetuses,

EV measurements can be used to diagnose abnormal first-trimester growth.
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Abstract

Objectives. Conjoined twins are rare. High-quality imaging techniques are essential for proper first-
trimester diagnosis. Technological development leads to new imaging techniques such as three-
dimensional (3D) virtual embryoscopy. The aim of this review was to explore imaging techniques
used in the first-trimester diagnosis of conjoined twins and provide a systematic diagnostic table for
making this diagnosis.

Design. A PubMed literature search was performed using the terms ultrasound, Doppler, MRI and
CT combined with first-trimester and conjoined twins. Three recent cases at our department are
reviewed and examined additionally using three-dimensional virtual embryoscopy.

Results. The different types of conjoined twins are summarized in a table for practical use during
ultrasound examination. In evaluating conjoined twins, two-dimensional ultrasound is the criterion
standard. Three-dimensional and Doppler ultrasound add anatomical and prognostic information.
Virtual embryoscopy imaging reveals additional findings in our three cases not seen with routine
two-dimensional ultrasound examination.

Conclusions. Each case of conjoined twins is unique and should be evaluated with the best possible
imaging techniques. Three-dimensional and Doppler ultrasound should be added to the systematic
diagnostic evaluation of conjoined twins. Virtual embryoscopy imaging may contribute to earlier,
more appropriate counseling and management of these pregnancies.
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Introduction

Conjoined twins are a rare phenomenon. These twins have fascinated people since old age; the oldest
known printed illustration of a pair of conjoined twins is in the 1499 book by Jacob Locher', Carmen
heroicum de partu monstrifero. The prevalence of conjoined twins in live births is estimated to be
around 1 in 250 000 There is an unexplained female predominance (3:1).*

Two hypotheses exist 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 than in monozygotic
twins.'” No matter what theory is correct, conjoined twinning is an infrequent and random event chal-
lenging 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 the use of sophisticated diagnostic imaging techniques.

Proper first-trimester diagnosis of conjoined twins is important for many different reasons: to avoid
false positive diagnosis' ™, detect related ultrasound abnormalities’, the possibility to offer early

termination with less maternal morbidity and psychological impact'"

, the possibility of selective fe-
ticide, and the reduction of coexisting conjoined twins in a triplet pregnancy'®”” or even a quadruplet
pregnancy”’, and to monitor the associated risks of a (conjoined) twin pregnancy.’

In this study we explore the first-trimester diagnosis and typing of conjoined twins. Imaging tech-
niques used in the diagnostic process are described. We provide a systematic diagnostic table that

might be helpful in the 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 in January 2013 for all available
articles written in English. The free-text search terms “ultrasound”, “Doppler’, “MRI’, and “CT" in com-
bination with “first-trimester”, and “conjoined twins" were used. Articles on parasitic conjoined twins

were excluded. References of all relevant articles were hand-searched for additional citations.

Diagnostic process of recent cases

In the past years, three cases of conjoined twins were diagnosed in the Erasmus MC University
Medical Center Rotterdam in which informed consent for research was given by the parents. All three
cases were initially examined using two-dimensional (2D) and three-dimensional (3D) ultrasound.
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For consecutive analysis using virtual embryoscopy (VE), the transvaginal 3D images made on the
GE Voluson 730 expert and E8 system (GE Medical Systems) were converted to cartesian volumes,
using specialized 3D software (4D View, GE Medical Systems), and were transferred to the BARCO
I-Space virtual reality system. 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 performed before termination of the pregnancy and evaluated by a different examiner who was
blinded to the results of the previous performed 2D/3D ultrasound.

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

Results

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 classification into eight types, advocated by Spencer. ** These eight types are
named cephalopagus, thoracopagus, omphalopagus, ischiopagus, parapagus, craniopagus, rachipa-
gus 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 summarized in Table 1.

(Supplemental material 1, http://links.lww.com/OBGYNSURV/A12)

The prognosis always depends on the specific type as described in Table 1. Surgical separation
is very likely to fail with the loss of both children when a single heart is seen during first-trimester

ultrasound.”

Clues to the diagnosis

Suspicion of conjoined twinning should be raised in a twin pregnancy with a single placenta, when
itis not possible to demonstrate a separating amniotic membrane or when there is only one yolk sac
present. Signs of possible conjoined twins are also the following: more than three vessels in the um-
bilical 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.””** 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 (GA), it becomes easier to differentiate between monoamniotic twins and conjoined twins.*
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Imaging techniques

Ultrasound

Ultrasonography is widely used in the obstetrical field and is the most important and primary imag-
ing technique in prenatal diagnosis of conjoined twins.” The first diagnosis of conjoined twins using
transabdominal 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.

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

The introduction of the transvaginal ultrasonography provided ultrasound images with high
resolution and therefore made it possible to visualize the early pregnancy.” This has led to advances
in first-trimester diagnosis of abnormalities in the fetal anatomy™®, like in evaluating the extent of
fusion in conjoined twins.”® The earliest reported diagnosis of conjoined twins was performed using

transvaginal ultrasound at seven weeks of gestation.”’

Three-dimensional ultrasound

Three-dimensional 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."”* 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, can be studied in detail better using 3D ultrasound.”* Three-
dimensional surface rendered images may also help the future parents to understand the complex

anomalies in their fetuses.*'***

Doppler ultrasound

Doppler ultrasound has expanded its application in obstetrics including in the evaluation of conjoined
twin pregnancies.'****° The prognosis of conjoined twins largely depends on the conjunction of the
cardiovascular system. Especially the differentiation between thoracopagus and omphalopagus,
to correctly classify and determine the prognosis, can be facilitated by Doppler ultrasound of the
heart.”***'*? Doppler ultrasound is an excellent tool in the evaluation of the vasculature of conjoined
vital organs, like the liver, to determine prognosis and separability.'**%*

Furthermore, Doppler ultrasound may reveal a characteristic ‘double layer”umbilical arterial velocity

waveform due to two separate arterial supplies in a single umbilical cord.”*** Such a distinctive Dop-
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pler ultrasound pattern can be used as an extra diagnostic sign in conjoined twins as is proposed by
Woo et al.™*

Computed tomography Scan

Only two publications, published in 1984 and 1990, respectively, were found on the use of computed
tomography for antenatal diagnosis of conjoined twins, both in the third trimester of pregnancy.”®”’
In case of conjoined twins, computed tomography can be used postpartum as a diagnostic tool to

evaluate separability.”

Magnetic resonance imaging
Fetal magnetic resonance imaging (MRI) has already proven to be complementary to conventional
obstetrical ultrasound. Especially in case of complex anatomical anomalies, an MRI may provide ad-
ditional information, like in evaluating conjoined twin pregnancies.”®

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.”

When conjoined twins are presented late in pregnancy, MRl 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 during all three trimesters.

Virtual Embryoscopy
Virtual embryoscopy is a new imaging technique that enhances the 3D US modality using all three
dimensions, in contrast to traditional 3D reconstructions viewed on a 2D screen. 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 in 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
enable a so-called VE. Stereoscopic imaging allows discerning of fine details and understanding of
complex relationships in the 3D volumes. 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.**”? Because of the improved depth perception and 3D interaction, the |-Space
enables better assessment of embryonic and fetal structures.

As seen in our cases below VE provides additional diagnostic information in evaluating complex

anatomical structures in conjoined twins.

Cases

Case 1
A 30-year-old gravida 4 para 2 was referred to the Erasmus MC University Medical Center Rotterdam
at 10+6 weeks' GA because of conjoined twins detected with routine ultrasound. Two-dimensional
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Figure 1: Case 1. Thoracopagus. A conventional 2D US image (A) clearly showing fusion of the thorax and abdo-
men. Because 1 heart was seen during 2D US, the diagnosis thoracopagus was made. A 3D US image (B) showing
fetuses “embracing” each other. I-Space rendering of the conjoined twins (C). 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 ar-
ticle, a photograph of an I-Space rendering is nothing more than a 2D picture, because depth cannot be put on
article or on a computer screen. This Figure therefore does not capture the full potential of the I-Space.) Ex vivo
photograph showing the union of both thorax and abdomen (D).

and 3D transabdominal and transvaginal ultrasound examination revealed a thoracopagus with fused
thorax and abdomen, sharing one heart and liver (Table 2; Figure 1A, B). The conjoined twins ap-
peared to have two separate heads, shoulder girdles, pelvises and four lower extremities. In both twins
fetal hydrops was noticed. Only three upper extremities could be visualized using 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 1145 weeks'GA using misoprostol.
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Table 2: 2D/3D ultrasound and VR findings in presented cases (bold: only seen with VE).

Case 1 2 3
Type Thoracopagus Cephalopagus Parapagus
GA 10w6d 13wid 11wéd
Ref. 2D/3D VE Ref. 2D/3D VE Ref. 2D/3D VE

Head 2 2 2 1 Fused Fused 2 2 2
Frontal - - No - - Yes - - Yes
bossing R>L
Face 2 2 2 1/2 ? 1 2 - 2
Vertebral 2 - 2,scolio- 2 - 2 2 2 2
column sis
Shoulders 4 4 4 4 4 2-4 3
Upperlimbs 4 3 4 4 4 2-3 2 2
Hands Ulnar

devia-

tion
Thorax Fused Fused, Fused, Fused Fused Fused Fused Fused Fused

hydro-thorax hydro-

thorax
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
Omphalo-cele - - No - - Yes Yes Yes Yes,

small

Stomach 2 - ? 1 - 1 1/2 1 ?
Liver Shared 1 ? 2 - ? Shared 1 ?
Pelvis 2 - 2 2 - 2 1 - 1
Lower limbs 4 4 4 4 4 4 2 2 2
General Hydrops Hydrops Hydrops  Hydrops
Chromo- 46, XX 46, XX 46, XY
somal
Viability Rare No Yes
Seperate- Not likely No Not likely

bility
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Intact conjoined twins were born and macroscopic examination confirmed the diagnosis thoracopa-
gus (Figure 1D). The parents refused autopsy.

Using the I-Space VE system, the thoracopagus with fetal hydrops was confirmed (Figure 1C). In ad-
dition four arms and four legs could be distinguished easily as well as severe scoliosis in both fetuses,
an abdominal wall defect and an abnormal ulnar deviation of one of the hands.

Case?2

A 28 year-old gravida 2 para 1 was referred to our center at 1341 weeks' GA because of conjoined twins
diagnosed with routine 2D ultrasound. Two-dimensional and 3D ultrasound examination revealed a
cephalopagus with fusion of the heads, both thorax, and part of the abdomens (Table 2; Figure 2A,B).
Two heartbeats, one stomach, four arms and four legs, and one shared umbilical cord were visualized.
The fetal karyogram showed a normal female genotype.

The parents were informed about the lethal prognosis and they decided to terminate the pregnancy
at 14 weeks' GA by induction. Intact conjoined twins were born, and the diagnosis of cephalopagus
was confirmed by macroscopic examination (Figure 2D). The parents did not give permission for an
autopsy.

A cephalopagus can either be symmetrical (two identical faces on opposite sides of the head) or
asymmetrical (one “normal”face and one reduced face). The back of the head however could not be
visualized with 2D and 3D ultrasound.

Intuitive orientation in the dataset with 3D VE allowed for detailed evaluation of anatomical
structures (Figure 1C). Three-dimensional VE visualized only one face and also four shoulders and an

omphalocele, making the definitive diagnosis of asymmetrical cephalopagus conjoined twins.

Case 3
A 22-years-old gravida 3 para 2 was presented at 11+6 weeks'GA to our department after detection of
conjoined twins during routine ultrasound. Conjoined twins with fetal hydrops were revealed with 2D
and 3D ultrasound (Figure 3A, B). Two separate heads and two separate spines were seen with fusion
at the level of the thorax and the abdomen, sharing one heart, liver and stomach. Two arms and two
legs could be visualized as well as a small omphalocele. The fetuses were diagnosed as a parapagus
dicephalus (Table 2). Karyotyping by chorionic villus sampling revealed a normal male genotype.

After counseling, the parents decided to terminate the pregnancy at 14+4 weeks' GA using miso-
prostol. 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 equally normal
sized brains present. The internal genitalia were male.

During 3D VE examination two faces were seen with marked frontal bossing. There were three
shoulders with two arms (Figure 3C, D).

125

Chapter



126

Chapter 5.1

Figure 2: Case 2. Cephalopagus. Two-dimensional US image (A) showing 2 vertebral columns and 1 single head.
Three-dimensional US image (B) showing the profile of the fused face. I-Space volume (C) clearly showing the
2 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. Ex
vivo photograph (D) showing the 4 upper extremities. The absence of a second face, already seen in VE, was
confirmed.

Discussion

Accurate prenatal imaging is crucial in diagnosing the rare cases of conjoined twins. Even though
with the 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 case with the best possible imaging techniques.

Ultrasound is the main imaging modality used in diagnosing conjoined twins and will remain so in

the foreseeable future, because of its favorable characteristics like accessibility and cost and the fact
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Figure 3: Case 3. Parapagus dicephalus. Two-dimensional US image (A) showing hydrops and 2 separate heads.
Three-dimensional US image (B) showing fusion of thorax and abdomen and a single umbilical cord. I-Space
volume (C) showing the fusion of thorax and abdomen. Virtual embryoscopy also showed the presence of only 1
pelvis. Furthermore, frontal bossing and a small omphalocele were visualized. I-Space volume showing hydrops
(D). Two vertebral columns are visualized. Ex vivo photograph (e) confirming that only 2 upper and 2 lower ex-
tremities were present.

that in many cases the diagnosis can be made using conventional ultrasound, especially when the
conjunction between the twins is obvious.

Three-dimensional ultrasound should always be included in the first-trimester evaluation of con-
joined twins. Three-dimensional ultrasound can easily be performed and does not consume much
extra time during the ultrasound examination. Because the spatial relationships in conjoined twins
are complex and understanding them is essential for a proper diagnosis, 3D ultrasound will be of
help in diagnosing these twins. Moreover, 3D ultrasound can provide extra anatomical information in
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several cases of conjoined twins, especially regarding facial features. The surface rendered images of
3D ultrasound as well facilitate counseling of the parents.

Although 2D and 3D ultrasound are sufficient in most cases of conjoined twins, they are not always
successful in providing all detailed information of the complex anatomy in conjoined twins. As these
details may modify the viability and separability in selected cases, other imaging techniques should
also be considered. Moreover, ensuring the lethal prognosis is essential for parents in deciding to ask
for a termination of pregnancy and facilitates the mourning process.

Doppler ultrasound imaging is important for the determination of viability and separability by
visualizing vascular communications and by determining the number of hearts. When the vascular
anatomy cannot be clearly visualized with ultrasound, the clinician should resort to Doppler ultra-
sound.

The lack of publications on MRIin first-trimester conjoined twin pregnancies may indicate that there
is no benefit of this imaging technique in these particular pregnancies. However, MRl has emerged
to be a complementary imaging technique in conjoined twins after the first-trimester. The superiority
of MRI'as compared to ultrasound in the second and third trimester might also apply to the first 12
weeks of pregnancy, especially since imaging techniques are in constant development. 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.
Furthermore, the VE technique can also be applied to MRI to provide even more information.

In the three cases of conjoined twins referred to our clinic, we demonstrated that 3D VE provides
additional and more precise anatomic information. A combination of 2D and 3D ultrasound examina-
tion and 3D VE improves the detailed morphological description and diagnosis.

We conclude that conventional 2D ultrasound in most cases is sufficient in the first-trimester
diagnosis of conjoined twins. The diagnostic process can be easily expanded with 3D and Doppler
ultrasound to gain extra and more precise information in an efficient way. Three-dimensional 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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Summary

The case presented here is, to the best of our knowledge, the earliest prenatal diagnosis of TAR
syndrome reported to date and illustrates that very early first-trimester detection of TAR syndrome is
feasible using 2D/3D ultrasound combined with virtual reality.



Thrombocytopenia-Absent Radius Syndrome

Introduction

Thrombocytopenia absent radius (TAR) syndrome is a rare condition characterized by hypomega-
karyocytic thrombocytopenia and bilateral absence of the radius with presence of both thumbs.
Thrombocytopenia is often symptomatic in the neonatal period and improves over time." A micro-
deletion of chromosome 1g21.1 is found in all investigated cases with TAR syndrome.” However,
the recessive inheritance pattern of TAR syndrome requires an additional causative allele that until
recently was unknown. A low-frequency SNP in the RBM8A gene is detected as the second causative
allele in the origination of TAR syndrome.’

TAR syndrome can be accompanied by lower limb anomalies, renal anomalies (25% of cases; e.q.
horseshoe kidney), cardiac anomalies (15%; e.g. septal defects), brain anomalies (less frequently re-
ported; e.g. cerebellar dysgenesis) and agenesis of uterus, cervix and part of the vagina. A dysmorphic
face is often described and individuals with TAR syndrome have a short stature.* Mental retardation is
reported in 7% of cases and is usually due to intracranial haemorhage.

Only a limited number of cases of prenatally detected TAR syndrome have been reported in the
literature. The first report demonstrating normal development of the radius and ulna in a pregnancy
at increased risk for TAR syndrome was presented in 1973 by Omenn et al. using fetal radiography at
a gestational age (GA) of 16 weeks, a normal fetus was correctly predicted.” The first prenatal ultraso-
nographic diagnosis of TAR syndrome was reported in 1981 by Luthy et al®

With careful examination of the long bones, TAR syndrome can be diagnosed in the first-trimester.
O'Rahilly and Gardner’ reported that the initial ossification of the radius starts at Carnegie stage 22 (GA
7+5 = 8+0). The earliest visualisation and measurement of the radius and ulna was reported in 1994
by Zorzoli et al.® at a GA of nine weeks (64-day GA). Only two reports on first-trimester diagnosis of
TAR syndrome were found in the literature.”'° The case presented here, to the best of our knowledge,
is the earliest prenatal diagnosis of TAR syndrome reported to date and illustrates that very early first-
trimester detection of TAR syndrome is feasible using two-dimensional/three-dimensional ultrasound

scanning (2D/3D US) combined with virtual reality.

Case

We examined a 35-year-old woman, gravida 3 para 2 at 6+5 weeks GA (regular menstrual cycle of 28
days). Her first child was affected with TAR syndrome. Blood analysis at the time revealed the 1g21.1
deletion to be present in both the mother and the child. During her second pregnancy, TAR syndrome
was ruled out at 10+6 weeks GA as normal upper extremities with bilateral radii were observed (Figure
1).

During the current pregnancy, she underwent 2D and 3D US weekly from six weeks GA. In addition,
3D datasets were evaluated off-line during the same week using the BARCO I-Space virtual reality
system (Barco, Kortrijk, Belgium), which creates holograms of the 3D datasets. The users experience a
true, binocular, depth perception and can intuitively interact with the volume using a joystick.
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Figure 1: During the second pregnancy of the patient, at 10+6 weeks gestational normal upper extremities with
presence of radii were visualized by (A) ultrasonography and (B) virtual reality. This excluded the diagnosis of
thrombocytopenia-absent radius syndrome in this pregnancy.

Figure 2: Patient with thrombocytopenia-absent radius syndrome showing (A) normal lower limbs and short
upper limbs are seen using the |-Space virtual reality system at a gestational age (GA) of 9+1 weeks, (B) abnormal
upper limbs with absent radius on two-dimensional and three-dimensional ultrasonography and using virtual
reality at 10+1 weeks GA, and (C) the presence of both thumbs and abnormal ears at 11+1 weeks GA.



Thrombocytopenia-Absent Radius Syndrome

Between six and nine weeks GA the arms could not be evaluated using transvaginal 2D and 3D
ultrasound because of the intermediate position of the uterus. At 9+1 weeks GA, during I-Space vir-
tual reality (VR) evaluation, the left upper arm seemed to be short and the elbow was lacking. Normal
lower extremities were observed. Because of low image quality, the radii could not be visualized
(Figure 2A). At 10+1 weeks GA, the extremities were clearly visualized with both 2D and 3D US and VR,
showing bilateral short upper and lower arms with absent radii (Figure 2B). Ultrasound examination
of the thumbs was inconclusive. At 11+1 weeks GA both hands with thumbs were visualized (Figure
20). All long bones, except for the femur, were shortened. Both elbows and wrists were fixed in flexion,
as were the knees. Other findings were retrognathia and an abnormal position of the ears. Nuchal
translucency was not increased. Fetal biometry, crown-rump length, and embryonic volume were
consistent with GA (Figure 3A and B).

At 12+5 weeks of gestational age, after counseling the patient and her husband, the pregnancy
was terminated. Unfortunately, because of poor quality of the pathological material no postmortem
diagnosis could be made.

Figure 3: Biometric parameters, (A) crown-rump length (CRL), and (B) embryonic volume (EV), were measured
using the I-Space virtual reality system from a gestational age of 6+5 to 11+5. The solid lines represent the
expected crown-rump length or embryonic volume. The normal 5" and 95™ percentiles are indicated by the
dotted lines.

Discussion

The prenatal diagnosis of TAR syndrome is usually confirmed by the absence of the radii on US. In
the present case the pregnancy was at an increased risk of 25% for TAR syndrome. The finding of
abnormal, short upper extremities during the ninth week of pregnancy was highly indicative of TAR
syndrome. Follow-up US showed the absence of radii and the presence of thumbs, establishing the
diagnosis.

To the best of our knowledge this is the earliest reported prenatal diagnosis of TAR syndrome.
A better impression of the developing extremities is established using the I-Space VR system, even
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when image quality is too low for conventional 2D and 3D ultrasound evaluation. Binocular depth
perception helped estimate the size and position of the upper extremities, which was not possible at
the 2D and 3D ultrasound examination in this case.

Although most infants with TAR syndrome now survive, one has to bear in mind that it is a very
serious functional handicap. After thorough counseling of parents about TAR syndrome, a substantial
part will decide to terminate the pregnancy. With an earlier diagnosis, using VR, there is no longer the
need to wait for and rely on chorionic villus sampling in the diagnosis of TAR syndrome. Second, an
early first-trimester diagnosis provides the possibility of an early, and therefore safer, termination of
pregnancy. Third, for those women who have a high recurrence risk re-assurance early in pregnancy is
important which can be provided using the combination of 2D/3D US and VR.

Conclusion

First-trimester diagnosis of TAR syndrome is possible using conventional 2D and 3D ultrasound. VR
techniques have the potential to facilitate and accelerate the diagnosis. VR may be used as a comple-
mentary tool in evaluating difficult congenital abnormalities, where depth perception improves
visualization, as is the case in TAR syndrome.
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Abstract

Objective. To demonstrate the feasibility and the importance of the in vivo diagnosis of the different
types of cranial neural tube defects (NTDs) in early first-trimester pregnancies using two- and three-
dimensional (2D/3D) ultrasound.

Methods. Three early first-trimester embryo’s with cranial NTDs were studied using transvaginal 2D
and 3D ultrasound and compared to normal embryos of comparable gestational age (GA). Embryos
were classified into one of the six types of cranial NTDs by two sonographers.

Results. The three cases showed an aberrant development of the cranial region in comparison to the
normal embryo’s. In two cases a defect was present from the mesencephalon through the rhomben-
cephalon (type IV). This type is lethal very early, usually before the ninth week of pregnancy. The third
case presented with an open neural tube over the parietal region of the head (type Il) and can survive
beyond 9 weeks GA.

Conclusion. Diagnosis of the different types of cranial NTDs is feasible using transvaginal ultrasound
examination in early pregnancy. Differentiating between the types of cranial NTDs is of high impor-
tance in starting to understand etiology, developing prevention and intervention strategies, planning
obstetrical management and initiating new research projects.



Early First-Trimester Cranial Neural Tube Defects

Introduction

Neural tube defects (NTDs) are one of the most commonly reported birth defects. Open NTDs,
including anencephaly and spina bifida, are the result of failure of primary neurulation, the folding
and fusion of the neural plate.' The variety of appearances of cranial NTDs at different gestational ages
(GA) is well explained by the acrania-exencephaly-anencephaly sequence hypothesis. ”* Exencephaly
has been diagnosed as early as 9 weeks using transvaginal ultrasound®®, however it is usually detected
around 11 weeks GA (Figure 1). Ultrasound characteristics of exencephaly are the ‘Mickey Mouse’ or
‘Bart Simpson’appearance and protuberant eyes that result in a‘frog-like’appearance, all when viewed
in a coronal plane.’

Figure 1: Sections through the heads of ‘typical’ exencephaly cases at CRL 22mm (A) and CRL 28 (B) visualized
using two-dimensional transvaginal ultrasound. The irregular contours of the brain are indicated by the arrows.
Reproduced with permission of John Willey and Sons.

The prevalence of NTDs is reported to be approximately 1:1000 births. The vast majority of mal-
formed embryo's however are lost in early pregnancy.” The estimated incidence of NTDs in early preg-
nancy is therefore ten times higher. As we are moving towards earlier diagnosis of fetal abnormalities,
including NTDs®, using high frequency transvaginal ultrasound, more abnormal pregnancies will be
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detected which will spontaneously miscarry shortly after detection. The question arises whether
these early non-viable NTDs can be detected by ultrasound and how these pregnancies present.

Previously, it was believed that the process of neural tube closure, primary neurulation, occurred in
a 'zipper-like'fashion, starting at one point and proceeding in both cranial and caudal direction. From
animal models a more complex model of neural tube closure was proposed. At least four different
closure initiation sites have been described.*"" The closure of the neural tube is therefore a discontinu-
ous process. In the literature there is general agreement that closure of the human neural tube also
follows a multi-closure pattern. The different patterns in NTDs seen in second and/or third trimester
anencephalic fetuses and neonates are better explained by a multi-closure model, however there is
still a debate about the number and exact position of these closure sites.® ¢

Data on neural tube closure in early human embryos is limited to two studies." "> O'Rahilly et al.
studied neural tube closure in histologically sectioned embryos, whereas Nakatsu et al. studied mis-
carried embryo’s with and without cranial NTDs from the Kyoto Collection of Human Embryo's using
a dissection microscope. According to Nakatsu et al. there are three closure initiation sites; one low
at the future cervical region (closure 1), an intermediate closure site (closure 2) at the mesencephalic-
rhombencephalic boundary and one high at the rostral end of the neural groove (closure 3).” The

Figure 2: Different types of cranial neural tube defects (NTD) in human embryo’s as reported by Nakatsu et al.
In the upper row of the figure are representative cases of each type of cranial NTD. The arrowheads indicate the
location of the defect. In the schematic pictures below the shaded area’s indicate the location of the detected.
The open triangles indicate the initiation site of neural tube (NT) closure. The dotted triangle indicate the ante-
rior and posterior neuropores. Type | The NT is open at the frontal part of the head, type [l The NT is open at the
parietal region of the head, type Ill the NT is open over the fourth ventricle, type IV the NT is open over the mes-
encephalon through the rhombencephalon, type V the NT is open from the frontal part of the head through the
cervical region, type VI total dysraphism. Reproduced with permission of John Wiley and Sons.
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presence of closure site 2 could not be demonstrated by O'Rahilly et al.'? The pictorial essay of em-
bryos with cranial NTDs from the Kyoto collection provides a guide to what might possibly be seen
during early pregnancy using transvaginal ultrasound.

Six different types of cranial NTDs, based on the location of the closure defect (Figure 2), are
described by Nakatsu et al.”” The survival turned out to be significantly decreased if the rhomben-
cephalon or fourth ventricle were involved in the defect (types Ill, IV and V) with two-third of cases
not surviving beyond 7 weeks GA. Total dysraphism (type VI) was not compatible with life at an even
earlier stage. These types will therefore not be detected during the 11-13 week scan. On the other
hand, 70 percent of the embryos with a rostral defect of the cranial NTD (prosencephalon and/or
mesencephalon, types I and Il) did survive beyond 7 weeks GA. One may hypothesize that these types
present as exencephaly during the first-trimester scan.

The aim of this pictorial essay is to demonstrate that the in vivo diagnosis of the different types
of cranial NTD is feasible using two- and three-dimensional ultrasound. Our secondary aim is to
emphasize the importance of distinguishing the classic exencephaly type from these “new” types of
early cranial NTDs.

Methods

Cases for this study were derived from a prospective periconception cohort study from 2009 to 2012
at the department of Obstetrics and Gynaecology at the Erasmus MC, University Medical Center
Rotterdam, the Netherlands. The participating women received weekly three-dimensional (3D)
ultrasound scans from six to twelve weeks GA. First-trimester transvaginal ultrasound scans were per-
formed using a 9-12 MHz transvaginal probe of the GE Voluson E8 Expert system (GE Medical Systems,
Zipf, Austria). During first-trimester ultrasound scans 3D datasets were obtained and stored offline.

In ongoing pregnancies in this cohort no cases with cranial neural tube defects were reported. We
retrospectively evaluated all pregnancies between 2009 and 2012 that resulted in a first-trimester
miscarriage and where fetal heart action was seen at 6 or 7 weeks GA (n=60). These cases were
reevaluated for the presence of cranial NTDs. Cases < 8 weeks GA with no fetal heart action present
too dysmorphic and evaluation of cranial morphology was therefore not possible. A total of 148 3D
ultrasound datasets were available of which 82 (55.4%) were of reasonable to good quality to be
evaluated for the presence of cranial NTDs. Two embryo’s with cranial NTDs were identified from this
cohort. An additional case of the Princess Grace Hospital in Monaco was included, resulting in a total
of three cases with early first-trimester cranial NTDs. All 3D datasets for each subject were examined
and optimal images were selected for further analysis.

3D datasets of embryos diagnosed with cranial neural tube defects were re-evaluated to examine
whether the defect could be classified as one of the six types reported by Nakatsu et al. (Figure 2).
Two different sonographers agreed on the classification of the embryos. Two-dimensional (2D) and
3D ultrasound images of embryos with NTDs were compared to 2D and 3D ultrasound images of
normally developing embryos of similar gestational age.
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Results

In three cases a specific type of cranial NTD was assigned. Maternal characteristics are presented in
Table 1A. One of the women had a previous pregnancy with a cranial NTD. During this pregnancy she
did not use folic acid supplements. The defect was at the parietal region and extended to the frontal
area. Due to the very early gestational age at diagnosis, and miscarriage a few days later, this cranial
NTD could not be classified into one of the six types. Characteristics of the cases presented in this
study are shown in Table 1B.

Figure 3 shows 2D and corresponding 3D ultrasound images of normally developing embryo’s with
CRLs of 16 and 20 mm. Figures 4 - 6 show 2D and 3D images of embryo’s with cranial NTDs. 3D surface
rendering allowed for evaluation of the abnormalities in the contour of the embryo and establishment
of the diagnosis of the specific type of cranial NTD. In cases one and two (Figure 4 and 5) a cranial
defect was detected from the mesencephalon through the rhombencephalon corresponding to a
type IV cranial NTD. In case three (Figure 6) the neural tube did not close at the parietal region of the
head leading to a type Il cranial NTD. (See Figure 2 for illustrations of different types of cranial NTDs.)

Table 1: Characteristics of the presented cases: maternal characteristics (A) and case characteristics (B).
A

Case Age Conception G-P-A Folicaciduse Smoking Previous pregnancy with NTD

4 43 Spontaneous G5P2A2 Yes Yes Yes

5 37 Spontaneous G2POA1 Yes Yes No

6 35 Spontaneous G3P1A1 Yes No No

B

Case CRL GA-CRL GA-LMP GA Ultrasound findings Cranial
(mm) (wk+d) (wk+d) miscarriage NTD type

4 23 9+0 9+2 9+5 (TOP) Cranial defect from the mesencephalon \%

through the rhombencephalon

5 13 7+5 8+1 9+1 Cranial defect from the mesencephalon \%
through the rhombencephalon

6 14 7+5 9+5 9+5 Cranial defect at the parietal region of the head I

Case numbers correspond to the figures.

CRL = crown-rump length

GA-CRL = gestational age for crown-rump length

GA-LMP = gestational age according to last menstrual period

GA miscarriage = gestational age according to last menstrual period at which negative heart action was diag-
nosed

TOP = termination of pregnancy

Cranial NTD type = cranial neural tube defect according to the types defined by Nakatsu et al.
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Figure 3: Two-dimensional (A) and corresponding three-dimensional (B) image of a normally developing em-
bryo at 7+6 weeks GA (CRL 16mm). Two-dimensional (C) and corresponding three-dimensional (D) image of a
normally developing embryo at 9+3 weeks GA (CRL 20 mm).

Discussion

Malformations of the brain such as holoprosencephaly and exenencephaly are one of the first malfor-
mations that can be diagnosed using ultrasound.® Cranial NTDs can be detected in the first-trimester
of pregnancy. In this study it was shown that some of the different types of cranial NTD, as reported by
Nakatsu et al, can be distinguished and detected in vivo using high frequency 2D and 3D transvaginal
ultrasound during the early first-trimester.

NTDs in general are known as a multifactorial disorder caused by a complex interaction of genetic
and environmental factors. An important an well studied factor in the etiology of NTDs is DNA meth-
ylation and the subsequent preventive actions of folic acid in reducing aberrant DNA methylation via
the one-carbon metabolism pathway.'® " However, as about 30-50% of all NTDs are not prevented
by folic acid treatment other mechanisms must be involved."” In trying to understand these clinical
relevant mechanisms extensive research is being performed on this topic." %

The first step in understanding etiology of congenital malformations such as cranial NTDs is being
aware of the existence and subsequently the recognition of these malformations. Survival of exen-
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Figure 4: Case 1. Transvaginal two-dimensional (A) and three-dimensional (B,C) ultrasound images of an embryo
with a cranial neural tube defect type IV (CRL 23 mm). Note the abnormal contour of the head. A neural tube
defect is present from the mesencephalon through the rhombencephalon.

cephaly cases can be beyond the first-trimester or even up to term, in contrast the cranial NTDs in
this study that do not age beyond ten weeks gestation'®, indicating the severity of these cranial NTDs.
As a consequence the opportunity to detect these cranial NTDs is limited to a short time frame. With
ongoing development and innovation of our imaging technology detection rates of these subtle
findings will improve. However diagnosis of total dysraphism (type VI) that does not survive beyond
7 weeks GA will remain a challenge as we were not able to assess images before 8 weeks GA. The
fact that more ultrasound scans are being performed in early pregnancy will also contribute to this
supposed increased detection.

We are aware that recognition of these early abnormal developing embryo’s requires high end
ultrasound equipment and highly experienced sonographers. This in combination with the low inci-
dence of these defects means that many years of research are needed before questions concerning
etiology and pathology can be answered. Collaboration of medical centers however will facilitate the

research on cranial NTDs. Increasing awareness on the existence of different types of cranial NTDs is an
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Figure 5: Case 2.Transvaginal two-dimensional (A) and three-dimensional (B) ultrasound images of an embryo
with a cranial neural tube defect type IV (CRL 13 mm). In (C) the same embryo is presented at CRL 17. A neural
tube defect is present from the mesencephalon through the rhombencephalon.

Figure 6: Case 3. Transvaginal two-dimensional (A) and three-dimensional (B) ultrasound images of an embryo
with a cranial neural tube defect type Il (CRL 14 mm). A neural tube defect is visible at the partietal region of the
head.
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important base to start unraveling the underlying process of the development of NTDs. Documenta-
tion of the different types of cranial NTDs is essential in studying etiology, especially as these cases
miscarry early in pregnancy and would thus otherwise be missed. With good documentation the dif-
ferent types of cranial NTDs might be linked to different genetic pathways or environmental factors.”

The existence of different types of cranial NTDs is a rather recent insight and the implications this has
for obstetrical management are largely unknown. Understanding the cause of these malformations
might contribute to the detection of high risk pregnancies and development of new intervention and
prevention strategies. The in vivo detection of these cranial NTDs gives rise to the question whether
these women are at an increased risk of recurrence of NTDs. If so, in a subsequent pregnancy, extra
folic acid supplementation and additional ultrasound scans are recommended.

In conclusion, the different types of cranial NTDs can be diagnosed using transvaginal ultrasound
examination in early pregnancy. Detection of these cranial NTDs is of particular importance in start-
ing to understand etiology, developing prevention and intervention strategies, planning obstetrical
management and initiating new research projects.
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General Discussion

In this thesis the use of an innovative visualization technique, virtual reality (VR), is explored in the field
of early prenatal diagnosis of abnormal embryonic development. The I-Space VR system is unique
in its ability to allow optimal depth perception by immersing viewers in a virtual environment. In
previous studies the reproducibility of I-Space measurements has already been established."” How-
ever, the possibilities for analysis of first-trimester growth and development are numerous and new
applications for the VR approach have been explored and developed. Before the introduction of new
applications it has to be proven that these applications are performing at least as good as the gold
standard.

The Erasmus MC is, as far as we know, the only center in the world that uses a CAVE-like VR system
for early pregnancy evaluation. The development of a desktop VR system was an important step to
make this promising technique more accessible. Its lower costs and limited desk space provide the
opportunity to integrate a desktop VR system in daily clinical practice. In chapter 2.1 it is demon-
strated that such a desktop system can be put together with commercially available components at
a fraction of the costs of the I-Space. Secondly, the accuracy of measurements on the desktop system
was compared to the fully-immersive I-Space. The reproducibility was successfully established; length
and volume measurements are at least as reliable as those performed in the I-Space. A desktop VR
system in the consulting room will aid the obstetrician in the diagnostic process and counseling of the
patient. In addition, the development of VR desktop systems provides opportunities for international
research collaborations using VR. Following the introduction of the desktop VR system we foresee
implementation of VR as an option in ultrasound machines in the near future.

As a second new application, the use of VR in detection of structural congenital abnormalities in
early pregnancies was investigated. As VR provides powerful visualizations of early pregnancy, it is
tempting to start using itimmediately in the diagnosis of structural congenital abnormalities. Although
new techniques have been introduced in this way without formal evaluation, e.g. three-dimensional
ultrasound, we aim to provide evidence for a similar decision on VR by comparing it to the gold
standard (chapter 2.2). In this case the gold standard is conventional two- and three-dimensional
ultrasound. Detection rates for first-trimester structural congenital abnormalities proved to be at least
as good using VR. In specific cases the spatial presentation of VR was able to provide extra diagnostic
information. Depth perception appears especially useful in diagnosing malformations at the exterior
of embryo. This is also supported by the case reports that are presented in chapter 5. On the other
hand, some congenital abnormalities are still better diagnosed using conventional ultrasound, i.e.
holoprosecephaly. Therefore, before VR can be implemented in the diagnostic process of congenital
abnormalities a structured, research based list of abnormalities in which VR can be of diagnostic help
should be available. Until then VR might be used as an additional diagnostic tool next to conventional
ultrasound.

An important part of the V-Scope software used in the I-Space is its region-growing segmenta-
tion algorithm that semi-automatically calculates volumes of structures of interest.”? Since impaired
embryonic growth is associated with adverse pregnancy outcomes and health in later life there is an
increasing interest in more precise tools to quantify embryonic development. A better assessment
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of embryonic growth was suggested by others by measuring embryonic volume (EV) rather than
crown-rump length (CRL).*® In these studies embryonic volumes were estimated by delineating the
contours of the embryo manually in several different planes, which is subject to individual variation.
The semi-automatical approach of the I-Space and its true depth perception allow for more objective
volume measurements and prevent incomplete segmentations. Normative growth charts of EV, both
in relation to gestational age and to CRL, have been established by us using the I-Space VR system
These charts were used as a reference throughout this thesis (chapter 3).

In this thesis it is shown that EV measurements enable to differentiate between normal and ab-
normal human development in the first-trimester of pregnancy. Whereas the CRL is not significantly
smaller than expected in most aneuploid pregnancies (i.e. trisomy 21, trisomy 13, and monosomy X),
EV on the other hand on average is significantly smaller than expected in all these cases (chapter
4.1). A similar association was found in embryos and fetuses that were diagnosed with a structural
congenital abnormality (chapter 3.1). EV has therefore proven to be more precise in quantifying
impaired growth than CRL. EV measurements may therefore be implemented in routine clinical
practice in the near future. However, our results were obtained by comparing our cases to previously
established references curves. In order to analyze the actual predictive value of EV measurements,
data should be obtained from large cohort studies. Prediction models, that include the most sensi-
tive ultrasound characteristics, i.e. EV instead of CRL, and other non-ultrasound characteristics like
maternal age, can be established from these larger studies. As miscarriage and the diagnosis of a
chromosomal or structural abnormality are considered a life-event, more accurate prediction models
based on large cohort studies are warranted.

EV also proved to be smaller than expected in pregnancies that will subsequently end in a miscar-
riage. However, in these cases EV did not improve the analysis of miscarriages as compared to CRL
(chapter 3.2). Differences in growth pattern therefore seem to be present between miscarriage cases
and cases with structural or chromosomal abnormalities. The results of our studies suggest that dif-
ferent subgroups of miscarriage cases exist; cases with and cases without marked growth restriction.
Further research should look into if and how these different groups can be defined.

When using the |-Space VR system numerous non-standard measurements can be performed due
to its wide range of tools, i.e. the tracing function and the algorithm for semi-automatical volume
measurements. Most of these measurements are not performed during routine ultrasound scans be-
cause the structures of interest are too difficult to evaluate using two-dimensional media. Previously
an in vivo study of the growth of the umbilical cord and the vitelline duct, facilitated by the I-Space,
has been described.” In this thesis we elaborate on the possibilities of non-standard biometric mea-
surements and their use in the early recognition of abnormal growth and development (chapter 4).

Measurements of the hand are rarely performed during first-trimester ultrasound scans, even
though it is well known that abnormalities of the hand are associated with several (genetic) syn-
dromes. In chapter 4.2 in vivo growth charts of first-trimester hand are established, facilitated by the
I-Space VR system. Its tracing function made it possible to easily measure the hand length regardless
of the position of the hand and fingers. In this study it was found that hand abnormalities in aneuploid
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pregnancies, well known in the second and third trimester of pregnancy, are already present in the
first-trimester. Future studies should examine the discriminating ability of these new measurements
in high-risk pregnancies. The etiology of different hand growth patterns in aneuploid pregnancies is
unclear. When combining the results of chapter 4.1 and chapter 4.2 however, it can be seen that
in general those pregnancies with chromosomal abnormalities that have a smaller EV than expected
also show abnormal hand growth, e.g. broader hands in trisomy 21 (Figure 1).

Screening for structural and chromosomal abnormalities is an essential part of prenatal care.”® In
the past decade second- and third-trimester prenatal diagnosis has shifted towards first-trimester
analysis of pregnancy. Due to improvements in imaging techniques, a significant proportion of struc-
tural congenital abnormalities can nowadays be detected in the first-trimester of pregnancy.”"” The
third dimension offered by virtual reality systems proved to be useful in the detection of congenital
abnormalities. This thesis describes how the depth perception and three-dimensional interaction of-
fered by VR can be of great help in analyzing complex anatomical structures in case of conjoined twins
(chapter 5.1) and in diagnosing the thrombocytopenia absent radius (TAR) syndrome (chapter 5.2).
The use of three-dimensional ultrasound makes it possible to identify different types of cranial neural
tube defects in vivo (chapter 5.3).

Most studies report on first-trimester screening for abnormalities between 11 and 14 weeks gesta-
tional age (GA). A distinction should be made between diagnosis of congenital abnormalities during
this screening period (11-14 weeks GA) and the earlier diagnosis during the embryonic period. Logi-
cally, the size of the embryo partly determines whether structural congenital abnormalities can be
detected. Despite the small size during the embryonic period, the diagnosis of specific abnormalities

is frequently possible during this period as described in this thesis (chapter 5) and in the literature.'*'

Figure 1: Z-score of embryonic volume (EV) versus z-score of hand width in trisomy 21 pregnancies.
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In cases were the small embryonic size does limit the diagnosis, growth restriction i.e. a decreased EV,
which is already present in the embryonic period, may be used as a marker for a congenital abnor-
mality (chapter 3.2). One should be aware that pregnancy outcome cannot be changed by earlier
diagnosis of a congenital abnormality in the majority of cases. However, it will improve obstetrical
management, e.g. the number of follow-up scans.

In conclusion, we can state that embryonic growth and development are highly associated with of
pregnancy outcome. VR offers an impressive opportunity in analyzing early pregnancy in all its dimen-
sions. The new applications of this VR approach and the new biometric and volume measurements
will enable earlier and more accurate diagnosis of abnormal fetal growth and development. In order
to improve perinatal outcome the focus of both research and clinical care should be on embryonic
health. A better understanding of embryonic health will open the door to the field of embryonic

medicine.
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Summary / Samenvatting

Summary

Research of the past years indicates that the periconception period, the period including gameto-
genesis and embryogenesis, determines growth and development of the embryo and subsequent
pregnancy outcome. Prenatal care starts to focus more on the first-trimester of pregnancy, where
growth and development rates are the highest. The main aim of this thesis is to describe normal and
abnormal development of embryonic and early fetal life using the innovative I-Space virtual reality
(VR) system.

Chapter 1 is an introduction to the research performed in this thesis. Chapter 1.1 compromises
the general introduction of the research subject and provides the aims and the outline of this thesis.
Chapter 1.2 describes the technical details and the applications of the I-Space VR system in the early
pregnancy.

In chapter 2 new applications of the I-Space VR system are described. In chapter 2.1 the design
and validation of a desktop VR system is described. The desktop VR system is a new application that
runs the same software, the V-Scope software, as the fully immersive I-Space. The development of a
desktop system, due to its smaller size and its lower costs, is an important step towards the availability
of VR in clinical practice. This study also demonstrates that length and volume measurements can be
performed at least as reliable on the desktop system as in the I-Space. Future research can therefore
as well be performed using the desktop VR system.

In chapter 2.2 the |-Space VR technique is evaluated for the use of first-trimester diagnosis of struc-
tural congenital abnormalities. Detection rates of congenital abnormalities were compared between
the I-Space and conventional two- and three-dimensional ultrasound. Five blinded observers scored
abnormalities in 40 cases, once using the |-Space and once by means of conventional ultrasound.
Furthermore, evaluation time was recorded and a questionnaire was filled out by the observers. The
overall detection rates for both the I-Space and conventional ultrasound were comparable. However,
abnormalities of skeleton and limbs were more often detected using the I-Space, whereas the detec-
tion rate for holoprosencephaly was higher using conventional ultrasound. The evaluation time was
about two minutes longer for the |-Space. The reviewers reported a more clear presentation of the
ultrasound images when VR is used as compared to conventional ultrasound. The results of this study
show an additional value of VR in specific cases.

Chapter 3 describes the use of embryonic volume measurements in the quantification of growth
restriction in embryo’s and fetuses with structural congenital abnormalities (chapter 3.1), and in
pregnancies that will subsequently end in a miscarriage (chapter 3.2). Embryonic volume (EV) mea-
surements proved to be more informative than standard crown-rump length (CRL) measurements in
the analysis of growth restriction in pregnancies diagnosed with first-trimester structural congenital
abnormalities (chapter 3.1). EV measurements can therefore be used to diagnose abnormal first-
trimester growth earlier and more accurately. In chapter 3.2 we analyzed the use of EV measure-
ments in pregnancies that will subsequently end in a miscarriage. In these cases EV does not improve
the assessment of growth restriction when compared to CRL measurements. A different growth
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pattern therefore seems to exist between miscarriage cases and pregnancies that are diagnosed with
(chromosomal)congenital abnormalities.

In chapter 4 both non-standard in vivo biometric measurements and volume measurements in
first-trimester aneuploid pregnancies are described. Chapter 4.1 provides unique normative data, re-
lated to gestational age and crown-rump length, on first-trimester hand growth. Different parameters
of hand growth are measured; wrist width, hand width, and hand length. The depth perception of
the |-Space enabled us to measure these structures. The newly developed growth charts were used
to analyze hand growth in aneuploid pregnancies. It was shown that hand growth is significantly
different in trisomy 21 (Down syndrome) and trisomy 18 (Edwards syndrome) already in the first-
trimester of pregnancy. In chapter 4.2 it was demonstrated that also in case of aneuploid pregnan-
cies EV measurements is a better indicator of growth restriction when compared to conventional CRL
measurements. Only in cases with trisomy 18 a smaller than expected CRL was seen, whereas EV was
significantly smaller in trisomy 21, trisomy 18, and trisomy 13.

In chapter 5 the use of VR in the diagnosis of first-trimester structural congenital abnormalities is
evaluated. Chapter 5.1 describes the applicability of VR in the diagnosis of conjoined twins. In this
review all imaging techniques used in the diagnosis of conjoined twins are evaluated. The review is
illustrated by three cases of conjoined twins that were diagnosed using two- and three-dimensional
ultrasound and that were additionally evaluated using VR. As VR provided extra diagnostic clues to
all three cases, VR can contribute to earlier and more appropriate diagnosis of these rare cases. In
chapter 5.2 VR facilitated the earliest diagnosis of thrombocytopenia-absent radius (TAR) syndrome
reported in the literature. We believe that the application of VR can be useful in evaluating complex
anatomical relationships requiring depth perception.

In chapter 5.3 it was demonstrated that different types of cranial neural tube defects can be
distinguished in vivo using three-dimensional ultrasound. The third dimension aided in relating our
cases to previously published ex vivo documentation on cranial neural tube defects. Different types
of cranial neural tube defects differ in their prognosis. Discerning the different types is of particular
importance in understanding etiology and developing prevention strategies.

In chapter 6, the general discussion, the results of all studies presented in this thesis are discussed
and put in a broader perspective. The I-Space VR technique provides true depth perception and al-
lows for intuitive visualization of the early pregnancy in detail. Structures that cannot be analyzed or
measured in two-dimensions were studied in this thesis using VR. In conclusion we can say that first-
trimester growth is associated with pregnancy outcome. The new applications of this VR technique
and the new biometric and volume measurements enable earlier and more accurate diagnosis of
abnormal embryonic growth and development. Since developmental problems early in pregnancy
have major implications for pregnancy outcome, the embryonic period should be monitored very
precisely. Diagnosis of congenital malformations or the detections of markers that indicate abnormal
embryonic development may lead to a better understanding of embryonic health and adjustments
in obstetrical management.



Summary / Samenvatting

Samenvatting

Uit wetenschappelijk onderzoek van de afgelopen jaren is gebleken dat de periconceptieperiode, de
periode van gametogenese tot en met de embryogenese, bepalend is voor de ontwikkeling van het
embryo en voor een deel ook voor de uiteindelijke zwangerschapsuitkomst. De prenatale genees-
kunde concentreert zich daarom steeds meer op het eerste trimester van de zwangerschap waarin
de groei en ontwikkeling uitermate snel en complex verlopen. Dit proefschrift heeft als doel om de
normale en abnormale embryonale en vroeg foetale ontwikkeling te beschrijven zoals onderzocht
met behulp van een innovatief 'virtual reality’ (VR) systeem.

Hoofdstuk 1 is een introductie waarin het onderzoek dat is uitgevoerd in dit proefschrift wordt
beschreven. Hoofdstuk 1.1 betreft de algemene introductie van het proefschrift en geeft inzicht in
de indeling en de doelstellingen van het proefschrift. Hoofdstuk 1.2 beschrijft de technische details
van het I-Space VR systeem.

In hoofdstuk 2 worden de nieuwe applicaties van de I-Space besproken. In hoofdstuk 2.1 wordt
beschreven hoe de zogenaamde desktop versie van de I-Space is ontwikkeld en gevalideerd. Het
desktop VR systeem is een nieuwe applicatie welke dezelfde software, namelijk V-Scope, gebruikt
als de I-Space. De ontwikkeling van een desktop systeem is, vanwege de kleinere afmetingen en de
lagere aanschafkosten, een belangrijke stap voorwaarts in het beschikbaar maken van de VR techniek
voor klinische toepassing. Deze studie toont ook aan dat lengte- en volumemetingen even betrouw-
baar kunnen worden uitgevoerd met behulp van de desktop als in de I-Space. Toekomstig onderzoek
kan daarom ook uitgevoerd worden met behulp van het desktop VR systeem.

In hoofdstuk 2.2 is de |-Space VR techniek geévalueerd voor het diagnosticeren van eerste tri-
mester structurele aangeboren afwijkingen. De percentages van gedetecteerde afwijkingen werden
vergeleken tussen de I-Space en conventionele twee- en driedimensionale (2D/3D) echografie. Vijf
geblindeerde onderzoekers beoordelen 40 casussen op de aanwezigheid van aangeboren afwijkin-
gen, zowel in de I-Space als met behulp van conventionele echografie. Ook werd de evaluatietijd per
casus bijgehouden en vulden de vijf onderzoekers een vragenlijst in. De detectiepercentages voor de
I-Space en conventionele echografie waren vergelijkbaar.

Afwijkingen aan het skelet en/of ledematen daarentegen werden vaker correct gediagnosticeerd
met behulp van de I-Space, terwijl holoprosencephalie vaker werd gedetecteerd met behulp van
conventionele echografie. The evaluatietijd was ongeveer twee minuten langer voor de |-Space. The
onderzoekers rapporteerden een meer duidelijke presentatie van de echobeelden in de |-Space in
vergelijking tot conventionele presentatie in 2D media. De resultaten van deze studie laten zien dat
er een toegevoegde waarde is van de I-Space in specifieke gevallen.

In hoofdstuk 3 wordt het gebruik van embryonale volume (EV) metingen beschreven voor het
kwantificeren van groeiachterstand in embryo’s en foetussen met structurele congenitale afwijkingen
(hoofdstuk 3.1) en in zwangerschappen die uiteindelijk zullen eindigen in een miskraam (hoofd-
stuk 3.2). EV metingen blijken informatiever te zijn dan het meten van de kop-stuit lengte (CRL) in
de analyse van groeiachterstand in het geval van eerste trimester structurele congenitale afwijkingen
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(hoofdstuk 3.2). EV metingen kunnen daarom gebruikt worden ten behoeve van het vroeger en
nauwkeuriger diagnosticeren van abnormale eerste trimester groei. In hoofdstuk 3.2 werd de
waarde van EV metingen geanalyseerd in zwangerschappen die uiteindelijk eindigden in een mis-
kraam. In vergelijking tot het meten van de standaard CRL had het meten van EV in deze categorie
abnormale ontwikkeling geen toegevoegde waarde. Er lijkt derhalve een verschil in groeipatroon te
bestaan tussen miskraam zwangerschappen en zwangerschappen met een aangeboren afwijking.

Hoofdstuk 4 beschrijft zowel niet-standaard biometrische in vivo metingen als volume metingen
in eerste trimester aneuploide zwangerschappen. In hoofdstuk 4.1 zijn unieke eerste trimester
groeicurves, gerelateerd aan zowel de zwangerschapsduur als aan de CRL, voor de ontwikkeling van
de hand opgesteld. Verschillende parameters die de groei van de hand reflecteren zijn gemeten: de
breedte van de pols, de breedte van de hand en de lengte van de hand. De diepte perceptie in
de I-Space maakte het mogelijk om deze structuren te meten. De nieuw ontwikkelde groeicurves
werden gebruikt om de groei van de hand in aneuploide zwangerschappen te analyseren. Er werd
aangetoond dat de groei van de hand al in het eerste trimester van de zwangerschap significant
anders is in casussen met trisomie 21 (syndroom van Down) en trisomie 18 (syndroom van Edwards).
In hoofdstuk 4.2 wordt aangetoond dat ook in het geval van aneuploide zwangerschappen het EV
een betere indicator van groeirestrictie is ten opzichte van de conventionele CRL meting. Alleen in
casussen met trisomie 18 wordt een kleinere CRL dan verwacht gezien, terwijl in trisomie 21, trisomie
18 en in trisomie 13 het EV significant kleiner is dan op basis van de zwangerschapsduur zou worden
verwacht.

In hoofdstuk 5 word het gebruik van VR in het diagnosticeren van eerste trimester structurele
congenitale afwijkingen geévalueerd. In hoofdstuk 5.1 wordt VR toegepast in het diagnosticeren
van Siamese tweelingen. In deze review worden alle afbeeldingstechnieken die gebruikt worden in
de diagnostiek van Siamese tweelingen besproken. De review word geillustreerd aan de hand van
een drietal casus die werden gediagnosticeerd met 2D en 3D echografie en aanvullend onderzoek
met VR. Aangezien VR in alle drie de casussen een bijdrage leverde aan de diagnose, kan VR bijdragen
aan een eerdere en accurate diagnose van deze zeldzame gevallen.

In hoofdstuk 5.2 wordt gerapporteerd over de vroegst beschreven diagnose van het ‘trombocyt-
openie met afwezige radius’ (TAR) syndroom welke gefaciliteerd werd door VR. Wij zijn van mening dat
VR een essentiéle bijdrage kan leveren bij de evaluatie van complexe anatomische structuren

In hoofdstuk 5.3 werd gedemonstreerd dat het mogelijk is om verschillende typen craniale
neuraalbuisdefecten te diagnosticeren in-vivo met behulp van driedimensionale echografie. De
derde dimensie hielp in het relateren van de casussen aan eerder gepubliceerde ex vivo documen-
tatie over craniale neuraalbuisdefecten. De diverse typen craniale neuraalbuisdefecten verschillen in
hun prognose. Het onderscheiden van de verschillende typen is van bijzonder belang in het leren
begrijpen van de etiologie en het ontwikkelen van preventie strategieén.

In hoofdstuk 6, de discussie, worden de resultaten van alle studies bediscussieerd en in een breder
perspectief geplaatst. De I-Space VR techniek zorgt voor werkelijke diepteperceptie en biedt de moge-

lijkheid om de vroege zwangerschap op een intuitieve manier in detail te bestuderen. Structuren die
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niet geanalyseerd of gemeten konden worden met behulp van 2D echografie werden in dit proefschrift
bestudeerd door middel van VR. Concluderend kan gezegd worden dat groei in het eerste trimester
van de zwangerschap geassocieerd is met zwangerschap uitkomst. De nieuwe VR applicaties en de
nieuwe biometrische en volume metingen bieden de mogelijkheid tot vroegere en meer accurate
diagnose van abnormale embryonale groei en ontwikkeling. Aangezien ontwikkelingsproblemen
vroeg in de zwangerschap grote gevolgen kunnen hebben voor de zwangerschapsuitkomst, moet
de embryonale periode zeer precies worden gevolgd. De diagnostiek van aangeboren afwijkingen
en het detecteren van markers die geassocieerd zijn met abnormale embryonale ontwikkeling zullen
leiden tot een beter begrip van embryonale gezondheid en tot aanpassingen in het obstetrische
beleid.
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2D
2D/3D US
3D
3DVRUS
4D

6DOF

cl

CNS
COTS
CRL

cT

EEC syndrome
EV

GA

ICC

ICSI

IVF

LMP

LoA

LR-

LR+

MRI

n

NT

NTD

p

SD

Sens.
Spec.
TAR syndrome
TOP

us

usb

VE

VR

two-dimensional

two- and three-dimensional ultrasound
three-dimensional
three-dimensional virtual reality ultrasound
four-dimensional

six degrees-of-freedom
confidence interval

central nervous system
commercially-of-the-shelf
crown-rump length

computed tomography
electrodactyly ectodermal dysplasia-cleft syndrome
embryonic volume

gestational age

intraclass correlation coefficient
intra-cytoplasmic sperm injection
in vitro fertilization

last menstrual period

limits of agreement

negative likelihood ratio

positive likelihood ratio

magnetic resonance imaging
number

nuchal translucency

neural tube defect

p-value

standard deviation

sensitivity

specificity

thrombocytopenia absent radius
termination of pregnancy
ultrasound

United States dollar

virtual embryoscopy

virtual reality
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