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Abstract

Introduction: To investigate the reproducibility of first-trimester fetal organ volume measurements using
three-dimensional (3D) ultrasound and a Virtual Reality system.

Methods: Within a population-based prospective cohort study, 3D ultrasound datasets of 25 first-trimester fetuses
were collected by three sonographers. We used the V-scope application to perform Virtual Reality volume assess-
ments of the fetal heart, lungs, and kidneys. All measurements were performed by two independent researchers.

Results: Intraobserver analyses for volume measurements of the fetal heart, lungs, and kidneys showed
intraclass correlation coefficients >0.86, mean differences <8.3%, and coefficients of variation <22.8%. Interobserver
analyses showed sufficient agreement for right lung volume measurements, but consistent measurement differ-
ences between observers for left lung, heart, and kidney volume measurements (p-values <0.05).

Conclusion: We observed sufficient intraobserver reproducibility, but overall suboptimal interobserver repro-
ducibility for first-trimester fetal heart, lung, and kidney volume measurements using an innovative Virtual Real-
ity approach. In the current stage, these measurements might be promising for the use in research settings. The
reproducibility of the measurements might be further improved by novel post-processing algorithms.
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Introduction

Early fetal life is a crucial period for organ develop-
ment." Previous studies have shown that suboptimal
first-trimester development, measured by crown
rump length in women with a known last menstrual
period date, is associated with increased risks of
adverse fetal and birth outcomes.”” First-trimester
fetal growth has also been associated with childhood
cardiovascular and respiratory outcomes.®” The
mechanism underlying these associations might
include structural adaptations in early organ develop-
ment.'? Detailed studies on first-trimester fetal organ
development might improve understanding of mecha-
nisms underlying fetal developmental adaptations
that may lead to adverse cardiovascular and respira-
tory outcomes in later life. Thus far, studies on in-vivo
first-trimester organ development are scare. Three-
dimensional (3D) transvaginal ultrasound allows
detailed visualization of first-trimester anatomy. Vir-
tual Reality approaches enable visualization of 3D
ultrasounds as hologram, which offers opportunities
for volumetric measurements of complex early pregnancy
fetal structures.'’ Embryonic volume measurements using
a region-growing segmentation algorithm in a Virtual
Reality setting have previously shown to be feasible.!
These embryonic measurements seem related to fetal
growth and birth outcomes.'>"® Recently, we have
reported that first-trimester fetal proportion volumetric
measurements using a Virtual Reality approach are repro-
ducible."* More detailed measurements of cardiovascular
and respiratory tract related organs might be useful in
research on fetal developmental adaptations and long-
term cardiovascular and respiratory consequences.'’

We aimed to develop a novel method for fetal
heart, lung, and kidney volume measurements in the
late first trimester using a Virtual Reality approach.
We assessed the intraobserver and interobserver
reproducibility for volume measurements of fetal
organs in 25 fetuses in the late first trimester.

Methods

Study design

This study was embedded in the Generation R Next
Study, a population-based prospective cohort study
from preconception onwards in Rotterdam, the
Netherlands. Recruitment started in August 2017 and
is still ongoing.'* Pregnant women were invited to the
research center for three appointments in the first

trimester of pregnancy, from 7 to 13 weeks of gesta-
tion, with an interval of approximately 2 weeks. During
these 30-min visits, 3D ultrasound datasets were
obtained to assess embryonic, early fetal and placental
development. Around 30 weeks of gestation, partici-
pants were invited back to the research centre for a
follow-up ultrasound. All participating women gave
written informed consent. The medical ethics committee
of the Erasmus University Medical Center approved of
this study (MEC-2016-589, December 2016). For the cur-
rent analysis, we focused on 3D ultrasound datasets col-
lected in the late first-trimester. From March to April
2019, we selected a random group of 25 participants
who visited the research center at the Erasmus MC, in
whom all the 3D ultrasound data according to the ultra-
sound study protocol were acquired.

Gestational age assessment

Gestational age was calculated from the first day of the
last menstrual period in spontaneous pregnancies or
from oocyte pick-up plus 14 days in IVF pregnancies.
Gestational age was based on crown rump length if the
last menstrual period was unknown or gestational age
determined by crown rump length differed more than
7 days from the last menstrual period.'*'®

Fetal ultrasound examination

All ultrasound scans were performed by three experi-
enced ultra-sonographers using a Voluson E10 System
(GE Healthcare, Zipf, Austria) with a 5-13 MHz
transvaginal transducer (RIC6-12D). The ultrasound
settings were predefined to collect high quality ultra-
sound data in an uniform manner (gain = 0, line
filter = low, persistence filter = 2, enhance = 2,
dynamic contrast = 6, enhance = 2).'"* We acquired
3D ultrasound dataset of the fetal trunk under a 40°
volume angle while the fetus was not moving. Multi-
ple 3D ultrasound datasets were collected during the
examination. To allow proper imaging of the fetal
heart and lungs, the 3D ultrasound datasets of the
trunk were preferably acquired from the midsagittal
plane while the fetus was facing toward the trans-
ducer. To allow proper imaging of the fetal kidneys,
the 3D ultrasound datasets of the trunk were prefera-
bly acquired from the midsagittal plane while the
fetus was facing away from the transducer.

Fetal organ volume measurements

In the Barco I-Space, a CAVE™-like Virtual Reality
system, we used the V-scope volume rendering appli-
cation for offline analysis of the 3D ultrasound
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datasets.'® The 3D ultrasound datasets were first
stored as a Cartesian volume files, and then converted
to our own V-scope file format to allow offline analy-
sis using the V-Scope application. The V-Scope appli-
cation enables accurate volumetric measurements due
to detailed depth perception offered by Virtual Reality
displays that create a hologram of the 3D ultrasound
dataset."”'® With a hand-held controller, the V-Scope
slice option enables the operator to “slice through” the
3D ultrasound dataset in all preferred 3D planes.
Within the current study, differences in grayscale
values between the organ of interest and the sur-
rounding tissues were used to visually identify the
contours of the fetal heart, lungs, and kidneys. We
did not apply a smoothing module to produce a less
pixelated image of the 3D ultrasound datasets, as this
will reduce the already minimal differences in gray-
scale value of the various tissues. After identification
of the organ contours, the operator manually selects
voxels within the 3D ultrasound dataset using a
brusher that is adjustable in size. This process results
in a “volume segmentation” of the organ of interest.
After manual segmentation, all volumes were post-
processed using an algorithm that examines the gray-
scale of the voxels in a radius of 5 voxels of the seg-
ments border: if the voxels have a grayscale outside
one standard deviation (SD) of the average grayscale
value they were excluded, otherwise they were
included. This automated post-processing algorithm
was created to increase the accuracy of the delineation
of the anatomical boundaries used for the segmenta-
tion. Finally, the organ volume segmentations were
automatically calculated in mm® and used for the
final analyses. The organ volume measurements were
performed using a detailed measurement protocol
with instructions on the alignment of the fetus, the
plane in which the volume segmentation should be
performed, and the size of the brusher. For a detailed
description of the measurement procedure, see
Figure 1 and Appendix S1 “Protocol for first trimester
organ volume measurements using the V-Scope appli-
cation.” Figure 2 and Video S1 show a 360° 3D view
of the segmented heart, lungs, and kidneys of a fetus
at 11 weeks and 6 days of gestation.

The volumetric measurements were performed in a
blinded setting by two operators (C.W. and C.JS.),
who were experienced ultrasonographers with previ-
ous experience of performing VR volume measure-
ments using the V-Scope application. The first
operator (C.W.) assessed the overall quality of the
datasets, whether movement artifacts or acoustic

Fetal organ measurement using VR

shadowing were present, and if the region of interest
was complete. The dataset of the best quality was
used for further offline analyses. Both operators per-
formed the offline measurements twice, with an inter-
val of at least 1 week to prevent recall bias.

Statistical analysis

We performed the statistical analysis as proposed by
Bland and Altman, as we previously described.'*'**
For the intraobserver analysis, the first measurement
of each observer was compared with their second
measurement. For the interobserver analysis, the
mean of the two measurements of the first observer
was compared to the mean of the two measurements
of the second observer using similar calculations.
First, we plotted the measurements with the line of
equality to give an initial sense of the degree of agree-
ment.”® Second, intraclass correlation coefficients
(ICC) with a 95% confidence interval and the coeffi-
cients of variation (CV) were calculated for each mea-
surement to evaluate consensus within each observer
and between observers.'® Third, intraobserver and
interobserver variability was quantified calculating
the mean difference in percentage measurement error
with the 95% limits of agreement (mean difference
(%) £1.96 SD) for all the fetal organ volume measure-
ments. Within the limits of agreement, the measure-
ments within and between observers can be assumed
to be interchangeable."” A paired sample t-test was
performed to identify possible consistent intra- or
interobserver differences. Lastly, we plotted the mean
differences in percentage measurement error with the
95% limits of agreement. These so-called Bland and
Altman plots were specifically provided to visualize
that the agreement for the volumetric measurements
does not depend on organ size. We consider the ICC,
CV, mean difference, and the limits of agreement as
our main outcomes of interest. We decided a priori
that an ICC >90%, a CV <10%, a mean difference
<10%, and limits of agreement within +10% were
considered to be proof of excellent agreement.”
Importantly, an acceptable mean difference and
acceptable limits of agreement are not a statistical but
a more subjective consideration.’® To establish that
the measurements are useable for future association
studies, we considered that the limits of agreement
should deviate a maximum of 10% from the mean dif-
ference, which indicates that 95% of all differences
should be within the +£10% measurement error
range.”’ Statistical analyses were performed using
IBM SPSS, version 25.
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Multiple 3D ultrasound datasets ofthe fetal trunk were acquiredundera 40°angle
in the midsagittal plane facing towards the transducer for heart/lungs and away
from the transducerfor kidneys.

V-Scope slice option enablethe operatorto slice through the 3D ultrasound
dataset. Differences in grayscale values betweenthe organ of interestand the
surroundingtissues are used to visually identify the organ contours.

The organ contours are manually segmented in all coronal planes followed by
segmentation inall sagittal planes, using a hand-held controller.

* Within the segmentedcontours, the organs are fully segmentedusingthe
hand-held controller.

* The V-Scope slice option enablesthe operatorto the visually check the
accuracy of the segmentations according to the original anatomical marginsin
all possible 3D planes.

» Thetransparent colorof the organ segmentation enables the visibility of
anatomical margins andlandmarks to detect and correct possible over- or
underestimation.

* Finally, to avoid inclusion of unselected voxels within the segment a “closing
step” (dilatation followed by erosion) is performed.

Algorithmthat examinesthe grayscale of the voxelsin a 5-voxelradius ofthe
segments border. Voxels are excluded ifthe voxels have a grayscale outside 1-SD
of the average grayscale value, otherwise included.

FIGURE 1 Flowchart of the protocol for segmentation of the organ volumes

Results

Characteristics of the participants are shown in
Table 1. The gestational age ranges between 10.7 and
13.3 weeks. Descriptives of fetal organ volume mea-
surements are shown in Table 2. In these 25 partici-
pants, a total of 84 3D ultrasound datasets of the fetal
trunk were available, on average 3.4 per participant.
The number of datasets in which both observers were
able to perform the fetal organ volume measurements
was 22 out of 25 (88%) for heart and right lung,
21 out of 25 (84%) for left lung, and 20 and 18 out of
25 (72-80%) for kidney volumes. Figure 3 shows that
the average fetal organ volumes increase with fetal
crown rump length.

Reproducibility analyses

For the intraobserver analyses, the heart, lung, and
kidney volumes measurements lie close to and evenly
scattered around the line of equality for both
observers, suggesting acceptable intraobserver differ-
ences (Figures S1 and S2). Table 3 shows the ICC, CV,
and mean difference with corresponding limits of
agreement for the intraobserver analyses. For volumet-
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ric measurements of the heart, intraobserver ICCs
were 0.86 and 0.90, CVs were 22.8% and 21.8% for
Observers 1 and 2, respectively. Intraobserver ICCs
for all other measurement were above 0.95 and CVs
below 19.6%. The p-values obtained from the paired
sample t-tests for all measurements of both observers
were >0.05, suggesting no consistent intraobserver
measurement differences. Figure 4 shows that the
agreement does not depend on organ size for all volu-
metric measurements for both observers. The mean
differences for all measurements were below 8.3%.
Limits of agreement ranged from —52.3% to 41.9%.
For the interobserver analyses, the measurements of
the lung volumes lie in close proximity to the line of
equality, suggesting acceptable interobserver differ-
ences for these volumetric measurements (Figure S3).
The measurements of the heart and kidney volumes
all lie below the line of equality, suggesting structural
interobserver differences for these volumetric mea-
surements (Figure S3). Table 4 shows the ICC, CV,
and mean difference with corresponding limits of
agreement for the interobserver analyses. Inter-
observer ICCs were 0.98 and 0.97, CVs were 10.6 and
10.3 for volumetric measurements of the right and left
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FIGURE 2 Three-dimensional view of the segmented heart, lungs, and kidneys of a fetus at 11 weeks and 6 days of gesta-
tion in the BARCO I-Space obtained using the V-scope application

TABLE 1 Participant characteristics (n = 25)
Median (IQR)/
n (o/o)

32.0 (31, 36)
22.7 (20.8, 26.3)

Maternal age (years)

Maternal Body mass index
(kg/m?)

Gestational age (weeks)

Crown Rump Length (mm)

Conception mode

12.1 (114, 12.7)
60.2 (50.0, 65.9)

Spontaneously conceived (%) 23 (92)
In vitro fertilization (%) 14)
Ovulation induction (%) 14)

lung volumes, respectively. Interobserver ICCS for
heart, left kidney, and right kidney volumes ranged
from 0.68 to 0.71. The p-values obtained from the
paired sample t-tests for heart, left lung, right and left
kidney were <0.05, indicating consistent interobserver
measurement differences for these volumetric mea-
surements. Figure 5 shows that the mean differences
for the right and left lung volumes were below 10.0%,
with limits of agreement ranging from —33.3% to
28.0%. The mean differences for heart, right and left
kidney volume ranged from 30.3 to 47.4, with limits
of agreement ranging from —33.3% to 71.6%.

Discussion

Main findings

We evaluated a novel Virtual Reality approach to
measure first-trimester fetal heart, lung, and kidney
volumes using 3D wultrasound datasets that were
acquired in the late first trimester. We observed sufficient
intraobserver reproducibility for volumetric measure-
ments of the fetal heart, lungs, and kidneys. We also
observed sulfficient interobserver reproducibility for vol-
ume measurements of the fetal right lung, but suboptimal
interobserver reproducibility for volume measurements
of the fetal heart, left lung, and both kidneys.

Interpretation of main findings

Quantitative estimation of first-trimester development
is currently performed by traditional ultrasound length
measures, most importantly using the crown rump
length."> Volumetric measurements might be more sen-
sitive parameters for first-trimester growth and develop-
ment, since the increase in first-trimester fetal volume is
cubic with a linear increase in fetal length."" Over recent
years, volume measurement techniques using 3D ultra-
sound datasets in combination with Virtual Reality have
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TABLE 2 Descriptives of fetal organ volume measurements for both observers (1 = 25)

Volumetric measurement Observer Measurement Mean (minimum, maximum) (mm°)
Heart 1 1 206 (39, 409)
2 217 (58, 370)
2 1 156 (29, 305)
2 158 (39, 317)
Right lung 1 1 373 (92, 811)
2 372 (119, 735)
2 1 361 (103, 90)
2 354 (90, 672)
Left lung 1 1 269 (74, 543)
2 260 (67, 514)
2 1 288 (99, 505)
2 279 (78, 512)
Right kidney 1 1 102 (28, 245)
2 102 (31, 227)
2 1 65 (6, 138)
2 65 (10, 120)
Left kidney 1 1 89 (20, 216)
2 90 (21, 214)
2 1 54 (10, 115)
2 57 (13, 121)

been introduced and seem to be feasible for several
first-trimester volume measurements.' This Virtual Real-
ity technique offers depth perception in high-resolution
and therefore improves the visualization of complex ana-
tomical structures, when compared to regular two-
dimensional displays."”

We have recently reported that first-trimester fetal
proportion volumetric measurements are feasible and
reproducible."* More detailed measurements on fetal
organ systems might be useful for research in the field
of Developmental Origins of Health and Disease, as
early fetal developmental adaptations in response to
an adverse intrauterine environment might directly
affect long term health and disease.® We developed a
novel approach for volume measurements of the first-
trimester fetal heart, lungs, and kidneys using 3D
ultrasound datasets of the fetal trunk acquired in the
late first trimester of pregnancy. Our Virtual Reality
approach shows promising results for one observer as
indicated by high ICCs, CVs around 10% and mean
differences <10% for all measurements, although the
limits of agreement remain relatively broad. Despite
good intraobserver agreement, our method provided
inconsistent results in a setting with two observers.
Interobserver analyses showed sufficient agreement
for fetal right lung volume measurements but struc-
tural measurement differences for the heart, left lung,
and both kidney volume measurements. The inter-
observer agreement for the left lung volumetric

measurement appeared sufficient as indicated by an
ICC of 097, and CV and mean difference around
10%, but as the interobserver differences seem consis-
tent we do not consider the agreement for the volume
measurements of the left lung as sufficient. The per-
centage of cases in which both observers could per-
form the measurements ranged from 72% to 88%,
which can be considered a relatively low success per-
centage. We consider this success percentage suffi-
ciently high for research purposes in large
observational cohort studies, but currently insufficient
for the use of these measurements in clinical practice.
The suboptimal interobserver reproducibility, most
prominently for kidney volumes, can be explained by
several factors. First, the measured absolute volumes
are extremely small and therefore only allow for minor
measurement differences. Second, a large part of this
measurement technique involves manual segmentation
as it is not possible to automate the recognition of these
small but complex anatomical structures. Unfortunately,
ultrasound data tend to be noisy, which results in a lack
of clear demarcation of the fetal organs, and therefore
results in larger interobserver differences. For accurate
segmentation of the lungs, the whole diaphragm, the
thoracic cage, and the heart needs to be clearly visible.
This may explain the sufficient interobserver agreement
for the fetal right lung, with a relatively large volume
compared to the other organs and a clear demarcation
at the borders with the diaphragm and ribcage.
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FIGURE 3 General characteristics of the study populations: Volume measurements of (a) heart, (b) right lung, (c) left
lung, (d) right kidney, and (e) left kidney of the study subjects in relation to crown rump length

TABLE 3 Intraobserver agreement of fetal organ volume measurements for both observers (n = 25)

Mean difference Paired sample t-test

Volumetric measurement Observer  ICC (95% CI) CV (%) (LLOA, ULOA) (%)  intra-observer (p-value)
Heart 1 0.86 (0.71, 0.94) 22.8 —8.3 (—52.3, 35.8) 0.29
2 0.90 (0.77, 0.96) 21.8 —0.1 (—41.6, 41.5) 0.77
Right lung 1 0.96 (0.91, 0.98) 14.4 —3.0 (—34.3,284) 0.94
2 0.98 (0.96, 0.99) 9.38 1.7 (=129, 16.3) 0.36
Left lung 1 0.96 (0.90, 0.98) 15.0 3.9 (—28.7, 36.4) 0.28
2 0.98 (0.95, 0.99) 9.16 4.3 (—15.6, 24.3) 0.13
Right kidney 1 0.95 (0.88, 0.98) 19.6 —4.8 (—39.8, 30.3) 0.96
2 0.97 (0.93, 0.99) 149 —2.0 (—46.0, 41.9) 0.90
Left kidney 1 0.96 (0.90, 0.99) 18.0 —1.6 (—38.3, 35.2) 0.83
2 0.97 (0.92, 0.99) 14.8 —3.4(-34.2,27.3) 0.17

Abbreviations: CI, confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient; LLOA, lower limit of agreement;

ULOA, upper limit of agreement.

Although the kidneys are easily detectible in the late
first trimester, the demarcation from the surrounding
intestines and liver remains difficult to distinguish in
our ultrasound data. Similar difficulties are present
regarding segmentation of the fetal heart during the late
first trimester.” These difficulties highlight the impor-
tance for acquisition of high-quality 3D ultrasound
datasets. For optimal 3D ultrasound acquisition, we
used a state-of-the-art ultrasound machine with a high-

© 2022 The Authors. Journal of Obstetrics and Gynaecology Research published by John Wiley & Sons Australia, Ltd

on behalf of Japan Society of Obstetrics and Gynecology.

frequent transvaginal transducer. The acquisition was
performed when the anatomical structures of interest
were clearly visible without fetal movements. To our
knowledge, only one previous study group developed a
method to measure volumes of fetal heart and lungs in
fetuses at 12 to 32 weeks gestation using the VOCAL
method.” Although the researchers indicate that the
reproducibility for these measurement at 12 to 13 weeks
gestation was sufficient, they only provide absolute
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the mean + 1.96 SD for (1) Observer 1 and (2) Observer 2 for volume measurements of: (a) heart, (b) right lung, (c) left
lung, (d) right kidney, and (e) left kidney

TABLE 4 Interobserver agreement of fetal organ volume measurements (n = 25)

Mean difference Paired sample

Volumetric measurement n (%)? ICC (95% CI) CV (%) (LLOA, ULOA) (%) t-test (p-value)
Heart 22 (88) 0.71 (—0.03, 0.91) 22.7 30.3 (—5.6, 66.2) <0.01
Right lung 22 (88) 0.98 (0.94, 0.99) 10.6 3.8 (—20.4, 28.0) 0.08
Left lung 21 (84) 0.97 (0.88, 0.99) 10.3 —10.0 (—33.3, 12.9) 0.01
Right kidney 20 (80) 0.69 (—0.06, 0.90) 3258 47.4 (2.0, 92.7) <0.01
Left kidney 18 (72) 0.68 (—0.06, 0.91) 345 47.0 (22.5, 71.6) <0.01

Abbreviations: CI, confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient; LLOA, lower limit of agreement;

ULOA, upper limit of agreement. and *“Number and percentage of datasets in which both observers could perform the measurements.

measurement differences and limits of agreement in
mL, and do not provide ICC and CV values. This
makes it hard to establish if these measurement with
VOCAL were truly reproducible in the first trimester,
and makes comparison to our study results difficult.”
We are not aware of any other studies focused on mea-
surements of the kidney volume in the first trimester.

In comparison to previous studies using a Virtual
Reality approach for volumetric measurements in
early pregnancy, we found lower interobserver repro-
ducibility."'*'®2* This is most likely due to a larger
role for automated segmentation in these previous
studies, compared to the current study. To perform
the measurements described in this study, differences
in grayscale values between the organ and the sur-
rounding tissues were used to identify the organs,
followed by manual segmentation of the organ vol-
ume. The operators in this study were experienced
sonographers that had previous experience with the
V-scope application, but they still considered this
method difficult and time-consuming. The manual
segmentation was followed by an automated post-

processing method that takes into account grayscale
differences of voxels at the borders of the segmenta-
tion. In the future, we hope to further improve auto-
mated post-processing steps to improve the utility of
this method, and reduce intra- and interobserver mea-
surement differences. Our primary step is the imple-
mentation of adaptive active contour tracking using a
snake algorithm in the V-scope application.”> The
snake algorithm starts with a rough manual delineation
of the object to be segmented and uses an automatic
energy minimizing approach where this segmentation is
pulled toward object contours, but at the same time
resists deformation. This method is already used for
image analysis purposes in other biomedical fields and
shows high segmentation accuracy.®*>

The method presented in this paper does not seem
suitable for clinical purposes in the current stage but
might be adequate for the wuse in large-scale
population-based research settings such as the Gener-
ation R Next Study. Within this study, it is not specifi-
cally our aim to provide normative values for fetal
organ growth but we aim to provide insights in the
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influence of periconceptional factors on early organ
development. If the organ volume measurements are
conducted by a small group of operators, operator
adjusted Z scores of organ volumes can be calculated
to reduce the problems with interobserver differences
within the statistical analyses. As the potential mea-
surement error would be non-differential, the use of
these operator adjusted Z scores would not likely lead
to biased estimates in association studies. Within the
Generation R Next Study, we will assess whether
early fetal organ size is associated with parental life-
style and health during the preconception phase.'*
With the aim to do a long-term follow-up of the chil-
dren that participate in the Generation R Next Study,
these novel measurements might also be useful to
investigate whether early fetal alterations in organ
size influence cardiovascular and respiratory health
during childhood.

In conclusion, we observed sufficient intraobserver
reproducibility for volume measurements of the fetal
heart, lungs, and kidneys using a novel Virtual Real-
ity approach. The interobserver reproducibility seems
suboptimal. In the current stage, these measurements
might be promising for the use in research settings,
but not for clinical purposes. The reproducibility of

the measurements might be further improved by
novel post-processing algorithms.

Acknowledgments

The Generation R Next Study is conducted by the Eras-
mus University Medical Center in collaboration with the
Erasmus University Rotterdam and the City of Rotterdam.
The authors gratefully acknowledge the contribution of
participants, general practitioners, midwives, hospitals,
and pharmacies in Rotterdam. The authors thank Maaike
Smit and Jurriaan Schuring for their contribution on the
development of a post-processing algorithm.

Author Contributions

Clarissa J. Wiertsema, Chalana M. Sol, Anton H. J.
Koning, Annemarie G. M. G. ]. Mulders, Romy
Gaillard, and Vincent W. V. Jaddoe were responsible
for design and planning of the study. Clarissa
J. Wiertsema, Chalana M. Sol, and Anton H. ]. Koning
were responsible for the development of the fetal
organ volume measurements. Clarissa J. Wiertsema

© 2022 The Authors. Journal of Obstetrics and Gynaecology Research published by John Wiley & Sons Australia, Ltd 607

on behalf of Japan Society of Obstetrics and Gynecology.



Wiertsema et al.

and Chalana M. Sol were responsible for the data col-
lection. Clarissa J. Wiertsema, Chalana M. Sol, Romy
Gaillard, and Vincent W. V. Jaddoe had full access to
all of the data and take responsibility for the integrity
of the data and the accuracy of the data analysis.
Clarissa J. Wiertsema wrote the main manuscript text.
Chalana M. Sol, Annemarie G. M. G. J. Mulders, Eric
A. P. Steegers, Liesbeth Duijts, Anton H. J. Koning,
Romy Gaillard, and Vincent W. V. Jaddoe were
responsible for critical review of the manuscript. All
authors approved the final manuscript and agree to
be accountable for all aspects of the work.

Disclosure

No relevant financial, personal, political, intellectual,
or religious conflicts of interest are declared.

Data availability statement

The data that support the finding of this study are
available from the corresponding author upon reason-
able request.

References

1. de Bakker BS, de Jong KH, Hagoort J, de Bree K,
Besselink CT, de Kanter FE, et al. An interactive three-
dimensional digital atlas and quantitative database of
human development. Science. 2016;354:aa0053.

2. Smith GC, Smith MF, McNay MB, Fleming JE. First-
trimester growth and the risk of low birth weight. N Engl |
Med. 1998;339:1817-22.

3. Bukowski R, Smith GC, Malone FD, Ball RH, Nyberg DA,
Comstock CH, et al. Fetal growth in early pregnancy and
risk of delivering low birth weight infant: prospective cohort
study. BM]J. 2007;334:836.

4. Mukri F, Bourne T, Bottomley C, Schoeb C, Kirk E,
Papageorghiou AT. Evidence of early first-trimester growth
restriction in pregnancies that subsequently end in miscar-
riage. BJOG. 2008;115:1273-8.

5. Mook-Kanamori DO, Steegers EA, Eilers PH, Raat H,
Hofman A, Jaddoe VW. Risk factors and outcomes associated
with first-trimester fetal growth restriction. JAMA. 2010;303:
527-34.

6. Turner S, Prabhu N, Danielan P, McNeill G, Craig L, Allan K,
et al. First- and second-trimester fetal size and asthma outcomes
at age 10 years. Am | Respir Crit Care Med. 2011;184:407-13.

7. Jaddoe VW, de Jonge LL, Hofman A, Franco OH,
Steegers EA, Gaillard R. First trimester fetal growth restric-
tion and cardiovascular risk factors in school age children:
population based cohort study. BM]J. 2014;348:g14.

8. Alkandari F, Ellahi A, Aucott L, Devereux G, Turner S. Fetal
ultrasound measurements and associations with postnatal out-
comes in infancy and childhood: a systematic review of an
emerging literature. | Epidemiol Community Health. 2015;69:41-8.

9. Turner S, Fielding S, Devereux G. First trimester fetal size
and prescribed asthma medication at 15 years of age. Eur
Respir . 2018;51:1701509.

10. Barker DJ. Fetal origins of coronary heart disease. BM]. 1995;
311:171-4.

11. Rousian M, Koning AH, van Oppenraaij RH, Hop WC,
Verwoerd-Dikkeboom CM, van der Spek PJ, et al. An innova-
tive virtual reality technique for automated human embryonic
volume measurements. Hum Reprod. 2010,25:2210-6.

12. Rousian M, Koster MPH, Mulders A, Koning AH]J, Steegers-
Theunissen RPM, Steegers EAP. Virtual reality imaging tech-
niques in the study of embryonic and early placental health.
Placenta. 2018;64 (Suppl 1):529-35.

13. Parisi F, Rousian M, Koning AHJ], Willemsen SP,
Steegers EAP, Steegers-Theunissen RPM. Effect of human
embryonic morphological development on fetal growth
parameters: the Rotterdam periconceptional cohort (predict
study). Reprod Biomed Online. 2019;38:613-20.

14. Wiertsema CJ, Erkamp ]S, Mulders A, Steegers EAP,
Duijts L, Koning AH]J, et al. First trimester fetal proportion
volumetric measurements using a virtual reality approach.
Prenat Diagn. 2021;41:868-76.

15. Verburg BO, Mulder PG, Hofman A, Jaddoe VW,
Witteman JC, Steegers EA. Intra- and interobserver repro-
ducibility study of early fetal growth parameters. Prenat
Diagn. 2008;28:323-31.

16. Cruz-Neira: Surround-screen projection-based virtual reality:
The design and implementation ofthe cave (tm): Proceedings
of the 20th annual conference on computer graphics and
interactive techniques, 1993, pp 135-142

17. Koning AH, Rousian M, Verwoerd-Dikkeboom CM,
Goedknegt L, Steegers EA, van der Spek PJ. V-scope: design
and implementation of an immersive and desktop virtual
reality volume visualization system. Stud Health Technol
Inform. 2009;142:136-8.

18. Verwoerd-Dikkeboom CM, Koning AH, Hop WC,
Rousian M, Van Der Spek PJ, Exalto N, et al. Reliability of
three-dimensional sonographic measurements in early preg-
nancy using virtual reality. Ultrasound Obstet Gynecol. 2008;
32:910-6.

19. Bland JM, Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement.
Lancet. 1986;1:307-10.

20. Bland JM, Altman DG. Applying the right statistics: analyses of
measurement studies. Ultrasound Obstet Gynecol. 2003,22:85-93.

21. Kottner J, Audige L, Brorson S, Donner A, Gajewski BJ,
Hrobjartsson A, et al. Guidelines for reporting reliability and
agreement studies (grras) were proposed. | Clin Epidemiol.
2011;64:96-106.

22. Hernandez-Andrade E, Patwardhan M, Cruz-Lemini M,
Luewan S. Early evaluation of the fetal heart. Fetal Diagn
Ther. 2017;42:161-73.

23. Peralta CF, Cavoretto P, Csapo B, Falcon O, Nicolaides KH.
Lung and heart volumes by three-dimensional ultrasound in
normal fetuses at 12-32 weeks’ gestation. Ultrasound Obstet
Guynecol. 2006;27:128-33.

608  © 2022 The Authors. Journal of Obstetrics and Gynaecology Research published by John Wiley & Sons Australia, Ltd

on behalf of Japan Society of Obstetrics and Gynecology.



24.

25.

26.

27.

28.

29.

Koning IV, Baken L, Groenenberg IA, Husen SC, Dudink J,
Willemsen SP, et al. Growth trajectories of the human
embryonic head and periconceptional maternal conditions.
Hum Reprod. 2016;31:968-76.

Araujo RJ, Fernandes K, Cardoso JS. Sparse multi-bending
snakes. IEEE Trans Image Process. 2019;28:3898-909.

Wang L, Chang Y, Wang H, Wu Z, Pu ], Yang X. An active
contour model based on local fitted images for image seg-
mentation. Inf Sci. 2017;418-419:61-73.

Hsu WY, Lu CC, Hsu YY. Improving segmentation accuracy
of ct kidney cancer images using adaptive active contour
model. Medicine. 2020,99:e23083.

HuY, Guo Y, Wang Y, Yu J, Li ], Zhou S, et al. Automatic
tumor segmentation in breast ultrasound images using a
dilated fully convolutional network combined with an active
contour model. Med Phys. 2019;46:215-28.

Wang Y, Liu S, Wang G, Liu Y. Accurate tooth segmentation
with improved hybrid active contour model. Phys Med Biol.
2018;64:015012.

Fetal organ measurement using VR

Supporting information

Additional Supporting Information may be found
in the online version of this article at the publisher’s
web-site:

Video S1 360° three-dimensional view of the seg-
mented heart, lungs, and kidneys of a fetus at
11 week and 6 days of gestation in the BARCO I-
Space obtained using the V-scope application.

AppendixS1. Protocol for first trimester fetal organ
volume measurements using the V-Scope application.

Appendix S2. Supplementary figures.

© 2022 The Authors. Journal of Obstetrics and Gynaecology Research published by John Wiley & Sons Australia, Ltd 609
on behalf of Japan Society of Obstetrics and Gynecology.



	 Innovative approach for first-trimester fetal organ volume measurements using a Virtual Reality system: The Generation R N...
	Introduction
	Methods
	Study design
	Gestational age assessment
	Fetal ultrasound examination
	Fetal organ volume measurements
	Statistical analysis

	Results
	Reproducibility analyses

	Discussion
	Main findings
	Interpretation of main findings

	Acknowledgments
	Author Contributions
	Disclosure
	Data availability statement

	References


