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Abstract

Objectives: The objective was to demonstrate superiority of
a fully vs. semi-automated approach (5D CNS+™) and to
verify operators could handle and benefit from a fully
automated rendering volumetric datasets to generate a
complete fetal neurosonogram.

Methods: A total of 136 stored three-dimensional (3D) vol-
umes of the brain of unselected, structurally normal fetuses
were examined. Two operators applied both software ver-
sions for detailed assessment of the fetal central nervous
system (CNS). The procession time was measured for each
operator and for both program versions. The number of
correctly calibrated planes were evaluated and necessity for
manual adjustment of the planes was registered.

Results: The intraclass correlation coefficient was 0.507
(0.307-0.648) for semi-automated and 0.782 (0.693—0.846) for
fully automated 5D CNS+™. The acquisition time of applica-
tion for semi-automated 5D CNS+™ was 27.70 s + 6.28 s for
operator 1 and 33.20 s + 9.67 s for operator 2, for fully auto-
mated 5D CNS+™ 10.89s + 0.85s for operator 1 and
10.79 s + 0.60 s for operator 2 (p<0.0001). The statistical anal-
ysis for manually corrected planes by both operators between
both software algorithms showed a Bland-Altman-Bias of 1.44/
9 planes for operator 1 and 1.45/9 planes for operator 2.
Conclusions: The fully automated 5D CNS+™ algorithm
applied on 3D volume datasets provides examiners regard-
less their expertise not only enormous time efficiency, but
also diagnostic confidence in evaluating details of the fetal
CNS. This tremendously simplifies application in clinical
routine.
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Introduction

Decidedly, artificial intelligence (AI)-based applications will
significantly transform future fetal imaging and shape the
way of working in prenatal clinical routine [1-12]. It is well-
known that Al - as an adjunctive tool - can aid in optimizing
prenatal diagnostics’ efficiency and productivity by short-
ening the examination time, reducing the physician’s daily
workload with iterative, resource-intensive processes while
improving diagnostic objectivity, reproducibility and accu-
racy [2, 4,13, 14]. On the one hand, operators can particularly
benefit from the supportive use of Al in the comprehensive
assessment of highly complex three-dimensional (3D)
anatomical structures such as the fetal heart or the fetal
brain with concrete landmarks suitable for image recogni-
tion, which are frequently affected by structural defects
during their organogenesis; on the other hand, it is exactly
this complexity, such as motion or rapid continuous struc-
tural progression, causing challenges that need to be taken
into account [5, 15-18].

The overall prevalence of congenital brain anoma-
lies — the second most common group of anomalies in fetuses
after cardiac malformations — has recently been estimated to
be 9.8 to 14.9 per 10,000 live births [19-22]. However, their
detection rate still remains rather unsatisfactory [23].

According to the currently updated international
guidelines of the International Society of Ultrasound in Ob-
stetrics and Gynecology (ISUOG), a fetal neurosonogram
comprises nine differently orientated diagnostic standard
planes (SP) [24, 25]. For the all-embracing assessment of fetal
structural neurodevelopment, the acquisition of SPs as well
as standard biometric measurements are crucial [26].

Applications for Al-assisted tools in fetal neuro-
sonography are abundant. Current research approaches to
the application of Al-assisted methods in the context of fetal
neurosonography beyond the first trimester are heteroge-
neous and, with some exceptions, useful applications in
clinical practice are still rare [15].
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A workflow-based volumetric software approach for
fetal neurosonography already firmly established in clinical
practice is 5D CNS+™ (Samsung Healthcare, Gangwon-do,
South Korea). The software reliably enables the simulta-
neous reconstruction of all nine diagnostic fetal brain planes
required for a comprehensive neurosonogram [27, 28].

The objective of this study was to scrutinize the benefit
of the fully automated Al-enhanced 5D CNS+™ tool for
comprehensive fetal neurosonography for both a beginner
and an expert with particular focus on its clinical applica-
bility. We further intended to discuss the additional value of
future requirements for the characteristics of information
content obtained from an optimal standardized 3D volume
of the fetal CNS far beyond existing tools.

Materials and methods
Subjects

In this prospective study, a total of 136 stored 3D volumes of
the brain of an unselected mixed risk collective of struc-
turally normal singleton second- and third-trimester fetuses
without congenital brain anomalies were examined. All
volumes used were acquired from women undergoing tar-
geted ultrasound survey in the tertiary prenatal ultrasound
unit at of a university hospital between 2023 and 2024 and
were acquired in the transthalamic plane required for bio-
metric assessment of biparietal diameter (BPD) and head
circumference (HC), resulting in a triplanar orthogonal
reconstruction of fetal central nervous structures. All the
examinations were performed transabdominally using a
Samsung Hera W10 ultrasound system equipped with a
transabdominal probe with 1-8 MHz (S-Vue™-Transducer
CV1-8A), operating with the Al-enhanced post-processing
software 5D CNS+™ (Samsung Healthcare, Gangwon-do,
Republic of Korea). Each of the stored volumes were
analyzed offline by two operators with different levels of
expertise: The minimum standard for a sonographer in gy-
necology and obstetrics, DEGUM level 1 (German Society for
Ultrasound in Medicine) (J.L.S., operator 2), certifies famil-
iarity with the basics of ultrasound diagnostics, and DEGUM
level 3 (J.W., operator 1), characterizes a proven expert far
beyond basic knowledge. Both, semi- and fully automated 5D
CNS+™, were applied separately and independently for
comprehensive assessment of the fetal central nervous sys-
tem (CNS). Beforehand, the expert selected each volume to
be analyzed and confirmed its applicability for further
analysis by considering certain quality requirements (e.g.
absence of artifacts like fetal movements, a clearly identifi-
able cerebellum, minimal or absent shadowing with
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sufficient image sharpness and no blurring). However, both
performed the analysis blinded to each other, although each
operator was able to decide individually the order of the
software version selected. It was not intended and practi-
cally impossible that both operators were blinded to the
software types in use. Informed consent was obtained from
all participants. A statement about institutional review
board (IRB) approval or exemption is not available and was
not required considering a retrospective analysis of
anonymized data.

Acquisition of 3D volumes and application of
5D CNS+™ software versions

As already described elsewhere, as for optimal use of the
semi-automated 5D CNS+™ software tool after 3D volume
acquisition, a horizontal alignment of the falx in the axial
acquisition plane (a plane) and, if necessary, depth adjust-
ment of the cutting section is required manually [27, 28].
Subsequently, two seeds between the anteriormost third of
the thalami (Ist seed) and the cavum septi pellucidi (2nd
seed) were placed and all nine diagnostic planes — axial,
coronal and sagittal — were calculated and displayed auto-
matically. In contrast, the innovative algorithm of fully
automated 5D CNS+™ tool requires no further manual
intervention after volume acquisition, as it automatically
identifies the SPs of the fetal CNS and measures its key
diagnostic features by automatic segmentation and plane-
navigation. Both software versions enable biometric mea-
surements automatically in all reconstructed planes with
manual adjustment, if needed. The processing time from the
beginning of the volume reconstruction to the initial display
of the nine-image template was measured for each operator
and for both program versions. Furthermore, the number of
correctly calibrated planes was analyzed, the need for
manual plane adjustment was noted and the time taken until
the final result with adequately reconstructed planes has
been achieved (Figure 1, Supplementary Material, Video-
Clip S1).

Statistics

Descriptive statistics and Wilcoxon matched-pairs signed rank
test were applied. A statistical level of p<0.05 was assumed to be
significant. The median of the differences, including the 95 %
confidence intervals (CI), was calculated as a measure of a
scale-related effect size. The intraclass correlation coefficient
(ICC) was calculated for interoperator reproducibility. ICC
values were calculated using a two-way mixed effects model
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for absolute agreement. The data were compared between
semi- and fully automated 5D CNS+™ application for both op-
erators using a Bland-Altman plot (average between the planes
to be corrected manually after processing with semi- and fully
automatic 5D CNS+™ of both operators against the difference
between these two) to test the agreement between both soft-
ware algorithms. GraphPad Prism 10 for Mac (version 10.4.1,
GraphPad Software Inc, La Jolla, CA, USA), SPSS Statistics
(version 29.0.2.0, IBM Corporation, Armonk, NY, USA) and
Microsoft 365 Excel for Mac (version 16.93.1, Microsoft Corp.,
Redmond, WA, USA) were used.

Results

The mean maternal age was 32 years (ranging from 23 to
43 years), and the mean maternal pre-pregnancy body mass
index was 24.52kg/m* (16.90-44.05 kg/m?. The gestational
age (GA) ranged from 17.4 to 33.7 weeks (average 23.1 weeks)
(Table 1).

The ICC between both operators of correctly depicted
planes after application of both software algorithms without
requirement for manual correction was 0.507 (0.307-0.648)
for semi-automated 5D CNS+™ and 0.782 (0.693—0.846) for
fully automated 5D CNS+™.

The acquisition time of application of both software al-
gorithms until all nine planes are obtained without manual
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Figure 1: Flowchart of both software versions
illustrating the workflow with reduced steps
when applying fully automated 5D CNS+™ on
stored 3D volumes compared to semi-
automated 5D CNS+™. Most remarkably, vol-
ume reconstructions were accomplished in
less than 11 s compared to semi-automated 5D
CNS+™ irrespective of the operator’s expertise
and with a significantly reduced need of
manual plane adjustments (*: operator 1; **:
operator 2). CSP, cavum septi pellucidi.
Generated in parts by Grok 3.

Table 1: Clinical characteristics of the study population (n=136).

Characteristics Mean (range)

Maternal age, years 32.60 (23-43)

Nulliparous, % 44.86
Primiparity, % 40.44
BMI prior to pregnancy, kg/m? 24.52 (16.90-44.05)
Gestational age at targeted ultrasound, weeks of 23.10 (17 + 3-
gestation 33 +5)
Fetal cephalic presentation, % 59.56

correction for semi-automated 5D CNS+™ was 27.70 s + 6.28 s
for operator 1 and 33.20 s + 9.67 s for operator 2, for fully
automated 5D CNS+™ 10.89s + 0.85s for operator 1 and
10.79s + 0.60 s for operator 2 (p<0.0001) (Figure 2A). The
median of the differences for operator 1 was —15.88 s (95 % CI
from -17.68 s to —14.92s), for operator 2 —20.84's (95 % CI
from —22.45s to —18.35s).

For operator 1 (level 3 expert), planes to be corrected
manually after volume processing with both software algo-
rithms were 1.52/9 planes + 0.94/9 planes (95 % CI from 1.68/9
to 1.36/9) for semi-automated 5D CNS+™ and 0.07/9
planes + 0.29/9 planes (95 % CI from 0.12/9 to 0.03/9) for fully
automated 5D CNS+™, for operator 2 (level 1 examiner) 1.59/9
planes + 1.01/9 planes (95 % CI from 1.76/9 to 1.42/9) for semi-
automated 5D CNS+™ and 0.14/9 planes + 0.43/9 planes (95 %
CI from 0.21/9 to 0.07/9) for fully automated 5D CNS+™
(Figure 2B).
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The statistical analysis for manually corrected planes by
both operators between software algorithms showed a
Bland-Altman-Bias of 1.44/9 planes (standard deviation (SD)
of bias: 0.95/9; 95 % CI from 1.65/9 to 1.24/9) and 95 % Limits of
Agreement (LoA) from -0.42 (LoA—, 95% CI from -0.07/9
to —0.77/9) to 3.30 (LoA+, 95 % CI from 3.65 to 2.95) for oper-
ator 1and 1.45/9 planes (SD of bias: 1.06/9; 95 % CI from 1.68/9
t0 1.22/9) and 95 % LoA from —-0.63 (LoA—, 95 % CI from —-0.23/
9 to -1.02/9) to 3.53 (LoA+, 95% CI from 3.92 to 3.13) for
operator 2.

Discussion

The fetal brain continues developing via complex sequences
of structural changes throughout and beyond the fetal
period and CNS anomalies are often identified late in preg-
nancy [17, 18, 29]. Therefore, a comprehensive assessment of
the fetal brain by means of a detailed neurosonogram is of
outstanding importance. In this context, ultrasound is the
thorough and most powerful diagnostic method. It is unde-
niable that a manually performed detailed fetal neuro-
sonography is highly operator-dependent, requires
specialized skills and prolongs the examination time signif-
icantly. Al-driven applications, which prenatal diagnostics
will increasingly rely on, are profoundly revolutionizing
clinicians’ daily use of ultrasound [30]. Although the devel-
opment of automated algorithms in fetal ultrasound is still in

its early stadium and most algorithms have not yet reached
the required level for clinical application, the supportive use
of Al in fetal neurosonography could soon be beyond the
capabilities of human experts [1, 13].

Our study evaluated the benefits of fully automated Al-
enhanced 5D CNS+™ tool compared to the already well-
functioning and, in the sonographic workflow, well-
established previous semi-automatic software version with
at least the same accuracy and reproducibility for stan-
dardized, thorough fetal neurosonography for both a
beginner and an expert in a busy, tightly scheduled clinical
setting.

Especially in the field of a workflow-based volumetric
software approach for fetal neurosonography, the basic al-
gorithm of 5D CNS+™ has a leading role in the field in 3D
ultrasound volumetric approaches [15]. As a state-of-the-art
technique, the algorithm is constantly being advanced and
improved. It reliably enables the simultaneous reconstruc-
tion of all diagnostic fetal brain planes — axial, coronal and
sagittal — required for a comprehensive neurosonogram
based on a single 3D volume [27, 28]. Already in 2016, Rizzo
et al. confirmed the software 5D CNS+™ to be an accurate
and reliable technique for fetal neurosonography. The soft-
ware improves workflow efficiency for routine targeted ul-
trasound survey during the second and third trimester and
ensures a reduced operator dependency, allowing even less
experienced examiners to gain insight into a standardized
comprehensive assessment of fetal neuroanatomy according
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to the ISUOG guidelines [27, 28]. In the recent past, its validity
and reliability, its accuracy and efficacy as well as its clinical
benefits have been demonstrated several times, even in
cases with structural abnormalities compromising the
integrity of the fetal CNS [31-34]. In their article from 2023,
Gembicki et al. already declared their interest in the benefit
of Al-driven solutions in fetal neurosonography for opera-
tors regardless their expertise and suggested the examina-
tion of their time spans [33].

Our study showcased that implementation of an opti-
mized fully automated, ready for use algorithm (‘on the fly’)
in fetal neurosonography facilitates the calculation of a nine-
view template based on a 3D volume in less than 11s on
average following volume acquisition with fewer needed
practical steps throughout the examination, with better ac-
curacy and efficiency compared to a semi-automatic
approach (Figure 2). In addition to the advantages
mentioned above, irrespective of operator’s expertise, less
experienced operators benefit in daily clinical routine. On
average, operator 1had to correct 1.44/9 planes less with fully
automated 5D CNS+™ than with semi-automated 5D CNS+™,
operator 2 had to correct 1.45/9 planes less on average with
fully automated 5D CNS+™ compared to semi-automated 5D
CNS+™, which in turn further exemplifies the superior ac-
curacy of a fully automated approach. More precisely, we
were able to prove that the challenges associated with
reconstructing the parasagittal plane (PSP) and the trans-
cerebellar plane (coronal) (TCc) have been resolved in the
fully automated version, which has significantly increased
its usability. It is to be expected that Samsung’s current ul-
trasound machine, Hera 720, will significantly optimize the
performance of the software 5D CNS+™ to generate a fetal
neurosonogram, with an estimated acquisition time of less
than 10 s for all planes.

In the field of fetal neurosonography, other vendors of
ultrasound devices also offer built-in volume-based auto-
mated software tools with similar features like those of 5D
CNS+™: SonoCNS™ (GE Healthcare, Chicago, IL, USA) and
Smart Planes CNS™ (Mindray Bio-Medical Electronics Co.,
Ltd, Shenzhen, China) are semi-automatic post-processing
volumetric approaches for diagnostic (axial) plane recon-
struction with fetal head biometry and measurement of fetal
brain structures. Those tools are limited to the reconstruc-
tion of only four diagnostic planes, commonly used for
routine scanning of the fetal head and brain (three axial and
one midsagittal plane) [16, 33, 35]. However, none of these
software solutions offer automatic reconstruction of the
nine planes required by international guidelines for a
comprehensive fetal neurosonogram and achieve neither
the efficiency nor the accuracy with detailed information of
the latest version of the 5D CNS+™ algorithm.
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Recently, a few research areas in the application of Al-
assisted methods in the context of fetal neurosonography
have emerged. These comprise primarily the simplified and
optimized automatic acquisition of two-dimensional (2D) SPs
with their correct orientation and localization within a 3D
volume, the automated detection of characteristic brain as
well as skull structures as landmarks of orientation with
subsequent detection of congenital malformations, the
evaluation of the imaging quality and the estimation of the
GA by the assessment of neurodevelopmental maturation [1,
2,13, 36].

3D ultrasound allows the sonographer to navigate
within a volume and to visualize a specific embryonic or
fetal anatomical structure in all dimensions, with the ability
of post-processing offline analysis [37]. In a systematic re-
view in 2005, Gongalves et al. addressed the clinical signifi-
cance of 3D ultrasound for the diagnosis of anomalies of the
CNS and questioned if the information contained in the
volume dataset by itself would be sufficient to evaluate fetal
biometric measurements and diagnose congenital anoma-
lies [38]. The advantages of conducting a comprehensive 3D
examination of the fetal brain have been well established
since. However, challenges arise from a difficult fetal
orientation within the 3D volume and the non-intuitive
manual navigation along the x, y and z planes through
various structures of interest, and, not least most seriously,
from the lack of standardization [31, 39]. Obviously, sonog-
raphers require appropriate clinical knowledge and a pre-
cise understanding of the fetal neuroanatomy [18]. However,
it has been proven that adequate orientation and navigation
within a 3D volume is all the more important [2, 36, 40].
Current Al application approaches are focused on the
detection of 2D SPs within a 3D volume [1, 2, 17]. Without the
ability of spatial thinking in combination with practical skills
for handling the ultrasound probe, the application and
interpretation of the Al-guided results are not feasible
[36, 40].

The common lack of understanding of AI algorithms
among clinicians due to the so-called black box character
limits the acceptance and application of tools based on these
algorithms in daily clinical routine [14, 15, 41, 42]. Re-
sponsibility lies with the AT developers, ensuring reliability
and generalizability, and with the sonographers imple-
menting those algorithms in the clinical workflow [14, 41].
Marcus et al. emphasize that in ‘explanation-less science’,
specifically in AI models, the explainable AI (XAI) would be
of central importance and could bring light into the darkness
[41, 43]. Sonographers relying on Al algorithms in clinical
daily practice should be familiar with various elements of
potential bias in the development and implementation of Al
algorithms [44, 45]. Nazer et al. outlined potential sources of
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bias within each step of developing Al algorithms, from
framing the problem, data collection, pre-processing,
development and validation to their full implementation
[44]. Al systems usually rely on the input of giant datasets [2].
A large and diverse high-quality dataset is mandatory, like-
wise the need for diverse training and test datasets as well as
standardization [44, 46]. The performance of Al-driven sys-
tems in real-world scenarios is constrained by the quality of
the data used to train them [46]. There is also growing
awareness of developing standards for transparency of data
diversity in health datasets in Al-based applications [47].
However, many algorithms are trained on specific data-
sets — in part without independent verification of those
datasets — resulting in varying performance in different
clinical settings or even fundamentally incorrect results due
to unreliable models [14, 46]. For example, it is not only in the
field of fetal neurosonography — as recently observed - that
articles, whose AI models were trained and tested on low-
quality data using images that are proven to be incorrect,
must be retracted [48]. This fuels the want of confidence.

Finally, there is a need for a careful debate with po-
tential ethical considerations, including informed consent
when Al is used in diagnostic processes with subsequent
clinical decision-making, and with legal implications like
questions of liability, accountability issues, responsibility
and data privacy [14, 15, 49]. Those aspects discussed above
should be considered when assessing the impact of AI on
clinical decision-making.

In terms of anatomy and functionality: It is well known
that structural disorders of the CNS might occur at various
stages in embryonic or fetal life [17, 18]. However, as long as
the midline and cerebellum can be visualized as a kind of
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basic requirement, the fully automated 5D CNS+™ tool
can — independent of fetal position — reconstruct reproduc-
ibly a comprehensive neurosonogram in almost all anoma-
lies with preserved gross structure. If these requirements
are not fulfilled, the manual (semi-automatic) version can
still be used. Manually assisted re-slicing enables an
adequate examination of the fetal brain even in abnormal
cases, which demonstrates the legitimacy of 5D CNS+™ [32].

In our opinion, the 5D CNS+™ tool can be used for both
screening and diagnostics. However, only when examining
the corpus callosum, additional manual visualization of the
corresponding midsagittal plane may be necessary. In the
end, the diagnostic added value can benefit significantly
from optimizing the processing capabilities of the raw data
of a 3D volume.

Created volumes of the fetal brain contain almost all
relevant anatomical information [28]. It would therefore be
obvious to extract the maximum clinical output from a vol-
ume to evaluate fetal head growth, to predict neuro-
development, and to diagnose fetal abnormalities in one
optimized workflow. Basically, regarding the ongoing
development of the 5D CNS+™ software and based on the
software Fetal Intelligent Navigation Echocardiography
(FINE, 5D Heart™, Samsung Healthcare, Gangwon-do, South
Korea), it would be preferable, to be able to extract indi-
vidual planes and perform specific measurements within
them [50].

In future, we expect an idealized Al software tool for the
comprehensive analysis of a 3D volume of the fetal brain,
both spatially and temporally, to implement the following
aspects: the visualization of all standardized sectional planes
including the measurement of the associated parameters

GA estimation

visualization
of the brain
surface with
its gyri and
sulci

calculation of
total brain
ST T Figure 3: Optimized 3D volume and further

post-processing aspects. GA, gestational age.
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[24, 25,27, 28, 31, 33, 35, 51], the angular measurements within
the nine templates without additional software [52-55], the
GA estimation based on characteristics of the neuroana-
tomical appearance with identification of relevant brain
regions [56, 57], the visualization of the brain surface with its
architecture of the GA-dependent gyri and sulci [52, 53, 58—
62], the calculation of the total brain volume [63-65], the
imaging of the cranial sutures [66] and the implementation
of vascular structures [67, 68]. An appropriately optimized
algorithm for shadow reduction should be available to assess
both hemispheres of the brain equally rather than merely
the hemisphere furthest from the bone [69, 70]. After auto-
mated segmentation of key core structures [9, 71] an alert is
to be expected in the presence of abnormalities following the
definition of prominent red flags, which simplifies clinical
diagnosis [4] (Figure 3).

In summary, it can be stated that the current commer-
cially available software applications leave their potential
untapped in terms of processing the information stored in a
3D volume and fall short of their potential.

Conclusions

Both versions of 5D CNS+™ supply reliable and thorough
insights into fetal cerebral anatomy by reconstructing all
standard views for fetal neurosonography, as recommended
by national and international guidelines. The advance of 5D
CNS+™ has led to the development of a fully automated al-
gorithm (‘on the fly’), which ensures standardization, en-
hances reproducibility and streamlines clinical workflows
by significantly reducing both examination time and oper-
ator dependency. By intelligent navigation, the algorithm
can precisely identify and reconstruct diagnostic planes,
improving the accuracy of fetal brain structure quantifica-
tion. As a workflow-based volumetric software solution,
fully automated 5D CNS+™ can be set as a state-of-the-art
application in the comprehensive assessment of fetal neu-
rosonography. By defining a benchmark, the software tool
should be implemented into the daily workflow of fetal
sonographers.
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