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Ultrasound imaging stands as a fundamental technology in the realms of obstetrics and
gynecology, utilizing high-frequency sound waves to create detailed images of the internal
structures of the body [1]. This non-invasive, safe, and cost-effective imaging modality
has revolutionized the fields of prenatal and gynecological care [2]. Its ability to provide
real-time visualization has transformed diagnostic processes, allowing for immediate
assessment and monitoring. The evolution of ultrasound technology, particularly with
the advent of Doppler, three-dimensional (3D), and four-dimensional (4D) imaging, has
expanded its scope of applications, thereby enhancing both diagnostic accuracy and the
quality of patient care [3].

Ultrasound imaging operates on the principle of echolocation. High-frequency sound
waves, when transmitted into the body by a transducer, are reflected back by internal
tissues and organs. These reflected sound waves, or echoes, are then captured by the
transducer and translated into visual images by a computer. The varying densities and
compositions of bodily tissues result in different echo patterns, enabling the visualization
of structures within the body, such as organs, blood vessels, and, in the case of obstetrics,
the developing fetus [4].

In obstetrics, ultrasound is a vital tool throughout all stages of pregnancy. During
the first trimester, it is indispensable for confirming intrauterine pregnancy, assessing
the viability of the fetus, estimating gestational age, and performing nuchal translucency
screening to evaluate the risk of chromosomal abnormalities such as Down syndrome. The
second trimester brings the critical anatomy scan, where a detailed examination of the
fetal anatomy is conducted to identify any structural anomalies. This scan also assesses
the placental location and the volume of amniotic fluid, both of which are crucial for fetal
well-being [5].

The third trimester focuses on fetal growth and well-being. Ultrasound during this
phase is used to monitor the growth of the fetus, particularly in pregnancies deemed
high-risk, such as those with gestational diabetes or hypertension. A biophysical profile,
combining ultrasound imaging with fetal heart rate monitoring, is often performed to
assess the health of the fetus.

Doppler ultrasound, a specialized form, is employed to evaluate the blood flow in
fetal and placental vessels. This is particularly important in cases where there is a concern
for conditions such as fetal growth restriction or placental insufficiency.

The introduction of 3D and 4D ultrasound technologies has further revolutionized
obstetric imaging. These advanced forms of ultrasound provide detailed, three-dimensional
images of the fetus, offering an unprecedented view of fetal anatomy that aids in the
diagnosis of certain abnormalities. Additionally, 4D ultrasound, which shows real-time
fetal movements, has added a new dimension to prenatal care, enhancing the bonding
experience for expectant parents and providing a unique opportunity for early interaction
with the fetus [6].

J. Clin. Med. 2024, 13, 1244. https://doi.org/10.3390/jcm13051244 https://www.mdpi.com/journal/jcm
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In the field of gynecology, ultrasound serves as a key diagnostic tool for a variety of
conditions. It is routinely used to evaluate the uterus, ovaries, and fallopian tubes, helping
in the diagnosis and management of conditions such as uterine fibroids, ovarian cysts, and
endometriosis. Ultrasound is pivotal in fertility assessments, where it aids in monitoring follicular
development and guiding procedures like egg retrieval in assisted reproductive technologies.

This modality is also fundamental in the evaluation of pelvic pain, a common symptom
in gynecological practice. It helps in the diagnosis of conditions such as ectopic pregnancy,
pelvic inflammatory disease, and ovarian torsion. In the realm of gynecologic oncology,
ultrasound serves as an initial assessment tool for cancers of the reproductive organs,
although its findings are often supplemented with more comprehensive imaging techniques
for accurate staging and management.

While ultrasound is a versatile and invaluable tool in obstetrics and gynecology, it is
not without its limitations. The quality and accuracy of ultrasound imaging can be affected
by factors such as operator skill, patient body habitus, and the presence of intervening
structures like gas or bone. The technology also has limitations in terms of deep tissue
penetration and may not always provide comprehensive information on certain pathologies,
necessitating the use of complementary imaging modalities for a thorough evaluation [7].

The future of ultrasound imaging in obstetrics and gynecology is marked by con-
tinuous innovation and advancement. Emerging technologies and techniques, such as
elastography and the integration of artificial intelligence (AI) for enhanced image analysis,
are expected to overcome some of the current limitations and expand the capabilities of
ultrasound imaging [8]. These advancements promise to further refine diagnostic accuracy
and improve patient outcomes in these vital fields of medicine.

In gynecology, adnexal masses are frequently cited as a primary reason for undergoing
ultrasonography (US) in the field of gynecology, primarily driven by the critical need
for the early detection of ovarian cancer. Distinguishing between benign and malignant
tumors is not only crucial for accurate diagnosis but also significantly impacts the direc-
tion of subsequent diagnostic procedures and therapeutic planning. In clinical practice,
the examination of adnexal masses typically involves transvaginal US, which combines
grayscale 2D images with color Doppler imaging to evaluate vascularization. However, the
accurate identification and classification of adnexal masses presents substantial challenges,
even for seasoned examiners. In response to these challenges, the International Ovarian
Tumor Analysis (IOTA) group has devised US-based guidelines to aid in the classification
of adnexal tumors.

In recent years, the field has seen a notable shift towards the automated analysis
of US images of adnexal masses. This approach has been recognized for its potential
to support diagnostic decision making by assisting both inexperienced and experienced
examiners. From the 11 studies examined, research conducted between 2009 and 2023
highlighted the initial use of AI in sonographic assessment by the research group led by
Amor et al., employing pattern recognition analysis for classifying adnexal masses within a
new reporting system [9]. The majority of these studies analyzed 2D images, with a subset
also incorporating color Doppler imaging to enhance diagnostic accuracy.

A significant focus of current research is the automated differentiation between benign
and malignant tumors, with six studies dedicated to this endeavor. The application of AI in
this context aims to improve diagnostic accuracy, reduce examination times, and facilitate
early detection, which is particularly crucial in managing breast cancer. Breast US has
been emphasized for its advantages, especially in women with dense breast tissue and in
underserved areas, where it serves as a critical diagnostic and screening tool.

Despite the promising results, including AI’s ability to outperform average trained
radiologists in some instances, challenges remain. These include the limitations imposed by
small sample sizes for algorithm training, data homogeneity, absence of external validation,
and the necessity for algorithms to consider clinical contexts. Moreover, studies have
indicated potential issues with AI interpretation, such as the misinterpretation of metastases
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or secondary ovarian cancer due to their rare representation in datasets and differences in
clinical presentation.

Beyond adnexal masses, AI’s role in evaluating the endometrium, pelvic floor, and
other gynecological conditions like endometriosis, premature ovarian failure, uterine
fibroids, follicle tracking, and ectopic pregnancies has been explored. Each area presents
unique challenges but also demonstrates the potential for AI to enhance diagnostic accuracy,
efficiency, and patient care. For instance, the application of AI in assessing endometrial
thickness and texture, and in the management of pelvic floor dysfunction, shows promise
in improving patient outcomes through more precise and quicker diagnostics.

Ultrasound imaging remains an indispensable tool in the field of obstetrics and gyne-
cology, continually evolving to offer safe, cost-effective, and detailed visualization of the
female reproductive system and developing fetus. Its extensive applications, ranging from
routine prenatal screenings to complex gynecological evaluations, underscore its integral
role in enhancing patient care and clinical outcomes [10]. As technology advances, ultra-
sound imaging is poised to overcome current challenges and further extend its capabilities,
solidifying its position as a cornerstone in the realm of women’s health care.

In this Special Issue, selected subjects on new imaging applications and insights
are presented.

In this context, Borboa-Olivares et al. present a study where they evaluated subcuta-
neous fat tissue in the fetuses of women with well-controlled diabetes using 3D ultrasound,
and AI classifiers were investigated, finding larger fat areas in fetuses from diabetic moth-
ers compared to a healthy control group. The study’s comprehensive classifier model,
including variables like subcutaneous fat measure and maternal BMI, effectively predicted
the impact of maternal diabetes on fetal subcutaneous fat, independent of fetal growth.

Danathan-Stumpf et al. show in a prospective study the effectiveness of a novel three-
dimensional (3D) body scanner with MR pelvimetry for assessing pelvic dimensions in
planning vaginal breech deliveries. Among 73 singleton pregnancies intended for vaginal
breech birth, the study found that the 3D body scanner, particularly the ratio of waist girth
to maternal height, was at least as effective as MRI in predicting successful vaginal delivery.
However, further large-scale studies are needed to confirm these findings.

Walter et al. conducted a retrospective study over 20 years at a tertiary center, examin-
ing the course and outcome of 21 cases of fetuses diagnosed with primary cardiomyopathy
(CM). They found a 40% overall survival rate, with genetic etiology confirmed in 50% of
cases and prenatal isolated right ventricular involvement as a significant parameter for
survival. The study suggests that while the prenatal detection of CM is feasible, it requires
a classification method for improved consultation and management, noting a poor outcome
in many cases but emphasizing that increased examiner awareness could influence optimal
multispecialized care.

In this context, Pontones et al. conducted a study to assess the feasibility and accep-
tance of self-guided mobile ultrasound by pregnant women in routine prenatal care. The
study included 46 women who used mobile ultrasound systems to examine fetal heartbeat,
profile, and amniotic fluid, finding that while two-thirds could imagine performing the
examination at home, most preferred professional support. The success rates for locating
target structures varied, and the study concludes that while there is acceptance for self-
examination, further research is needed to determine its role in prenatal care and its impact
on fetomaternal outcomes.

Manzo and colleagues established two-dimensional ultrasonographic (2D-US) refer-
ence ranges for the normal fetal cerebellar area from 13 to 39 weeks of gestation. Analyzing
252 normal singleton pregnancies, they found a significant positive correlation between
cerebellar area and gestational age, providing several 2D-US nomograms for the cerebellar
area. The study suggests that understanding the typical dimensions of the fetal cerebellar
area could aid in identifying cerebellar abnormalities and enhance the detection of posterior
fossa anomalies in future prenatal assessments.
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Luca et al. evaluate in a prospective study the effectiveness of strain ratio (SR) anal-
ysis at the internal cervical US in predicting spontaneous preterm birth (PTB). Involving
114 high-risk pregnant patients, the study found that SR, particularly when combined
with other parameters, showed high accuracy in predicting PTB before 37 weeks of gesta-
tion, with even higher predictive accuracy for extremely preterm births before 28 weeks.
The study concludes that SR is a promising tool for predicting PTB and warrants further
evaluation in diverse patient cohorts.

Likewise, Moreno-Espinosa et al. evaluate the effectiveness of quantitative ultrasound
lung texture analysis using quantusFLM® version 3.0 (quantusFLM, Barcelona, Spain) for
predicting neonatal respiratory morbidity (NRM) in twin pregnancies. Involving 166 cases
between 27.0 and 38.6 weeks of gestation, the study found that quantusFLM® predicted NRM
with a sensitivity of 42.9%, specificity of 95.9%, and an accuracy of 89.2%. The study demon-
strates the potential of this non-invasive method for predicting NRM in twin pregnancies,
highlighting its high specificity, negative predictive value, and overall good performance.

Orlandi and colleagues report on a case of prenatal-diagnosed intrathoracic left kidney
(ITK) associated with congenital diaphragmatic hernia (CDH), complemented by a system-
atic review of similar cases. Their findings, based on eleven documented cases, indicate
that CDH is a rare cause of ITK, typically diagnosed around 29 weeks of gestation. The
study highlights that prenatal diagnosis and counseling are crucial for planning effective
prenatal and postnatal management, leading to favorable outcomes after surgical repair of
the herniated kidney and associated CDH.

In comparison, Barbieri et al. conducted a systematic review of umbilical vein blood
flow volume (UV-Q) reference ranges in uncomplicated pregnancies and compared these
findings with data from a local cohort. Their research, which followed the PRISMA guide-
lines and included 15 datasets, revealed substantial heterogeneity among the reported UV-Q
central values. However, they found that when using consistent sampling methodologies
and formulae, UV-Q assessment is accurate and reproducible. This suggests potential
clinical applications for UV-Q measurement in obstetric practice.

In this context, Pappalardo et al. describe their experience in the prenatal diagnosis
of body stalk anomaly complicated by ectopia cordis, a severe defect where the heart is
located outside the thorax, as part of first-trimester sonographic screening. They report
two cases, diagnosed at 9 and 13 weeks of gestation, respectively, using high-quality two-
and three-dimensional ultrasonographic images with the Realistic Vue and Crystal Vue
techniques. Despite normal fetal karyotype and CGH-array results, both pregnancies were
terminated due to the poor prognosis of this anomaly. This study highlights the importance
of early diagnosis, achievable between 10 and 14 weeks of gestation, using advanced
sonographic techniques.

Matlac et al. show a prospective, monocentric, single-arm study to investigate the
safety and efficacy of using US-guided High-Intensity Focused Ultrasound (HIFU) for
treating symptomatic uterine fibroids. As the only center in German-speaking countries
utilizing this technology, their study aims to evaluate not only the clinical outcomes of
HIFU, such as symptom relief and fibroid size reduction, but also its effects on laboratory
parameters and the structural integrity of uterine tissue. This research addresses the gap in
data regarding the impact of HIFU on these specific aspects.

Plöger et al. report on the successful intraoperative use of indocyanine green (ICG) dye
for assessing ovarian perfusion in a 17-year-old patient with ovarian torsion who underwent
ovary-preserving surgery. Their case, supported by a systematic literature review, indicates
that ICG angiography is a feasible and safe technique in the surgical treatment of ovarian
torsion, with potential implications for reducing the need for oophorectomy, although
further research is needed to confirm these findings.

The overview by Jost et al. provides a systematic literature review on the applications
of artificial intelligence (AI) in obstetrics and gynecology (OB/GYN) ultrasound imaging.
AI-assisted ultrasound applications in OB/GYN encompass fetal biometry, echocardiogra-
phy, neurosonography, as well as the identification of adnexal and breast masses, and the
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assessment of the endometrium and pelvic floor. While AI shows promise in automating
plane acquisition, measurements, and pathology detection, this review emphasizes the
need for further research in emerging and experimental fields within OB/GYN ultrasound
imaging to harness the full potential of AI technology.

In this Special Issue, various aspects of prenatal and obstetric care have been ex-
plored, leveraging advanced technologies and innovative approaches. This comprehensive
examination has been made possible through the judicious utilization of cutting-edge
technologies and the application of pioneering methodologies. The collective body of work
presented in these studies exemplifies the relentless pursuit of enhanced knowledge and
improved practices in the field of maternal–fetal healthcare. In summary, this compilation
of studies represents a testament to the relentless pursuit of excellence in maternal–fetal
healthcare. Through the judicious amalgamation of cutting-edge technologies and innova-
tive methodologies, these endeavors collectively contribute to the continuous enhancement
of prenatal and obstetric care, paving the way for improved maternal and fetal outcomes.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Pregnant women with diabetes often present impaired fetal growth, which is less com-
mon if maternal diabetes is well-controlled. However, developing strategies to estimate fetal body
composition beyond fetal growth that could better predict metabolic complications later in life is
essential. This study aimed to evaluate subcutaneous fat tissue (femur and humerus) in fetuses
with normal growth among pregnant women with well-controlled diabetes using a reproducible
3D-ultrasound tool and offline TUI (Tomographic Ultrasound Imaging) analysis. Additionally, three
artificial intelligence classifier models were trained and validated to assess the clinical utility of
the fetal subcutaneous fat measurement. A significantly larger subcutaneous fat area was found in
three-femur and two-humerus selected segments of fetuses from women with diabetes compared to
the healthy pregnant control group. The full classifier model that includes subcutaneous fat measure,
gestational age, fetal weight, fetal abdominal circumference, maternal body mass index, and fetal
weight percentile as variables, showed the best performance, with a detection rate of 70%, consid-
ering a false positive rate of 10%, and a positive predictive value of 82%. These findings provide
valuable insights into the impact of maternal diabetes on fetal subcutaneous fat tissue as a variable
independent of fetal growth.

Keywords: diabetes and pregnancy; ultrasound evaluation; fetal subcutaneous fat mass

1. Introduction

Abnormal fetal growth is linked to higher rates of perinatal morbidity and mortality
and an increased risk of metabolic diseases later in life, including diabetes, hypertension,
obesity, metabolic syndrome, and dyslipidemia [1,2]. In pregnant women, pre-existing dia-
betes and inadequate metabolic control can negatively impact embryogenesis during early
gestation and significantly influence growth and body composition later in pregnancy [3].
Poor glucose control in pregnancies complicated by diabetes, whether insulin-dependent
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or gestational, often results in identifiable characteristics such as selective macrosomia (ex-
cessive fetal growth) and organomegaly (enlargement of organs) [4]. Furthermore, diabetic
pregnant women with complications such as preeclampsia or pre-existing vascular disease
may experience reduced uterine flow and morphological changes in the placenta, which
affect nutrient exchange, leading to intrauterine growth restriction [5].

Maternal hyperglycemia induces fetal hyperglycemia, stimulating pancreatic activ-
ity resulting in hypertrophy, hyperplasia, and increased insulin secretion. Insulin is the
primary anabolic hormone for fetal growth and development, contributing to macroso-
mia and organomegaly [1,3,6,7]. Current evidence suggests that maintaining reasonable
glycemic control in pregnant women with diabetes can disrupt the cycle of hyperglycemia
and hyperinsulinemia, thus preventing complications associated with abnormal fetal
growth [8,9]. However, it remains uncertain whether poor metabolic control in the latter
half of pregnancy exclusively impairs fetal growth [10].

Changes in fetal body composition have implications for both the life period within the
uterus and after birth, leading to alterations in metabolism and inflammation, increasing
the fetus’s vulnerability to higher morbidity and long-term consequences [11,12]. As a
result, evaluating fetal body composition provides numerous advantages over conventional
methods used to assess fetal growth. Previous studies have investigated fat levels in
fetuses of diabetic mothers, revealing elevated subcutaneous or abdominal fat areas [13–15].
However, these techniques for evaluating fat are impractical for routine clinical use due
to their limited reproducibility attributed to operator bias involved in manually selecting
the ultrasound plane for measurement [16–19]. Consequently, ongoing research aims to
develop innovative tools capable of detecting changes in fetal body composition, enabling
early and comprehensive assessments of growth disorders, and ultimately enhancing
clinical management and perinatal outcomes.

Artificial intelligence (AI) has shown some benefits in clinical research. These tools
in obstetrics have been used to incorporate data and images in machine learning models
to predict preterm birth, birth weight, preeclampsia, mortality, hypertensive disorders,
and postpartum depression and placental abnormalities, offering a reduction in inter- and
intraoperator variability, time reduction in procedures, and improving overall diagnostic
performance [20–22].

The present study evaluated subcutaneous fat tissue in fetuses with normal growth
among pregnant women with well-controlled maternal diabetes using a more reproducible
3D-ultrasound tool and offline TUI (Tomographic Ultrasound Imaging) analysis [23]. Ad-
ditionally, three artificial intelligence (AI) classifier models were trained and validated to
assess the impact of maternal diabetes on subcutaneous fat mass in fetuses, identifying the
offspring of a diabetic mother.

2. Materials and Methods

2.1. Ethics Statement

This study was conducted as part of the ongoing OBESO (Biochemical and Epigenetic
Origins of Overweight and Obesity) perinatal cohort at the Instituto Nacional de Perina-
tologia (INPer) in Mexico City, which aims to investigate the association between obesity,
maternal metabolic profile, and their predictive roles in fetal body composition, obesity,
and neurodevelopment during infancy. The project was approved by the Ethics and Re-
search Internal Review Board (2016-1-568/2017-2-79). Enrolled women were provided with
detailed information regarding the risks and benefits of the study, and their participation
was voluntary. Informed consent was obtained from all recruited participants.

2.2. Study Population

Sixty singleton pregnant women were conveniently selected during their third-trimester
ultrasound appointments from January to December 2019. Thirty of these women had
well-controlled diabetes, including sixteen with pregestational (type 2) diabetes without pre-
existing vascular disease and fourteen with gestational diabetes. The other thirty women
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were selected as healthy controls, matched by gestational age. The control group underwent
an oral glucose tolerance test between 24 and– 28 weeks of gestation to rule out diabetes.
Patients used as controls were paired for gestational age, fetal gender, BMI classification
(underweight, normal weight, overweight), and weight gain at the time of the study
(adequate, insufficient, or excessive) [24]. The diabetic participants maintained good
glycemic control throughout pregnancy based on the guidelines set by the American
Diabetes Association, which included fasting capillary glycemia ≤ 95 mg/dL and one-
hour postprandial capillary glycemia ≤ 140 mg/dL in at least 80% of measurements, with
glycosylated hemoglobin HbA1c levels below 6.0% [25]. Women were enrolled after 31
weeks of gestation, as determined by the last menstrual period and confirmed by the first-
trimester ultrasound. Participants with chronic or pregnancy-induced high blood pressure,
type 1 diabetes, diabetes with vasculopathy, and intrauterine fetal growth alterations
were excluded from the study. All enrolled women received routine prenatal care at
INPer, and relevant clinical data were extracted from their medical records. Women with
diabetes received medical nutrition therapy provided by a dietitian, and in some cases,
pharmacological treatment with metformin was necessary to achieve adequate metabolic
control. The Department of Endocrinology at INPer adjusted the metformin dosage to
maintain optimal glycemic standards. Maternal anthropometric measurements, including
pre-gestational weight, height, and body mass index, were obtained from the medical
records. All patients included were followed up to pregnancy ended to collect perinatal
outcomes. No sample size calculation was performed beforehand, but the statistical
power was calculated for all variables with significant differences to verify that it was
greater than 80%.

2.3. Fetometry

Fetometry was performed using a Voluson E8 (GE Healthcare, Chicago, IL, USA) 3D
ultrasound with a volumetric transducer (4–8 MHz). Measurements such as biparietal
diameter, head circumference, abdominal circumference, and femoral length were taken to
estimate fetal weight using the Hadlock 2 formula. Weight percentiles were calculated based
on gestational age, according to the Hadlock reference values, preloaded in the ultrasound
machine; all fetuses included were weighed between the 10th and 90th percentile. The
ultrasound examination involved acquiring a 3D volume scan with a 30◦ sweep angle
and an acquisition time of 10 s. To ensure accuracy, the transducer was placed as close as
possible to the extremity without applying pressure and with minimal fetal and maternal
movement. The arm and thigh closest to the mother’s abdominal wall were selected
for measurement.

2.4. Assessment of Fat Mass Area

Volumetry was performed on the arm and thigh (humerus/femur) anterior to the
maternal abdominal wall, placing the transducer as close as possible to the limb without
exerting pressure in the absence of fetal and maternal movement. The volumetry transducer
was selected (4–8 MHz), and the initial settings were the same as used in the 2D evaluation;
only contrast and zoom were increased in order to see the complete structure in 70 to 80%
of the screen, the focus was placed in the area of interest and the gains to optimize the
image. A volume acquisition angle of 80◦ was selected, and the limb was centered correctly.
The quality of the images depended on the exposure speed; a rotational scan was selected
in a sagittal Z plane with an acquisition time of 10 s [26].

In the offline evaluation, the ViewPoint program, GE Healthcare, was used; select the
“explore submenu”, and then the acquired file was chosen. The sagittal plane of the bone
was displayed as the main screen, and the proximal epiphysis lateralized to the left. A
Sepia filter was applied in the image to delineate the lean and fat mass contours. In the TUI
(Tomographic Ultrasound Imaging) tool, three tomographic slices were programmed, and
the diaphysis was centered to have the center, 1 to the right and 1 to the left [26].
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The fat mass area was determined by subtracting the central area representing lean
mass, consisting of bone and muscle, from the total area obtained in the image. At least
two measurements were taken for each tomographic plane, and the average of these
observations was used for analysis. Three planes of the humerus/femur were utilized: the
union of the proximal third with the middle, the middle of the bone, and the union of the
distal third with the middle third (Figure 1). The acquisition of images and the subsequent
offline analysis were performed by three ultrasound experts specialized in maternal–fetal
medicine, who followed a standardized technique. Prior to the study, the technique was
standardized among these three operators. The inter- and intra-observer variability was
calculated using the intraclass correlation coefficient, yielding a value greater than 0.90 for
all three selected planes.

 

Figure 1. Offline Tomographic Ultrasound Imaging analysis. (A) Sagittal plane of the fetal femur.
(B) Axial plane selected, fat area obtained by subtracting the lean tissue area (muscle and bone) from
the total area (covering the total area).

2.5. Statistical Analysis

Statistical analysis was performed using IBM® SPSS® Statistics, version 20, and de-
scriptive statistics were employed to characterize the general population. The paired t-test
and Wilcoxon rank test were used to assess differences based on data normality and the
requirement for non-parametric tests, respectively. Statistical significance was considered
for p < 0.05.

2.6. Classifier Models

Data analysis comprised two stages: (A) Feature Selection, during which relevant
variables were identified using a 70-30% bootstrapping technique, and (B) Classifiers
Training and Validation, which involved training and evaluating three Linear Discriminant
Analysis with Shrinkage models via a cross-validation process. Each model accounted for
a different group of features. For the classification task, control and diabetes case data were
labeled with 0 and 1, respectively.

(A) Feature Selection

The Least Absolute Shrinkage Selector Operator (LASSO) is a regularized version of
linear regression that assigns zero weight to non-relevant features and, therefore, serves as
a feature selector.
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An optimal LASSO model was trained using 70% of the class-stratified data in each
bootstrapping iteration. The remaining 30% was discarded as this stage focused on deter-
mining the variables that contributed the most relevant information (Figure 2a). Optimal
LASSO models were obtained using Python’s sci-kit-learn library. This process was re-
peated across ten blocks, each comprising five bootstrapping iterations (Figure 2b).

Figure 2. Classifier model development process, variable selection, training, and validation.

Features were selected based on variables that did not register any non-zero-weight
counts of LASSO (Figure 2c). These were grouped according to variable nature: biometric,
free fat-mass, and fat-mass. The average weight of the features is displayed in bar plots
(Figure 2e).

(B) Classifier Training and Validation

The classifier utilized was the Linear Discriminant Analysis, which employed a shrink-
age approach with Ledoit–Wolf parameter optimization. Three models were trained, and
each included a different combination of feature groups: biometric + free fat mass, biometric
+ fat mass, and biometric + free fat mass + fat mass (Figure 2g). Classification performances
were assessed using a class-stratified 10-fold cross-validation technique (Figure 2f). Fi-
nally, the mean and standard deviation of the Area under the ROC (AUROC), Detection
Rate adjusted with False Positive Rate percentage, and Screen Positive Rate are reported
(Figure 2h).
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Three artificial intelligence classifier models were trained and validated to assess
the clinical utility of fetal subcutaneous fat measurement. Model 1, referred to as “full”,
included the following variables: subcutaneous fat measured by ultrasound, gestational age,
fetal weight (ultrasound), fetal abdominal circumference, maternal BMI, and fetal weight
percentile (ultrasound). Model 2, named “ft fat”, exclusively incorporated measurements
of subcutaneous fat in the fetal arm and thigh. Model 3, termed “ft no fat”, was similar to
model 1 but excluded the subcutaneous fat measure. For each of the proposed models, the
detection rate (DR) was calculated considering a false positive rate (FPR) = 5, 10, 15, 20%,
Area Under the Curve (AUC), and Positive Predictive Value (PPV).

To ensure the interpretability of the classifier models and verify that differences were
attributed to the set of features used rather than the classifier itself, Regularized Linear
Discriminant Analysis (Shrinkage-LDA) was employed. Model training and validation
were conducted using Python 3.8 software with the scikit-learn machine learning library.
The data were divided using an 8-way cross-validation strategy, with 70% used for training
and 30% for validation. The strategy aimed to maintain a similar number of items per class
in both training and validation sets (Figure 2).

3. Results

3.1. Characteristics of the Study Population

Baseline characteristics were similar between the study groups (Table 1). However,
mothers with diabetes showed higher pre-gestational weight and pre-gestational BMI than
mothers in the control group (p = 0.034 and 0.046, respectively). No significant difference
was found between the study groups in biparietal diameter, head circumference, abdominal
circumference, femoral length, ratio between male and female fetuses, as well as gestational
age at birth. All newborns were evaluated by neonatologists from the institute staff, weight
was measured, and somatometry was performed; all had a diagnosis of “normal weight for
gestational age,” according to local reference values.

Table 1. Clinical characteristics of the population.

Control
n = 30

Diabetes
n = 30

p Value

Maternal age
(Years, mean ± SD) 30.76 ± 6.4 32.9 ± 7.13 0.247

Gestational age
(Weeks, mean ± SD) 34.63 ± 1.7 34.61 ± 1.71 0.609

Pre-gestational maternal weight
(kg, ± SD) 69.69 ± 9.7 77.87 ± 15.38 0.034 *

Pre-gestational BMI
(kg/m2, mean ± SD) 28.33 ± 3.99 31.00 ± 5.20 0.046 *

Parity
(Median, minimum, and
maximum range)

2 (1–5) 2 (1–6) 0.432

Fetal weight by ultrasound
(Grams, mean ± SD) 2447 ± 397 2533 ± 459 0.198

Biparietal diameter (cm) 8.60 8.65 0.322
Cephalic circumference (cm) 30.97 31.26 0.134
Abdominal circumference (cm) 30.57 30.96 0.091
Femoral length (cm) 7.21 6.57 0.074
Newborn weight
(Grams, mean ± SD) 3257 ± 298 3389 ± 389 0.233

Gestational age at birth
(Weeks, median) 39.1 (37.3–40.1) 38.5 (36.6–39.4) 0.191

Male/female proportion 15/15 15/15 0.478
SD: standard deviation; BMI: body mass index. Student’s t-test. * p < 0.05.
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In the group of pregnant diabetic patients, all received counseling from a clinical nutri-
tionist and were assigned a nutritional plan according to their weight, physical activity, and
weeks of gestation. Twenty patients (66%) received treatment with metformin (adjusting
the dose to achieve the goals of glycemic control), and five (16%) received subcutaneous
insulin treatment (adjusting the dose to achieve the goals of glycemic control).

3.2. Association between Maternal Diabetes and Fetal Subcutaneous Fat Tissue

The mean fat area (in square centimeters, cm2) obtained from six measurements
(three from the humerus and three from the femur) was compared between the study
groups. A significantly larger fat area was observed in the three selected femur segments
of fetuses from women with diabetes than in the control group. These segments included
the junction of the proximal third and middle third (p = 0.024), the middle third (p = 0.026),
and the junction of the distal third and middle third (p = 0.005) (Table 2 and Figure 3). In
the humerus, an increase in fat area was detected at the junction of the proximal third
and middle third (p = 0.045), as well as at the junction of the distal third and middle third
(p = 0.023) in fetuses from pregnant women with diabetes, in comparison to healthy controls
(Table 2 and Figure 3). When women with pregestational diabetes and gestational diabetes
were analyzed separately, no differences were found in the segments evaluated in the fetal
arm or thigh (Table 3).

Table 2. Fat area in three axial planes of the femur and humerus among the study groups.

Control
(cm2, Mean ± SD)

n = 30

Diabetes
(cm2, Mean ± SD)

n = 30
p Value

FEMUR
Proximal third-middle union 8.9 ± 2.0 10.1 ± 2.0 0.024 *
Middle 7.8 ± 1.7 9.0 ± 2.0 0.026 *
Distal third-middle 7.3 ± 1.7 8.8 ± 1.8 0.005 **
HUMERUS
Proximal third-middle union 5.4 ± 1.6 6.1 ± 1.4 0.045 *
Middle 5.1 ± 1.4 5.8 ± 1.8 0.069
Distal third-middle 4.7 ± 1.2 5.3 ± 1.2 0.023 *

SD: standard deviation; Paired student’s t-test. * p < 0.05, ** p < 0.01.

Table 3. Fat area in three axial planes of the femur and humerus among women with pregestational
and gestational diabetes.

Pregestational
Diabetes

(cm2, Mean ± SD)
n = 16

Gestational Diabetes
(cm2, Mean ± SD)

n = 14
p Value

FEMUR
Proximal third-middle union 9.9 ± 1.6 10.2 ± 1.8 0.34
Middle 8.7 ± 2.1 9.3 ± 2.4 0.42
Distal third-middle 7.9 ± 1.9 8.6 ± 2.1 0.06
HUMERUS
Proximal third-middle union 5.9 ± 1.8 6.4 ± 1.8 0.35
Middle 5.6 ± 1.2 5.4 ± 1.9 0.69
Distal third-middle 5.1 ± 1.5 5.6 ± 1.4 0.23

SD: standard deviation; Paired student’s t-test.

3.3. Classifier Models between Fetal Subcutaneous Fat Tissue and Ultrasonographic Tools

Analysis using classifier models to identify whether a patient belonged to the “gesta-
tional diabetes” group showed that model 1, which included all the “full model” variables,
had a detection rate of 70% considering a false positive rate of 10%, with a positive predic-
tive value of 82%, and an area under the curve of 0.88. Model 2, “ft fat,” had a DR of 38%,
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considering a false positive rate of 10%, with a PPV of 67% and an AUC of 0.71. Model 3,
“ft non-fat,” had a DR of 45%, considering an FPR of 10%, with a PPV of 68% and an AUC
of 0.68. The performance of the different models calculated with false positive rates of 5, 10,
15, and 20% are shown in Table 4.

Figure 3. Differences in the fat area around the fetal femur and humerus were analyzed with 3D-
View Tomographic Ultrasound Imaging. (A) femur; (I) Sagittal plane of the femur in the offline
analysis. (II) Axial plane: Areas corresponding to subcutaneous fatty tissue in offline analysis. (III)
Boxplots showing comparison between fetuses from diabetic pregnant women vs. healthy pregnant
women. (B) humerus; (I) Sagittal plane of the femur in the offline analysis. (II) Axial plane: Areas
corresponding to subcutaneous fatty tissue in offline analysis. (III) Boxplots showing comparison
between fetuses from diabetic pregnant women vs. healthy pregnant women * p < 0.05.
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Table 4. Performance of the three proposed models: “full model”, “ft-fat”, and “ft-no fat”.

DR at FPR AUC PPV

Model 0.05 0.10 0.15 0.2

Full model 0.704
(0.214)

0.704
(0.214)

0.738
(0.204)

0.778
(0.182)

0.881
(0.100)

0.823
(0.188)

Ft-fat 0.385
(0.292)

0.385
(0.292)

0.468
(0.279)

0.573
(0.255)

0.719
(0.143)

0.676
(0.190)

Ft no-fat 0.458
(0.269)

0.458
(0.269)

0.501
(0.284)

0.591
(0.269)

0.746
(0.156)

0.682
(0.205)

DR: detection rate; FPR: false positive rate; AUC: area under curve; PPV: positive predictive value. Full model:
subcutaneous fat measured by ultrasound, gestational age, fetal weight (ultrasound), fetal abdominal circumfer-
ence, maternal BMI, and fetal weight percentile (ultrasound); Ft-fat: exclusively incorporated measurements of
subcutaneous fat in the fetal arm and thigh; Ft no-fat: excluded the subcutaneous fat measure.

4. Discussion

4.1. Main Findings

The most striking finding was the significantly larger fat area observed in specific
segments of fetuses from mothers with diabetes, regardless of adequate glycemic control
compared to the control group. This suggests that maternal diabetes should directly impact
the accumulation of subcutaneous fat in certain fetal segments.

4.2. Comparison with Existing Literature

This finding is consistent with a prior investigation conducted by Larciprete et al.,
who utilized ultrasound examinations to illustrate an increase in fetal subcutaneous fat in
pregnancies affected by gestational diabetes [27]. However, our study diverges from that
research since we exclusively enrolled women with well-controlled diabetes and fetuses of
normal weight. In a related study, De Santis et al. in 2010 also documented variations in
subcutaneous fat levels among fetuses born to diabetic mothers, highlighting the utility
of fat assessment as a third-trimester gestational tool, irrespective of the specific maternal
diabetes treatment employed [16]. Building upon their observations, our study concen-
trated on fetal fat measurements exclusively in the third trimester without stratification by
treatment modality.

It is reasonable to assume that the rise in fetal adipose tissue is concomitant with
the increase in fetal weight, which is clinically indicative of maternal diabetes decom-
pensation [13]. Therefore, the most noteworthy discovery in our study is the absence of
disparities in estimated fetal weight or birth weight between the groups but the increased
fat area in the extremities of fetuses born to well-controlled diabetic mothers. Given the
insulin sensitivity of adipose tissue, our findings imply that alterations in fetal adipose
tissue may function as a more sensitive indicator of the ramifications of maternal metabolic
changes, even before significant shifts in fetal weight become apparent [28].

Hence, we can infer that if this cohort of pregnant women with well-controlled di-
abetes had undergone routine ultrasound assessments without the inclusion of fetal fat
measurements, their fetuses would likely have been categorized as having normal weight
and presumed to be in good health. This approach, however, would underestimate the
metabolic risk associated with changes in body composition. In 2017, Venkataraman et al.
provided additional evidence of the “thin but fat” phenotype within the Asian population.
They characterized fetuses with a disproportional increase in adipose tissue, even when
lean body mass was smaller or comparable, occurring before the biochemical diagnosis of
gestational diabetes mellitus. They introduced fetal anterior abdominal wall thickness as an
early indicator of this condition [29]. Nevertheless, it is worth noting that this measurement
can be influenced by fetal position, orientation, attitude, and the volume of amniotic fluid,
potentially reducing its reproducibility. In our study, we assessed the limbs because this
approach is not influenced by the variables mentioned earlier. Additionally, the adoption
of TUI analysis allows for precise selection of measurement planes, thereby diminishing
dependence on inter-observer variability [29,30].
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In recent years, there have been notable advancements in ultrasonography, leading to
improved resolution. This enhancement enables more precise tissue characterization and
accurate quantification of fetal fat accumulation. Additionally, a novel metric called fetal
fractional limb volume has emerged, designed to measure the volume of fetal soft tissues,
encompassing both fat mass and lean mass [31,32]. It has become evident that substantial
physiological diversity and heterogeneity exist in fetal growth velocity patterns, particularly
during the third trimester of pregnancy. Furthermore, the growth trajectory of fetal soft
tissue volume, primarily comprising fat mass, experiences acceleration in the early stages
of the third trimester. Based on these insights, it is suggested that serial assessments of fetal
fat mass and fractional limb volume in the third trimester, spaced at intervals of 2–4 weeks,
could offer valuable clinical insights. Such assessments have the potential to differentiate
between constitutionally small/large fetuses and malnourished/overnourished fetuses,
thus facilitating a deeper understanding of the “thrifty” or “drifty” phenotype, both of
which are predisposed to the development of metabolic syndrome [33]. By detecting
significant variations in fetal fat accumulation, researchers may gain fresh perspectives
into the underlying causes of altered fetal body composition observed in conditions such
as fetal growth restriction or fetal macrosomia. Further studies must be conducted to
evaluate clinical interventions to address altered fetal growth and body composition, with
the ultimate goal of primary prevention of future metabolic dysfunction [32,34].

In the forthcoming years, these novel approaches have the potential to reveal that
alterations in fetal body composition are equally, if not more, crucial than birth weight
alone in identifying newborns with an elevated risk of developing metabolic syndrome,
diabetes, heart disease, obesity, and high blood pressure later in life. To rigorously assess
this hypothesis, ongoing studies are underway to investigate the influence of changes in
fetal body composition on metabolic and neurodevelopmental outcomes in a follow-up
cohort at the age of 8 [35,36]. Furthermore, we advocate for the inclusion of comprehensive
evaluations at birth and follow-up assessments for fetuses exhibiting growth alterations,
such as intrauterine growth restriction and macrosomia. This approach is vital as these
fetuses may exhibit similar modifications as previously documented in studies focused on
body composition at birth [37,38].

The research also explored the potential of using AI-enhanced classifier models to
distinguish between patients with gestational diabetes and those without it. The “full
model” achieved a detection rate of 70% at a false positive rate of 10%, indicating a
promising ability to identify patients with gestational diabetes.

AI methods in medical care could facilitate individual pregnancy management and
improve public health, especially in low- and middle-income countries. Classifier models
are one of the methods of analysis that uses AI. Using statistical analysis methods different
from those we are conventionally accustomed to seeing in the medical literature is becoming
more common to demonstrate the association between variables. Particularly in obstetrics,
these analysis methods have been used to evaluate the risk of preeclampsia [39]. We found
no history of their use in comorbidities such as diabetes in pregnancy.

4.3. Strengths and Limitations

A weakness of our study is the limited number of included patients; however, we
assessed the statistical power of the observed differences, all of which exceeded 0.80.
Additionally, our study is limited by the exclusion of certain variables that may influence
birth weight, such as maternal weight, supplementation, and the use of medications
to manage underlying diseases. Nevertheless, existing evidence suggests that various
treatments for diabetes do not appear to impact fetal fat measurements.

On the other hand, a strength of our study lies in the comprehensive clinical man-
agement provided to all women by the Department of Endocrinology at INPer. Rigorous
glycemic control was confirmed through regular measurements of pre- and postprandial
capillary and venous blood glucose levels, along with periodic quantification of glyco-
sylated hemoglobin. The employed TUI technique offers the advantage of eliminating
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operator dependence or bias, as axial cuts are predetermined in the software, accounting
for bone edges. The software consistently maintains the same distance between axial
planes in all 3D volumes, ensuring consistency across measurements. This contrasts with
previous studies that relied on ultrasound-based subcutaneous fat tissue measurement,
where operators subjectively selected the measurement plane.

To our knowledge, no other work has utilized classifier models to assess fetal fat
measurement as a clinical contributor to diabetes. Thus, this represents the primary
strength of our research.

4.4. Clinical Interpretation

Fetal weight and the quantity of amniotic fluid are the primary clinical indicators of
poorly controlled diabetes during pregnancy. It is worth noting that fetal body composition
is also affected in pregnant women with well-controlled diabetes. Consequently, assessing
fetal fat content can be a valuable tool, offering advantages over assessing fetal weight alone.
This allows clinicians to detect early changes in body composition even before fetal weight
is impacted. Detecting such changes during the fetal period provides an opportunity to
design and implement early interventions that can positively impact the metabolic control
of pregnant women with diabetes, thereby improving perinatal outcomes.

However, establishing reference values for fetal fat is still pending to determine what
would be considered normal. Additionally, our findings raise questions about whether
the variables currently used in the ultrasonographic evaluation of fetuses from diabetic
mothers are adequate or if it is necessary to implement new and more sensitive tools to
classify fetuses more accurately at an increased risk of developing metabolic issues later in
life [40,41].

The development of a classifier model represents an innovative approach to examining
the clinical relevance of subcutaneous fat measurement in fetuses through the utilization of
artificial intelligence. In this study, we conducted training and validation of three models.
By inputting various variables into the analysis, these models can determine whether the
mother–fetus dyad belongs to the diabetic or control group. The analyses of the classifier
models indicate that the inclusion of subcutaneous fetal fat measurement via ultrasound
leads to a more precise prediction of whether the dyad belongs to the diabetic group.
Specifically, this inclusion enhances the detection capability by 10%, raising it from 0.688 to
0.781. These findings support our initial hypothesis that maternal diabetes significantly
affects fetal fat.

5. Conclusions

This study provides valuable insights into the impact of maternal diabetes on fetal
subcutaneous fat tissue. Our findings demonstrate an increase in fat accumulation in fetuses
of mothers with well-controlled diabetes. Furthermore, the application of AI-enhanced
classifier models allows us to identify the offspring of a diabetic mother. These findings
contribute to our comprehension of maternal diabetes and its potential consequences on
fetal development, even when the patient is under good glycemic control.
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Abstract: In this prospective, monocentric study, we investigated the potency of a novel three-
dimensional (3D) body scanner for external pelvic assessment in birth planning for intended vaginal
breech delivery. Between April 2021 and June 2022, 73 singleton pregnancies with intended vaginal
birth from breech presentation (>36.0 weeks of gestation) were measured using a pelvimeter by
Martin, a three-dimensional body scanner, and MR-pelvimetry. Measures were related to vaginal
birth and intrapartum cesarean section. A total of 26 outer pelvic dimensions and 7 inner pelvic
measurements were determined. The rate of successful vaginal breech delivery was 56.9%. The AUC
(area under the curve) of the obstetric conjugate (OC) measured by MRI for predicting the primary
outcome was 0.62 (OR 0.63; p = 0.22), adjusted for neonatal birth weight 0.66 (OR 0.60; p = 0.19). Of
the 22 measured 3D body scanner values, the ratio of waist girth to maternal height showed the best
prediction (AUC = 0.71; OR 1.27; p = 0.015). The best predictive pelvimeter value was the distantia
spinarum with an AUC of 0.65 (OR = 0.80). The 3D body scanner technique is at least equal to predict
successful vaginal breech delivery compared to MRI diagnostics. Further large-scale, prospective
studies are needed to verify these results.

Keywords: breech delivery; birth planning; MR-pelvimetry; three-dimensional pelvimetry; body
scan; obstetric conjugate

1. Introduction

The prevalence of fetal breech presentation around term is reported at 2–4% [1,2]. Since
the Term Breech Trial, which showed significantly higher perinatal morbidity and mortality
after vaginal birth [3], the planned cesarean section has been practiced internationally
as the preferred mode of delivery [4], even though numerous studies have disproved
the results of the Term Breech Trial [5–7] and the study itself was withdrawn due to
methodological errors.

In Germany, a number of perinatal centers practice vaginal delivery from breech
presentation. Although birth planning currently includes MR-pelvimetry in primiparous
women with measurement of the obstetric conjugate (target > 12.0 cm) to detect a feto-pelvic
disproportion, the role of MR-pelvimetry is unclear. Compared to women with a successful
vaginal delivery, those with a cesarean section more frequently showed a lower value of
the obstetric conjugate (OC) [8–11] and interspinous distance (ISD) [12]. Although some
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studies have shown that a higher OC is a predictive value for a successful vaginal birth
from breech presentation, the predictive value of this parameter is conflicting.

Before MRI pelvimetry was established to determine the inner pelvic distances, efforts
were made to determine a possible feto-pelvic disproportion by measuring the outer pelvis.
As a tool for pelvic measurement, the pelvimeter was used. The external conjugate minus
9 cm was used as an approximation for the Obstetric conjugate [13]. Although there
are hardly studies on measuring the outer pelvis using the pelvimeter in literature, the
determination of a single outer pelvic value seems to hardly allow any conclusions about a
feto-pelvic disproportion [14].

Recently, the anthropometric measurement of the outer pelvis was investigated using
three-dimensional (3D) camera technology to detect such a disproportion [15,16]. Especially
in developing countries with poor infrastructural conditions and long distances to the next
maternity hospital, it could be shown that this inexpensive, fast, and portable technology
offers new possibilities in measuring pelvic anatomy and predicting a feto-pelvic imbalance.
Compared to conventional manual anthropometry, measurement errors and inherent
fluctuations can be significantly reduced and new parameters established [16].

Since 2011, as part of the LIFE-Child study [17,18], pregnant women have been mea-
sured three-dimensionally using eye-safe laser technology in a double-triangulation pro-
cess [19]. This method offers the possibility to determine numerous defined body circum-
ferences, distances, and ratios automatically and non-invasively within a few seconds.

So far, there are no studies on the 3D body scan in pregnant women or the correlation
between three-dimensional external pelvic measurements and MR-pelvimetry. The aim of
the study was to investigate whether outer measurements of the pelvis, using the pelvimeter
and 3D body scanner, are related to MRI measures. Secondly, we wanted to answer the
question of whether 3D body scan measurements are superior to MR-pelvimetry and can
be used to predict a successful vaginal breech delivery.

2. Materials and Methods

2.1. Study Population and Design

We conducted a prospective single-center study in a purely Caucasian, Central Eu-
ropean cohort. Between April 2021 and June 2022, mainly primiparous women with a
singleton pregnancy and persistent breech presentation at >36.0 weeks of gestation were
recruited for the study during their birth planning visit at the University Hospital Leipzig.
Patients with a medical indication for a planned cesarean section (severe fetal malforma-
tions, gestational age ≤ 36.0 weeks of pregnancy, estimated birth weight below 2500 g or
above 4000 g) were also excluded.

After recruitment, the three examination methods of inner (MR-pelvimetry) and outer
pelvic measuring (pelvimeter, 3D body scan) were carried out with a maximum interval of
5 days.

In addition to the anthropometric examinations of the pelvis, the following data were
recorded: Maternal age, BMI at the time of the MR-pelvimetry, gestational age at the time
of the MRI examination, parity, delivery mode, need for maneuvers in a vaginal delivery,
reason for cesarean, gestational age at delivery, pH-value, APGAR score after 1/5/10 min,
and neonatal birth weight and sex. Information on maternal height and weight before
pregnancy was taken from the maternity booklet.

Studies on humans are carried out in accordance with the Declaration of Helsinki
(1975). The study was approved by the Ethical Committee of the University of Leipzig
(reference number: 086/21-ek; IRB00001750, date of approval: 16 March 2021). Additionally,
appropriate written informed consent was obtained from all patients included in this study.

2.2. Pelvimeter

A pelvimeter by Martin was used for manual outer pelvimetry. The following mea-
surements were recorded: Distantia spinarum (distance between the two spinae iliacae
anteriores superiores), Distantia cristarum (farthest distance between the two cristae ilia-
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cae), Distantia trochanterica (distance between the two greater trochanters), and External
Conjugate (distance from the upper edge of the symphysis to the processus spinosus of the
5th lumbal vertebra, corresponds to the top point of the Michaelic rhombus). To minimize
interpersonal measurement errors, the measurement of the pelvis with the pelvimeter was
exclusively carried out by two midwives.

2.3. Magnetic Resonance Imaging (MR) Pelvimetry

At the University Hospital Leipzig, MR-pelvimetry is part of the standard clinical
procedure in planning delivery from breech presentation. The primary target parameter is
the Obstetric conjugate (OC, sagittal distance between the dorsal edge of the promontorium
and the dorsal surface of the symphysis, target > 12.0 cm). Secondary target measures
were pelvic width (PW, sagittal distance between the dorsal surface of the pubic symphysis
and the middle of the 3rd sacral vertebrae), sacral pelvic outlet diameter (SOD, sagittal
distance between the inferior border of the pubic symphysis and sacroiliac joint), coccygeal-
pelvic outlet (CPO, sagittal distance from the coccyx tip to the inferior border of the
pubic symphysis), interspinous distance (ISD, distance between the sciatic spines), and
intertuberous distance (ITD, distance between the two sciatic tubes) [12].

The MRI examination takes place between the 36th and 38th weeks of gestation (wog)
using a 1.5-T-MRI system (Symphonie, Siemens Healthcare, Erlangen, Germany) in the
supine position. A T2-weighted single-shot turbo spin-echo sequence (HASTE) is used
for the sagittal section, and a T1-weighted spin-echo sequence (SE) is used for the axial
section. The slice thickness in both sequences is 5 mm. Special patient preparation and
administration of contrast media are not necessary.

The evaluation of the MR-pelvimetry was carried out by two senior physicians from
the Department of Diagnostic and Interventional Radiology, University Hospital Leipzig.

2.4. Three-Dimensional (3D) Body Scan

The 3D body scan anthropometry was performed with the Vitus Smart 3D scanner
from Vitronic [19]. Using eye-safe laser technology, three-dimensional images are designed
within a few seconds in a double-triangulation process. The images are generated in
AnthroScan 2.9.9 software, which, like the scanner itself, conforms to the international
standard ISO 20685 [20]. The images can also be edited in the software. Measurement
planes can be corrected and supplemented as required.

With a resolution of 1 mm, an average of 350,000 points are recorded per scan. A
total of 22 potentially relevant body scanner values were analyzed. The exact designation
and schematic representation of the automatically generated body scanner measurement
values are shown in Table S1. In addition, it is possible to define certain points even more
precisely using marking points. For a better evaluation of the measurement planes and
comparability of the body scanner measurements with the pelvimeter, the following bone
structures were marked with validated “marking points” from the Institute for Applied
Training Sciences Leipzig (IAT): Both spinae iliacae anteriores superiores, the highest points
of the cristae iliacae, trochanteres majores, the midpoint of the upper edge of the symphysis,
and the 5th lumbal vertebra (upper point of Michaelic rhombus). The marking points
(diameter of approximately 1 × 1 cm) were glued to the skin over the corresponding bone
structures. The marking of the bone structures and measurement in the body scanner were
primarily carried out by two employees in order to keep interpersonal bias to a minimum.
The values of the external conjugate, distantia spinarum, distantia intercristarum, distantia
trochanterica, and the distance crista to trochanter major on the right side were generated
as additional variables and subsequently measured with the help of the marking points.
There is a deviation in case numbers of the body scanner data, since three automatically
generated datasets were missing values, while the additional measurements generated via
the marking points could be measured.

The measurement in the body scanner was carried out while standing in an upright
position with a foot closure approximately 5–10 cm open. The arms were spread out to
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the sides of the body (Figure 1). For the measurement, the pregnant woman only wore
light-colored, tight-fitting underwear.

 

Figure 1. Example images of a measurement in the 3D body scanner from the front and side rear view.

The measurement in the body scanner was carried out while standing in an upright
position with a slightly open footrest. The arms were spread out to the sides of the body.
The red crosses are located in the center of the additionally glued marking points above
the bony structures. Thus, the additional measurement values of the external conjugate,
distantia spinarum, distantia intercristarum, distantia trochanterica, and the distance crista
to trochanter major (right) could be determined.

2.5. Statistical Analysis

The main dependent variable and primary outcome was intrapartum cesarean section.
The independent variables were selected based on the results of previous literature [8,9,12]
and included all measures performed by the body scanner, as it was the main aim of the
study to explore its clinical value. Different logistic regression models were built for the
prediction of intrapartum cesarean section in our cohort. A descriptive analysis of the
independent variables was performed and is presented in Tables 1 and 2. Continuous
variables are presented as medians with interquartile ranges and categorical variables are
presented as frequencies (%). The Mann–Whitney U test was used to compare continuous
variables and the chi-square test for categorical variables. Univariable analysis was used to
identify independent variables with an association with the primary outcome and were
considered for inclusion in the multivariable logistic models. Since the number of the
whole cohort and the events (intrapartum cesarean section) were limited, a maximum of
two variables were included in these logistic models. Due to multiple model tests, adjusted
p-values according to the false discovery rate by Benjamini–Hochberg were additionally
indicated. Odds ratios (ORs) were obtained from the logistic regression analysis. The
diagnostic accuracy of each model was assessed through sensitivity, specificity, receiver-
operating characteristics (ROC) curves, and the area under the ROC curve (AUC) with a
95% CI. Paired ROC curves were compared by the DeLong method, and the reference was
the ROC of the OC [21].
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Table 1. Characteristics of the overall study cohort (N = 73), including the 10 pregnant women where
the fetus turned spontaneously into a vertex position after the 36th week of gestation.

Character N %

Parity 0 68 93.2

1 4 5.5

2 1 1.4

Presentation vertex 10 13.7

breech 63 86.3

Delivery mode vaginal 37 50.7

planned (primary) cesarean 12 16.4

Intrapartum (secondary) cesarean 24 32.9

Reason for cesarean obstetric conjugate < 12.0 cm 12 34.3

fetal estimated weight < 2500 g or >4000 g 1 2.9

pathological CTG 3 8.6

birth arrest 8 22.9

difficult birth position 3 8.6

maternal wish 5 14.3

others 3 8.6
Shown are different study characteristics for the total cohort. Five women had a cesarean section in the previous
pregnancy and therefore underwent birth planning with an MRI pelvimetry. Two of ten women with fetus in
vertex presentation received an intrapartum cesarean section. In one case, the reason for intrapartum cesarean
section (vertex presentation) could not be determined as birth took place in another hospital. N, number.

The statistical software package R (Version 4.1.0) [22] and the IBM Statistical Package
for Social Sciences (IBM SPSS V.27) were used for data analysis and creation of graphics.

3. Results

3.1. Study Population

A total of 78 patients with a singleton pregnancy in breech presentation were recruited
during the study period. Five of the included patients subsequently withdrew their consent
or decided to undergo a planned cesarean section. After excluding 10 pregnant women
where the fetus turned spontaneously into a vertex position after the 36th week of gestation
and 12 planned cesareans (partly giving birth in external hospitals), a total of 51 patients
were finally included in the analysis (Figure 2). The percentage of successful vaginal births
from the breech presentation was 56.9%. Table 1 summarizes the examination characteristics
of the total cohort.

The recruitment rate during the study period was almost 86% (78/91). After excluding
deliveries from vertex positions and planned cesareans, a total of 51 patients were included
in the analysis.

A total of five women had cesarean sections in previous pregnancies (one woman
had two previous cesarean sections). Since these women have never given birth vaginally,
they are treated as nulliparous according to hospital standards and undergo normal birth
planning with MRI pelvimetry.

All women with an OC < 12.0 cm decided on planned cesarean section. The leading
reason for an intrapartum cesarean section was birth arrest (22.9%). One patient who
appeared suitable for vaginal delivery at the time of birth planning showed a macrosomic
fetus estimated over 4000 g during labor, therefore a cesarean section was indicated.
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Figure 2. Presentation of the study cohort.

The mean gestational age at delivery was 39.4 wog. All children were born at term
(>37.0 wog). On average, the measurements of the outer and inner pelvis were carried out
in the 36.5 wog. With regard to the time of the outer and internal pelvic measurement, time
of delivery, and neonatal birth weight, the two groups of successful vaginal breech delivery
(N = 29) and intrapartum cesarean section (N = 22) were completely comparable. Also, the
rate of epidural anesthesia did not differ significantly between the two delivery modes
(vaginal delivery 62.1% (18/29), intrapartum cesarean section 59.1% (13/22), p = 0.83). The
rate of obstetric maneuvers was 44.8% (13/29). As described before [23], neonates after
intrapartum cesarean section showed significantly better pH values, but no differences
could be found with regard to the 5 min APGAR scores (Table 2).

Table 2. Results of the outer and inner pelvic measurement.

Variables
Vaginal Delivery from Breech Intrapartum (Secondary) Cesarean p-

Value
adj.

p-ValueN Mean SD Median 95% CI N Mean Median 95% CI

gestational age at
pelvimetry [weeks] 29 36.6 0.8 37.1 36.5; 37.1 22 36.6 0.5 37.0 36.5; 37.0 0.85 0.88

BMI [kg/m2] before
pregnancy 25 21.9 2.9 21.4 20.8; 23.0 22 23.1 3.4 22.2 21.6; 24.6 0.14 0.58

BMI [kg/m2] at
diagnostics 25 26.7 3.3 25.8 25.4; 28.1 22 28.7 3.9 28.6 27.1; 30.4 0.03 0.41

BMI gain [kg/m2] 25 4.6 1.2 4.6 4.1; 5.1 22 5.7 1.7 5.8 4.9; 6.4 <0.001 0.04

MR
pelvimetry

obstetrical conjugate
[cm] 29 13.1 0.7 12.9 12.86; 13.36 22 12.8 0.9 12.8 12.45; 13.25 0.15 0.57

pelvic width [cm] 29 13.8 0.9 13.9 13.49; 14.20 22 13.5 0.9 13.3 13.12; 13.92 0.28 0.55
pelvic constriction [cm] 29 11.7 1.1 11.7 11.28; 12.13 22 12.0 0.8 12.1 11.65; 12.33 0.36 0.59
sacral pelvic outlet
diameter [cm] 29 13.6 0.7 13.7 13.36; 13.87 22 13.4 0.9 13.4 12.99; 13.79 0.31 0.56

coccygeal-pelvic outlet
[cm] 29 8.6 1.1 8.6 8.15; 8.96 22 8.7 0.9 8.7 8.32; 9.10 0.99 0.99

interspinous distance
[cm] 29 11.2 0.7 11.3 10.91; 11.47 22 10.9 1.0 11.0 10.46; 11. 31 0.13 0.58

intertuberous distance
[cm] 29 14.3 1.1 14.2 13.93; 14.74 22 13.9 1.4 14.2 13.23; 14.51 0.36 0.57

Pelvimeter

external conjugate [cm] 29 23.9 2.2 24.0 23.01; 24.71 21 23.6 2.3 24.0 22.52; 24.61 0.76 0.92
distantia spinarum
[cm] 29 24.3 1.8 25.0 23.67; 25.02 21 23.7 1.6 24.0 22.98; 24.43 0.07 0.61

distantia
intercristarum [cm] 29 27.8 1.6 28.0 27.15; 28.37 21 28.0 2.5 27.5 26.83; 29.10 0.86 0.63

distantia trochanterica
[cm] 29 33.2 2.3 33.0 32.28; 34.06 20 33.1 2.6 32.1 31.85; 34.30 0.58 0.79
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Table 2. Cont.

Variables
Vaginal Delivery from Breech Intrapartum (Secondary) Cesarean p-

Value
adj.

p-ValueN Mean SD Median 95% CI N Mean Median 95% CI

3D
bodyscan

waist to high hip back
(5070) [cm] 25 7.7 1.5 7.6 1.06; 8.32 22 7.1 1.5 7.4 6.47; 7.83 0.25 0.55

distance waistband to
high hip back (5075)
[cm]

25 4.1 2.7 4.0 2.95; 5.15 22 4.2 1.9 4.2 3.33; 4.97 0.89 0.94

waist to buttock (5080)
[cm] 25 21.7 1.6 21.7 21.02; 22.31 22 21.2 1.7 21.1 20.50; 21.97 0.34 0.58

distance waistband to
buttock (5085) [cm] 25 17.3 2.9 17.3 16.12; 18.48 22 17.2 2.0 17.2 16.31; 18.10 0.86 0.93

scrotch length, rear
(6012) [cm] 25 42.9 2.8 42.6 41.74; 44.01 22 43.1 2.6 42.7 41.98; 44.25 0.82 0.96

scotch length at
waistband (6015) [cm] 25 69.9 10.4 70.4 65.65; 74.24 22 72.7 10.1 74.9 68.27; 77.21 0.27 0.56

waist girth (6510) [cm] 25 98.8 7.1 97.6 95.90; 101.73 22 102.5 6.8 103.7 99.49; 105.51 0.06 0.61

middle hip (6512) [cm] 25 110.8 9.0 107.9 107.12;
114.56 22 113.8 8.7 114.7 109.99;

117.71 0.19 0.57

waist band (6520) [cm] 25 103.6 7.2 102.2 100.66;
106.59 22 106.0 7.0 106.4 102.86;

109.11 0.23 0.53

waist to buttock hight
right (7011) [cm] 25 21.4 1.6 20.9 20.71; 22.10 22 20.6 1.6 20.8 19.93; 21.34 0.19 0.65

waistband to buttock
hight right (7016) [cm] 25 15.0 3.5 16.0 13.54; 16.43 22 15.2 2.8 15.4 13.93; 16.42 0.90 0.92

waist to hip right
(7021) [cm] 25 36.1 2.0 36.0 35.26; 36.90 22 35.5 1.9 35.3 34.63; 36.31 0.31 0.57

high hip girth (7510)
[cm] 25 109.4 7.8 107.3 106.16;

112.60 22 112.2 8.2 112.7 108.61;
115.87 0.21 0.51

buttock girth (7520)
[cm] 25 109.4 9.5 107.2 105.51;

113.38 22 110.9 9.5 112.0 106.68;
115.13 0.52 0.73

hip girth (7525) [cm] 25 110.5 9.8 108.5 106.42;
114.50 22 112.1 9.4 112.7 107.90;

116.28 0.48 0.70

belly circumference
(7540) [cm] 25 107.8 7.3 105.9 104.79;

110.82 22 110.6 7.8 111.0 107.10;
114.00 0.20 0.56

maximum belly
circumference (7545)
[cm]

25 108.7 7.6 106.4 105.61;
111.88 22 111.6 8.0 111.9 108.10;

115.17 0.19 0.60

external conjugate [cm] 26 29.3 2.5 28.7 28.25; 30.27 22 30.0 2.1 29.9 29.08; 30.98 0.09 0.59
distantia spinarum
[cm] 26 27.5 2.4 27.7 26.53; 28.44 22 27.3 2.1 27.0 26.42; 28.26 0.74 0.92

distantia
intercristarum [cm] 26 33.7 2.7 33.5 32.60; 34.75 22 34.6 2.8 34.8 33.32; 35.82 0.12 0.63

distantia trochanterica
[cm] 26 39.0 3.3 38.6 23.70; 30.35 22 38.9 3.7 38.4 27.25; 40.49 0.72 0.92

distance crista to
trochanter (right) [cm] 26 19.9 3.2 19.4 18.56; 21.16 22 18.7 3.7 17.7 17.08; 20.33 0.09 0.55

delivery

gestational age at
delivery [weeks] 29 39.4 0.9 39.5 39.1; 39.6 22 39.5 1.2 40.0 39.1; 40.1 0.67 0.88

birth weight [g] 28 3323.8 385.1 3270.0 3177.3;
3470.3 22 3397.5 262.6 3375.0 3281.1;

3513.9 0.21 0.54

pH value 28 7.19 0.07 7.19 7.16; 7.22 22 7.25 0.10 7.27 7.21; 7.30 0.005 0.09
APGAR score 5 min 28 9.2 0.7 9.0 8.9; 9.5 22 9.3 1.1 10.0 8.8; 9.8 0.41 0.62

Shown are the three different methods of inner and outer pelvis measuring, divided by delivery mode. Due
to the small number of cases, the medians are given in addition to the mean values. Differences between the
two different delivery modes were calculated using the Mann–Whitney U-test. A p-value < 0.05 was considered
as significant and are shown in bold. Due to multiple model tests, the false discovery rate-adjusted p-values
according to Benjamini–Hochberg are also given. The numbers in brackets behind the body scanner values
correspond to the description from the measurement value catalog (Supplementary Materials). 5′ APGAR-value,
Appearance-Pulse-Grimace-Activity-Respiration value 5 min after delivery; 95% CI, 95%-confidence interval;
adj. p-value, adjusted p-value according Benjamini-Hochberg; BMI, Body-Mass-Index; max, maximum; min,
minimum; N, number; SD, standard deviation.

3.2. Outer and Inner Measurement of the Pelvis and BMI Gain

Table S2 summarizes all of the inner and outer pelvic measurements for the total cohort,
including the pregnancies with planned cesarean and vertex presentation. Table 2 shows
the same table for the 51 included subjects, subdivided according to the delivery mode
in ‘successful vaginal delivery from a breech presentation’ versus ‘intrapartum cesarean
section’. No significant difference between the two delivery modes could be shown for
any of the measured values in the MR-pelvimetry, the external measurement with the
pelvimeter, or the 3D body scan anthropometry (Table 2). A trend could be shown for the
3D anthropometry of the waist girth (p = 0.059): Women with successful vaginal delivery
had a mean girth of 98.8 cm (median 97.6 cm) compared to women with an intrapartum
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cesarean section of 102.5 cm (median 103.7 cm). Notably, when waist circumference was
related to the woman’s height, this ratio was found to be significantly different between the
two subgroups (0.58 ± 0.03 versus 0.61 ± 0.04, p = 0.014).

The two methods for measuring the outer pelvis using the pelvimeter and 3D body
scanner showed, despite the additional marking points in the body scanner, large dif-
ferences. Nevertheless, both methods showed significant dependencies for the external
conjugate (p = 0.002), distantia spinarum (p < 0.001), and distantia trochanterica (p < 0.001)
in the linear regression analysis, and the adjustment for the maternal BMI at the time of the
measurement showed no influence.

The two subgroups of delivery mode differed significantly in terms of BMI gain during
pregnancy. While the mean BMI gain in the group of vaginal births was 4.6 kg/m2, the
women with an intrapartum cesarean gained an average of 5.6 kg/m2 (p < 0.001, adj.
p = 0.04).

Figure 3 shows the relationship between BMI gain during pregnancy (kg/m2) and
the probability of a cesarean section. The graphic clearly shows a rapid increase in the
probability of a cesarean section if the BMI gain is 5 kg/m2.

Figure 3. Presentation of the relation between BMI gain during pregnancy (kg/m2) and probability
for an intrapartum cesarean section by a regression line (black).

The gray area shows the 95% confidence interval. The points below the regression
curve indicate successful vaginal births from a breech presentation, the points above the
curve indicate women with an intrapartum cesarean section. Small random variation
has been added to the dots in order to avoid overplotting and improve visualization.
Women with a successful vaginal delivery from breech presentation showed a significantly
lower BMI gain during pregnancy compared to women with intrapartum cesarean (mean
4.6 kg/m2 versus 5.7 kg/m2, p < 0.001).

3.3. Predictive Value of the Different Models

In the prediction of an intrapartum cesarean section, the obstetric conjugate showed
an AUC of 0.62 (OR of 0.62, p = 0.22). Adjusted for neonatal birth weight the AUC was
0.66 (Table 3). Of the classic pelvic dimensions determined by the pelvimeter, the distantia
spinarum showed the best prediction for the primary endpoint (AUC = 0.65, OR 0.80). The
historical measure of the external conjugate minus 9 cm [13] showed the worst prediction
of all represented models in Table 3 (AUC = 0.53, OR = 0.94). Significance was not found
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for any of these regression analyses (Table 3). In total, of the 22 analyzed body scanner
measurements, the ratio of waist girth to maternal height showed the best discrimination
with an AUC of 0.71 (OR 1.27, p = 0.015). However, the overall best prediction for the
primary endpoint was achieved with the model of BMI gain during pregnancy (AUC = 0.79).
With rising BMI gain, there was a significant increase in the odds of a cesarean section by a
factor of 1.27 (p = 0.026).

Table 3. Logistic regression model for predicting a secondary cesarean section.

Independent Variable
Regr.

Coefficient
95% CI p-Value OR AUC DeLong 1 DeLong 2

obstetric conjugate (MRI) [cm] −0.47 0.29 1.33 0.22 0.63 0.62 Ref. 0.33
adj. obstetric conjugate * [cm] −0.52 0.28 1.28 0.19 0.60 0.66

interspinous distance (MRI) [cm] −0.45 0.32 1.28 0.20 0.64 0.63 0.95 0.21
external conjugate—9 cm [cm] −0.06 0.73 1.22 0.64 0.94 0.53 0.33 Ref.

waist girth (body scan) [cm] 0.08 0.99 1.18 0.08 1.08 0.66 0.92 0.032
waist girth/body height (body scan) 0.24 1.05 1.55 0.015 1.27 0.71 0.35 0.013

adj. external conjugate # (body scan) [cm] 0.23 0.94 1.67 0.12 1.26 0.67
distantia spinarum (pelvimeter) [cm] −0.22 0.57 1.12 0.20 0.80 0.65 0.80 0.15
BMI gain during pregnancy [kg/m2] 0.55 1.07 2.83 0.026 1.74 0.79 0.13 0.007

* Adjusted for neonatal birth weight; # adjusted for maternal hight. Shown are the predictive models for the
primary endpoint of an intrapartum cesarean section. Identified independent variables of the three inner and
outer pelvic measurements with a p-value of <0.15 in the univariate regression analysis were chosen for the
multivariate logistic regression analysis. In total, the best predictive model was achieved using the BMI gain. A
p-value < 0.05 was considered as significant. In prediction of the primary endpoint, all models were equivalent to
the OC (DeLong 1). 95% CI, 95%-confidence interval; AUC, area under the curve; OR, Odds ratio; Ref., reference;
Regr. Coefficient, Regression coefficient ß.

The models of the best predictive values of the three different examination methods of
the inner and outer pelvis as well as the historical measure of the external conjugate minus
9 cm and the obstetric conjugate as a reference are shown as ROC curves in Figure 4.

Figure 4. Presentation of the ROC curves with prediction of an intrapartum (secondary) cesarean
section.

Shown are the best predictive values of the three different examination methods of
the inner and outer pelvis as well as the historical measure of the external conjugate minus
9 cm. The diagonal reference line is shown in grey.

28



J. Clin. Med. 2023, 12, 6181

However, in paired comparisons of the ROC curves according to the DeLong method,
each with the clinically relevant reference measure of the obstetric conjugate, no significant
differences were found (Table 3).

The prediction models of waist girth (p = 0.032) and waist girth to height (p = 0.013)
showed a significantly better prediction of the primary endpoint compared to the historical
measure, while no difference was found between the historical measure and the OC
(DeLong 2, Table 3).

4. Discussion

This is the first study in pregnant women using both an innovative 3D body scan
and MRI to take pelvic measures in women planning vaginal breech delivery. We were
able to show that an inexpensive, non-invasive, and fast measurement of the outer pelvis
can achieve an at least equivalent prediction of a successful vaginal breech delivery as the
standard reference measure of the obstetric conjugate.

Intended vaginal breech delivery requires birth planning and a selection of suitable
women. At the University Hospital Leipzig, like others, the nationally and internationally
recommended requirements for a vaginal breech birth apply [24,25]. In addition, MR-
pelvimetry is performed to determine the obstetric conjugate, as various studies have
shown a successful vaginal birth with an OC of ≥12.0 cm [8–10]. Nevertheless, the benefit
of MR-pelvimetry in the prediction of a successful vaginal delivery is unclear, especially
since previous publications do not name any specific prediction values.

Klemt et al. found a significant difference in OC between vaginal breech delivery and
intrapartum cesarean section with an aOR of 1.56 per additional cm for a successful vaginal
birth [9]. This corresponds to an adjusted OR of 0.64 for the intrapartum cesarean section
(1/1.56), which is similar to our findings (OR = 0.63). This is also confirmed by comparing
the mean values for the OC between the two delivery modes [9]. Also, Hoffmann et al.
were able to show the same mean values for the obstetric conjugates for the two modes
of delivery. Their study also found no significance for the OC between vaginal birth and
cesarean section in the regression analysis, which also confirms the results of our study [12].
Hoffmann et al. named the ISD, measured in the MR-pelvimetry, with an AUC of 0.67 as a
significant predictor of a successful vaginal birth from breech presentation. In our study,
the AUC of the ISD was 0.63, although no significance could be demonstrated.

To our knowledge, there is no study that investigates the prediction of successful
vaginal breech birth using anthropometric 3D body scan measurements. According to a
systematic review, the 3D scanner allows automated, quick, and easy measurements of
different body tissues. According to the authors, the measurements appear to be repro-
ducible, reliable, accurate, and correlate with other measurement techniques [26]. The
idea of a pelvic assessment without MRI might be an attractive alternative if MRI is not
available. Moreover, an anthropometric 3D body scan measurement is able to challenge
traditional outer pelvic measures. Interestingly, despite the marking of the bone structures
via marking points, there were significant length differences between the same outer pelvic
dimensions, measured by the pelvimeter and the body scanner. This results from the fact
that the pelvimeter is specifically placed on the bony structures and, thus, changes the skin
level. The 3D body scanner only scans the skin surface. Therefore, the measurement of sub-
cutaneous fat tissue was considered during study preparation in order to adjust the results
later accordingly. However, due to the different intra-individual and inter-individual distri-
bution of subcutaneous fat, the measurement was removed from the study protocol [27].
Nevertheless, it can be assumed that a comparison of conventional anthropometry (e.g.,
measurement of waist girth) and body scanner anthropometry would result in reliable,
comparable values [26] even in pregnant women.

In summary, the results show the limited prediction of the OC measured in the MRI.
We were able to show that equivalent prediction can be achieved by time-saving, cost-
effective anthropometric measurements like the waist girth. In our opinion, the strength of
MR-pelvimetry is not in predicting birth success from breech presentation. Rather, research
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suggests that determining the ITD using MRI can predict the duration of the active second
stage of labor as well as the rate of obstetrical maneuvers [28].

A limitation of this study is certainly the small number of cases. This results partly
from the unusually high rate of spontaneous versions into vertex position (13.7%). In the
literature, the incidence for a spontaneous version from the 37th week of gestation is given
as 6–9%, and in primiparous women, it is as high as 2.3% [29,30].

Further large-scale, prospective studies should be carried out to confirm the effect of
the BMI gain during pregnancy as well as the influence of waist girth on the success of
vaginal breech delivery.

5. Conclusions

The usefulness and benefit of measuring the OC with MR-pelvimetry in predicting the
success of a vaginal breech delivery is controversial. In our study, we show evidence that
anthropometric outer measures can also be obtained by the 3D body scan technique, which
may be at least equivalent in predicting an intrapartum cesarean section to measurements
of internal pelvic dimensions. Future studies have to show which methods of pelvic
assessment are best to forecast successful vaginal breech delivery.

6. Contribution

What are the novel findings of this work?

For the first time, we were able to show that the relation of waist girth to maternal
height, measured anthropometrically in an innovative 3D body scanner, is at least equiva-
lent to the prediction to the current standard measure of the obstetric conjugate measured
by MR-pelvimetry.

What are the clinical implications of this work?

Anthropometric 3D body scan measurement is able to challenge traditional outer
pelvic measures and might be an attractive alternative in birth planning in vaginally
intended breech deliveries if MRI is not available.
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Abstract: Objective: to assess the course and outcome of fetuses affected by primary cardiomyopathy
(CM). Methods: Retrospective study of 21 cases with prenatal diagnosis of a primary CM in one
tertiary center over a period of 20 years. Charts were reviewed for echocardiographic findings,
pregnancy outcome, and postnatal course. The utility of prenatal evaluation was discussed. Results:
The mean gestational age (GA) at diagnosis was 26.7 (±5.1) weeks. A total of 33.3% (7/21) had
associated anomalies. Genetic etiology was confirmed in 50.0% (10/20, with one case lost to follow
up). The overall survival rate of the entire study population was 40% (8/20) including termination
of pregnancy in 20% (4/20) and an intrauterine mortality rate of 5% (1/20). Of the initial survivors
(n = 15), a neonatal and early infant mortality rate of 46.7% (7/15) was calculated. Prenatal isolated
right ventricular involvement was the only identified significant parameter for survival (p = 0.035).
Four phenotypical groups were identified: 42.9% (9/21) hypertrophic (HCM), 38.1% (8/21) dilated
(DCM), 14.3% (3/21) isolated noncompaction (NCCM), and 4.8% (1/21) restrictive CM (RCM). Fetuses
assigned to isolated NCCM revealed a 100% survival rate. Conclusion: Prenatal detection is feasible
but needs to a introduce classification method for better consulting and management practices. A
poor outcome is still observed in many cases, but an increase in examiners’ awareness may influence
optimal multispecialized care.

Keywords: primary fetal cardiomyopathy; cardiomyopathies; cardiomegaly; fetal echocardiography;
prenatal diagnosis

1. Introduction

Primary cardiomyopathies (CMs) correspond to an important and heterogeneous
group of myocardial disorders, which solely or predominantly target the myocardium and
affect cardiac filling, contraction, or both [1]. Rarely seen prenatally, they occur as late onset
anomalies and account for approximately 2–2.5% of all congenital heart diseases [2,3]. Fetal
and neonatal outcomes are extremely poor, with a reported perinatal mortality rate of up
to 50–82%, continuing into the neonatal period, with primary CMs being the most common
cause of cardiac transplantation in childhood [4–7].

Fetal echocardiography remains the main diagnostic tool in prenatal diagnosis of
primary CMs [7]. Based on clinical and anatomical presentation, categorization is most
commonly performed into dilated (DCM), hypertrophic (HCM), and restrictive (RCM)
cardiomyopathy and might be subdivided into isolated noncompaction cardiomyopathy
(NCCM), as published data demonstrated its feasibility in prenatal echocardiographic
detection [1,7–11]. Grouping different phenotypes is used to define the underlying cause,
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which is a significant determinant of neonatal outcome [5]. Clinical presentation, however,
is highly variable and fetuses may have perinatal demise in almost one third of affected
cases, or may present severe postnatal cardiac failure, or be born with a relatively benign
neonatal course with a potential for recurrence [5,12]. Albeit unfavorable, echocardio-
graphic predictors for an intrauterine demise have been defined; previously published
data, limited to small study populations and heterogeneous cohorts, have failed to evaluate
prognostic criteria for a tailored approach to intrauterine guidance on outcome [5–8].

With contradictory results, consulting and impact on management strategies has to be
re-evaluated, especially as rapid increase in clinically available genetic testing facilitated
confirmation of an identifiable genetic etiology in 40–80% of neonatal primary CMs, sug-
gesting that not only the demand for prenatal counselling with a known family history
will increase in significance, but also that suspecting prenatal primary CM should include
targeted screening of the extended family and recurrence-risk counseling for subsequent
pregnancies [7,13].

We provided an overview of fetuses diagnosed with primary CM at our center. Prena-
tal diagnosis was correlated for postnatal course and outcomes were compared to other
published data. The utility of prenatal evaluation was discussed.

2. Materials and Methods

2.1. Patients

All cases with a prenatal diagnosis of fetal primary cardiomyopathy (PCM), detected
in a 20 years period (2001 to 2021) in a tertiary referral center (University of Bonn, Bonn,
Germany), were retrospectively reviewed for course and outcome.

2.2. Definitions

Primary CM was defined according to the American Heart Association (AHA). Based
on prenatal phenotype presentation, all cases were further divided into dilated (DCM),
hypertrophic (HCM), restrictive (RCM), and isolated noncompaction (NCCM) cardiomy-
opathy (Figure 1) [1].

 

Figure 1. Different phenotypes of PCM illustrating HCM at 32 + 3 weeks gestation (A), isolated
NCCM affecting only the right ventricle at 28 + 0 weeks (B), and RCM 34 + 5 (C).

In the presence of two different CM phenotypes, cases were assigned to the dominant
subtype. DCM was diagnosed if one or both ventricles had qualitative dilation and there
was qualitatively impaired systolic function (Figure 2) [14,15].
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Figure 2. Dilative cardiomyopathy at the four chamber view in a fetus at 34 + 3 weeks gestation
(A). Corresponding M-Mode cursor through the ventricles in an axial four chamber view of the fetal
heart (B), with the corresponding M-Mode tracing (C). End-diastolic (EDD) (Z-score 3.48) and end-
systolic (ESD) (Z-score 6.23) diameter of the right ventricle can be measured accurately to evaluate
the shortening fraction (SF) [16]. EDD and ESD are demonstrated to be nearly the same with an SF
of less than 5%. Changes in right ventricular diameters during the cardiac cycle are only caused by
movement of the interventricular septum (IVS) (C).

HCM was defined by the a presence of qualitative hypertrophy in one or both ventri-
cles with an otherwise preserved systolic function [17,18]. Isolated NCCM was suspected
in the appearance of an abnormal thick endocardial compact layer with prominent tra-
beculations best visualized at systole and deep intertrabecular recesses moving with the
myocardium and being filled by direct blood flow from the ventricular cavity on color
Doppler imaging. Ventricular function was unsuspicious [19]. RCM was defined as one
or both atria enlarged compared to ventricles of normal or small size with hemodynamic
alterations including a dominant E-wave and a very short-duration A-wave, pulsatile
ductus venosus, and atrioventricular-valve regurgitation [1].

Cases in which CM was considered secondary to fetal structural heart diseases
(e.g., twin-to-twin transfusion syndrome, maternal diabetes, viral infection, anemia, fetal
supraventricular tachyarrhythmias, anti-SSA/anti-SSB antibodies, and for complete fetal
heart block) were excluded.

2.3. Ultrasound Assessment

An anatomical survey and fetal echocardiography were performed in a standardized
fashion, using a segmental approach with defined anatomical planes incorporating pulsed-
wave and color Doppler imaging [20,21]. Multifrequent sector or curved array probes
(5 MHz, 7.5 MHz or 9 MHz) were used for all ultrasound examinations (HDI IU22, Phillips,
Hamburg, Germany; Voluson E8 and E10, GE Healthcare, Solingen, Germany). Data were
retrieved from medical files and stored ultrasound images. Cardiomegaly was defined as a
cardiothoracic diameter ratio (CTR) > 0.50 [22]. Cardiac and ventricular sphericity indexes,
including ventricular basal and midventricular sphericity indexes, were calculated as de-
scribed else were [23]. Fetal hydrops was diagnosed in the presence of a fluid accumulation
in at least two compartments including polyhydramnios, ascites, generalized skin edema,
and pericardial or pleural effusion. All cases included an evaluation of viral myocardial in-
fections (including toxoplasmosis, coxsackievirus, echovirus, cytomegalovirus, and herpes
simplex virus) and of maternal antibodies (anti-SSA and anti-SSB).
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2.4. Outcome

Outcomes were categorized into five groups: termination of pregnancy (TOP), in-
trauterine fetal demise (IUFD), neonatal death (NND), death in infancy or childhood
(ICHD), and survivors. Neonatal death was defined as death within the first 28 days of
life. Postnatal assessment was collected from the neonates’ medical records and autopsy
findings if available.

2.5. Data Analysis

Statistical analysis was performed using the Statistical Package for Social Sciences
(SPSS 25.0, SPSS Inc., Chicago, IL, USA) statistical software. Intergroup comparison were
made using one-way ANOVA with a post hoc test, Student’s t-test, or Fisher’s exact test.
All values are given as mean ± standard deviation unless indicated otherwise. A p value
of <0.05 was considered significant. All patients have given written informed consent
for data collection, analysis, and their use for research, although the institutional review
board of the University of Bonn does not require formal ethical approval for retrospective
archived studies.

3. Results

During the study period, we identified 21 pregnancies available for analysis, including
two patients with two pregnancies (Figure 3).

Figure 3. Flowchart summarizing the outcome of 21 fetuses prenatally diagnosed with primary CM.

Mean maternal age was 31.6 years (±6.2) with a mean body mass index (BMI) of
26.8 kg/m2 (±5.5). In 19.0% (4/21) parental consanguinity and in 4.8% (1/21) maternal
cardiac anomaly (Ebstein anomaly) was known. The gestational age at diagnosis was
26.7 weeks (±5.1), with none of the cases identified in the first trimester. A total of 11/21
(52.4%) fetuses were male. Suspicion of fetal heart disease accounted for 47.6% (10/21) of
overall referral reasons. Other indications were family history of primary CM or known
genetic mutations in 14.3% (3/21), hydrops fetalis in 14.3% (3/21), and in 23.8% (5/21) no
cardiac specific reason. Biventricular involvement was the most common subtype (14/21;
66.7%). In the remaining 33.3% (7/21) predominant right ventricular dysfunction was
observed as isolated tricuspid valve regurgitation with a preserved left ventricular function
was seen on two-dimensional fetal echocardiography.
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3.1. Prenatal CM Phenotype

In 42.9% (9/21) fetuses were assigned to HCM, in 38.1% (8/21) to DCM, in 14.3%
(3/21) to isolated NCCM, and in 4.8% (1/21) to RCM. Prenatal cardiac function and
echocardiographic characteristics are summarized in Table 1.

Table 1. Cardiac function and echocardiographic characteristics of the different CM phenotypes.

Parameter
Over all

n = 21
DCM
n = 8

HCM
n = 9

Isolated NCCM
n = 3

RCM
n = 1

p-Value

Fetal hydrops 9 3 6 0 0 0.141
Arrhythmia 2 1 1 0 0 0.912
FHR 21 146.4 ± 13.4 132.3 ± 8.0 139.7± 10.8 137 0.190
EFE 1 1 0 0 0 0.636
TI 13 5 4 3 1 0.234
TI Vmax m/s 1.4 ± 1.4 2.4 ± 1.0 2.4 ± 1.2 1 2.1 0.276
MI 6 1 4 0 1 0.121
CTR 0.55 ± 0.1 0.62 ± 0.1 0.48 ± 0.1 0.57 ± 0.1 0.51 0.323
DV REDF 6 3 2 0 1 0.645
Pulsatile
UV flow 7 2 2 2 1 0.329

Associated anomalies 7 2 5 0 0 0.496
Uni-/Bi-ventricular
involvement 7/14 5/3 0/9 2/1 0/1 0.023

GSI (LCD/TCD) 1.17 ± 0.10 1.16 ± 0.13 1.12 ± 0.12 1.06 ± 0.12 1.3 0.579
LVLD/LVMTD 2.55 ± 0.96 2.21 ± 0.53 2.64 ± 1.23 2.88 ± 1.17 3.54 0.509
RVLD/RVMTD 2.23 ± 0.96 2.05 ± 0.67 2.63 ± 1.26 1.51 ± 0.22 2.55 0.487
LVLD/LVBD 1.81 ± 0.46 1.72 ± 0.22 1.74 ± 0.57 2.19 ± 0.68 1.91 0.497
RVLD/RVBD 1.66 ± 0.66 1.74 ± 0.36 1.71 ± 0.98 1.37 ± 0.23 1.39 0.843

Abbreviations (in alphabetical order): CTR = cardiothoracic diameter ratio; DV = ductus venosus; DCM = dilated
cardiomyopathy; EFE = endocardial fibroelastosis; FHR = fetal heart rate; GSI = global sphericity index;
HCM = hypertrophic cardiomyopathy; LCD = longitudinal cardiac diameter; LVBD = left ventricular basal
diameter; LVLD = left ventricular longitudinal diameter; LVMTD = left ventricular midtransverse diameter;
MI = mitral valve insufficiency, NCCM = noncompaction cardiomyopathy; REDF = reversed end-diastolic flow;
RCM = restrictive cardiomyopathy; RVBD = right ventricular basal diameter; RVLD = right ventricular lon-
gitudinal diameter; RVMTD = right ventricular midtransverse diameter; TCD = transverse cardiac diameter;
TI = tricuspid insufficiency, UV = umbilical vein.

HCM and DCM were diagnosed at an earlier gestational age (24.2 weeks (±4.8)
and 26.8 weeks (±3.8)) compared to isolated NCCM and RCM (31.2 weeks (±4.9) and
34.9 weeks), although not reaching significance (p = 0.080). Univentricular involvement
varied significantly among the different phenotypes (p = 0.023), with the most univentricular
involvement seen in the isolated NCCM group (66.6%). The global sphericity index (GSI)
demonstrated a more globular cardiac shape in general with a mean GSI of 1.17 (±0.1) vs.
1.23 (50th centile) compared to published data by Crispi et al. (Figure 4 A) [23].

Fetuses assigned to the isolated NNCM phenotype revealed the most pronounced
globular cardiac shape with the most pronounced globular right ventricular basal sphericity
index (SI), although not reaching significance (p = 0.843) compared to other subtypes
(Figure 4B). In all phenotypes the right basal ventricular sphericity index (SI) was lower
compared to the left ventricular SI.

3.2. Additional Cardiac, Extracardiac and Genetic Anomalies

Seven fetuses (33.3%) showed additional anomalies, including two fetuses with a
small ventricular septum defect, one fetus with a urogenital disorder, and one fetus of
each with vermis hypoplasia, unilateral clubfoot, bilateral hydrothorax, and with lateral
cervical cysts.
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Figure 4. Scatterplot of global sphericity index (GSI) (A) and right ventricular basal sphericity index
(SI) (B), according to gestational age of fetuses affected by primary CM, differentiated by provided
phenotypes. Estimated 5th (lower), 50th (middle), and 95th (upper) centile curves are shown.

In total, nonchromosomal and chromosomal syndromes were diagnosed in 10/20
(50.0%) of fetuses (Barth syndrome (BTHS) (Taffazin gene mutation) in 2 fetuses; MYBPC3
gene mutation in 2 fetuses; Noonan syndrome (RIT1 gene mutation), LEOPARD syndrome
(PTPN11 mutation), Wolf-Hirschhorn syndrome (microdeletion 4p16.3), KCNH gene muta-
tion, translocation (1;8) combined with duplication (1p 36.32) and deletion (Xp22.31,x1),
and congenital Marfan syndrome in 1 fetus each), of which 60.0% (6/10) were assigned as
HCM, and 40.0% (4/10) as DCM. Prenatal CM phenotypes in accordance with postnatal
identified syndromes are shown in Table 2.

Table 2. CM Phenotypes in accordance with postnatal syndromes.

DCM
n = 8

HCM
n = 9

NCCM
n = 3

RCM
n = 1

n n n n

1 Marfan syndrome 2 Barth syndrome 3 none
identified 1 none

identified

1 Wolf-Hirschhorn
syndrome 1 Noonan syndrome

3 Uhl’s anomaly 1 LEOPARD syndrome
1 Long-QT syndrome 2 MYBPC3 gene mutation
2 None identified 3 None identified

Abbreviations (in alphabetical order): DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy;
NCCM = non-compaction cardiomyopathy; RCM = restrictive cardiomyopathy.

In one case, a mitochondrial myopathy was suspected but muscle biopsy revealed a
normal result. Two further cases had an abnormality strongly suspicious for an underlying
genetic etiology, resulting in an overall suspected genetic etiology in possibly as high as
60.0% (12/20). Baseline characteristics in comparison to neonatal outcome are displayed
in Table 3.

Survivors at last follow up showed a significantly higher proportion of prenatal
univentricular myocardial involvement (p = 0.035). Other investigated parameters revealed
no significant difference, although there was a trend toward further malformations, hydrops
fetalis, and a mitral valve regurgitation in the nonsurvivor group.

3.3. Outcome

The postnatal outcome with regard to different CM phenotypes are displayed in
Table 4.
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Table 3. Comparison neonatal outcome with respect to baseline characteristics.

Parameter
Total

(n = 15)
Alive
(n = 8)

Death
(n = 7)

p-Value

GA at delivery (wks) 35.0 (±3.6) 36.4 (±3.6) 33.8 (±3.4) 0.176
Birth weight (g) 2325.3 (±807.8) 2652.1(±778.4) 2039.2 (±765.2) 0.149
Gender (f/m) 6/9 4/3 2/6 0.315
Univentricular
involvement 7 6 1 0.035

Associated anomalies 6 2 4 0.378
Hydrops fetalis 7 2 5 0.214
MI 3 0 3 0.200
TI 9 5 4 0.378
TI vmax m/s 2.0 (±1.2) 1.5 (±0.6) 2.5 (±0.5) 0.207

Abbreviations (in alphabetical order): F = female; GA = gestational age; M = male; MI = mitral valve insufficiency;
TI = tricuspid valve insufficiency.

Table 4. Postnatal outcome of the different CM phenotypes.

Total (%) IUFD TOP ICHD NND HTX Still Alive

HCM 9 (42.9) 0 2 1 3 0 2 *
DCM 8 (38.1) 1 2 0 2 1 3

NCCM 3 (14.3) 0 0 0 0 1 3
RCM 1 (4.8) 0 0 0 1 0 0

Abbreviations (in alphabetical order): DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopa-
thy; HTX = heart transplantation; ICHD = infancy or childhood death; IUFD = intrauterine fetal demise;
NCCM = non-compaction cardiomyopathy; NND = neonatal death; RCM = restrictive cardiomyopathy;
TOP = termination of pregnancy; * one case with lost to follow up excluded.

Figure 3 demonstrates the postnatal outcome of the entire study population. The
overall mortality rate at last follow up was 60.0% (12/20, excluding one case lost to follow
up. Intrauterine death occurred in one case (5.0%) with hydrops fetalis and severe systolic
dysfunction of the right ventricle at 28 weeks; in this case, Barth syndrome was suspected,
but postnatal histopathological examination revealed no specific result. In 4/20 cases
(20.0%) parents opted for termination of three pregnancy, three of them due to a known
genetic mutation and positive family history and one due to severe hydrops fetalis with
global systolic cardiac dysfunction at 28 weeks. A total of 15 out of 20 (75.0%) fetuses were
live born. In six of the fifteen initial survivors (40%) neonatal death occurred. The mean
gestational age within this group at delivery was 32.8 weeks (±4.01). In one case, Uhl’s
anomaly with severe right ventricular dysfunction including severe tricuspid regurgitation
and decreased cardiac output was prenatally seen. Cardiac failure could not be stabilized
and NND occurred on the fifth day of life. In one case, left ventricular dysfunction was
initially dominant, although prenatally biventricular involvement (RCM) was diagnosed.
Multiorgan failure with sepsis led to NND on the 15th day of life. In the remaining four
neonates, genetic abnormalities were known (Barth, Noonan, LEOPARD, and Marfan
syndrome). Terminal cardiac failure lead to death on the 17th, 12th, 5th, and 10th day of
life, respectively. In one neonate being affected by Barth’s syndrome, death occurred at an
age of three years. As progressive cardiac failure and sepsis due to pneumonia occurred,
the parents denied listing for cardiac transplantation and opted for palliative care.

Eight out of fifteen neonates are still alive. In two cases, cardiac transplantation was
needed, due to progressive cardiac failure. In one neonate the prenatal diagnosis of a
NCCM was changed into small vessel disease via histopathological examination. In the
other neonate, long-QT syndrome was detected. Cardiac transplantation was performed at
the age of 4 months and of 4 years, respectively.

In two neonates (13.3%; 2/15) phenotypical classification changed. Both were prena-
tally assigned to NCCM. One of them had a complete recurrence at the age of 8 years. In
the other case initial right ventricular hypertrophy and dilation was observed. At the age
of 12 years, the right ventricle was unsuspicious; however, the patient is now suffering
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from a dysplastic aortic valve and short stature. Genetic etiology is highly suspicious as
first degree relatives are also suffering from a non-classified heart disease. In one further
case, HCM led to severe stenosis of the pulmonary valve, so balloon valvuloplasty was
performed at an age of 6 months. In addition, a premature craniosynostosis was seen
and surgical procedure was carried out. Although the findings were highly suspicious
for Noonan syndrome, no genetic testing was performed until now. In the remaining
two out of three cases, Uhl’s anomaly was diagnosed. Postnatal genetic evaluation lead
to the diagnosis of a genetic mutation in one case with the result of translocation (1;8),
combined with duplication (1p 36.32) and deletion (Xp22.31,x1). Both patient are being
treated for cardiac failure. In the last case no further cytogenetic description of myopathy
was diagnosed, as suspected Pompe disease could not be confirmed via muscle biopsy.

4. Discussion

Fetal cardiomyopathies carry a substantial burden of disease due to the risk of mor-
bidity and mortality and a missing curative therapy. With a still-undefined incidence in
prenatal series varying from 0.004% to 7%, compared to 0.001% in our cohort, data remains
limited and prenatal diagnosis requires a high level of clinical suspicion [5–7].

4.1. Categorization System

In retrospective studies, primary CMs were categorized either as hypertrophic or
nonhypertrophic/dilated phenotypes, with some further differentiating a mixed phe-
notype, suggesting that a simplifying classification appears to be more accurate and
reproducible [5,6,8]. However, increased sophistication in ultrasound technologies has
proposed a more detailed classification encompassing RCM and isolated NCCM, taking
varying prognostic parameters and adapted prenatal genetic testing into account [7,24,25].
Consequently, in the absence of standardized guidelines and multiple definitions in use, the
distribution of fetal phenotypes remains unclear with a prevalence of HCM varying from
18.0% to 60.0% and of DCM from 11.0% to 72.0%, as the most common subgroups [5,6,8].
In accordance to published data, we were able to identify HCM (42.9%) and DCM (38.1%),
as the main phenotypes and further differentiated isolated NCCM in 14.3% and RCM as
the rarest phenotype. Comparing results for NCCM, the study by Trakmulkichkarn et al.,
revealed a higher proportion of NCCM (26.0%) [7]. This difference might be explained by
the small number of cases in our study, focusing only on the isolated uni-/biventricular
NCCM subtype, as well as the recent increase in clinical awareness, leading to the diagnosis
of all three cases in a later era. Further, with myocardial compaction occurring to a greater
extent in the LV myocardium than in the RV myocardium, it remains difficult to distin-
guish normal variants of physiologically more trabeculated RV from pathological isolated
NCCM, causing a potential underestimation. Data regarding this specific phenotype must,
therefore, be treated with caution.

4.2. Echocardiographic Evaluation

Focusing on prenatal echocardiographic predictive parameters, neither the cardiovas-
cular profile score nor the Tei index seem to be able to reliably predict outcomes dealing
with primary CM in general, although it might be applied for DCM [6]. Referring to RCM,
postnatal research demonstrated an elevated pulmonary vascular resistance, PR prolonga-
tion, and the elevation of mitral valve Doppler E/e’ ratio being associated with increased
mortality, leaving the utility for the prenatal course unproven [26,27]. Regarding NCCM,
postnatal data have shown a strong relationship between cardiac phenotype and risk of
death or transplantation distinguishing isolated phenotype of NCCM from hypertrophic,
dilated, and restrictive, mandating further prenatal research potentially using fetal MRI, as
prognostic parameters might be found [28,29]. A possible algorithm for prenatal evaluation
in cases of suspicion of a primary CM is demonstrated in Figure 5.
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Figure 5. Flowchart illustrating a possible fetal echocardiographic examination in cases of suspected
PCM. Mixed phenotypes and new echocardiographic techniques are not listed for better orientation.
Arrows represent frequent occurrence (AV = artioventricular; ARVC = Arrhythmogenic right ven-
tricular cardiomyopathy; CV = cardiac ventricles; CVPS = cardiovascular profile score; DV = ductus
venosus; GSI = global sphericity index; RV SI = right ventricular basal sphericity index; MPI = my-
ocardial performance index; IVCT = isovolumetric contraction time; IVRT = isovolumetric relaxation
time; iNCCM* = may affect also both ventricles or occur with the other phenotypes).

In our study, we identified uni-right ventricular involvement as the only significant
parameter for survival (p = 0.035), with the most proportion seen in the isolated NCCM
phenotype (p = 0.023), which might be explained as right ventricular function has the
chance to improve after birth [15]. With decreasing postnatal right ventricular afterload,
the diseased right side of the heart undergoes physiological unloading and might recover
cardiac function. Because in fetal life the right heart is exposed to a greater workload
than the left heart, functional analysis of the right ventricle in utero can underestimate its
pumping capacity and vice versa. Consequently, biventricular cardiomyopathy may occur
prenatally with isolated right ventricular dysfunction and may only be detected after birth.
For prenatal evaluation, changed myocardial maturation during gestation and the altered
hemodynamic situation from prenatal to postnatal course must, therefore, be taken into
account [15].

4.3. Genetic

We observed a genetic etiology in 50.0% (10/20) of patients and suspected it in 60.0%
(12/20), which seems to be higher than previously reported [7]. The difference might be ex-
plained by including two patients with two pregnancies, with a known gene mutation, but
also might be explained by the increasing use of genetic analysis, which will likely further
increase the number. However, the interpretation of genetic results needs to be thoughtful,
as clinical severity may vary with age for different morphological manifestations of same
gene mutation and not all variants identified via genetic testing will be clinically significant
or disease-causing [30]. Moreover, Sun et al. identified a distinct genetic spectrum among
NCCM in fetal, pediatric, and adult patients, mandating a possible need for different
molecular genetic testing/panel and leaving it uncertain whether insights obtained from
pediatrics and adult patients can be transferred to fetal primary CMs and vice versa [30–32].
Despite this controversy, there are still several advantages for detailed genetic evaluation,
even in the occurrence of an intrauterine fetal demise: (1). Some mutations (MYH7 gene)
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have been associated with structural congenital heart disease as well as CM. (2). The
outcome and risk for recurrence or subsequent pregnancies might be evaluated. (3). CM
may be diagnosed in previously undiagnosed familial members, as demonstrated in our
study by identifying a same gene mutation of affected fetuses in 20% (3/15) of the parents.

4.4. Outcome

In a retrospective study, a working group of Toronto found perinatal survival rates of
only 18% for fetuses with DCM and 48% for HCM, evaluating CMs in general [8]. In 2014,
the same group found improved outcomes in fetuses with dilated compared to hypertrophic
CM (45 vs. 47%) [5]. Improvement in outcome was assigned to a better treatment of
antibody-mediated CMs [5]. However, nearly 20% of the study population had to be
classified as secondary CMs, biasing outcomes [1,5]. Recently published data identified
an overall survival rate of 32% (12/38) with a given intrauterine mortality rate of 50%
(19/38) [7]. The neonatal and early infant mortality rate was 37% (7/19) [6]. The mortality
rate was found to be 71% in those with DCM and 50% in those with HCM [7]. In our study,
the overall survival rate was 40.0%, comparable to data by Trakmulkichkarn et al. [7]. The
mortality rate was found to be 62.5% (5/8) for DCM and 75.0% for HCM (6/8). The
difference in a better survival rate for DCM might be explained by modern perinatal and
postnatal management strategies, including improved resuscitation, the growing scope
and use of ventricular assist devices, and option for cardiac transplantation. The cardiac
transplantation rate of 13.3% was significantly higher compared to previously published
data (3.2–6.5%) [5,7,33]. However, as pediatric data provide a similar transplantation rate
in the recent era, the earlier recognition of heart failure and medical management seems
more likely to cause an improve in outcome [33]. Higher mortality rates of HCM might be
explained by a poorer survival in those with a genetic etiology, as extensive life-sustaining
interventions might not be offered or opted in to in the context of expected extracardiac
manifestations of the underlying disorder. Genetic etiology was known in all cases with
neonatal or early infant death assigned to HCM, and 71.4% (5/7) in general, which was
higher compared to previous published data with a confirmed genetic etiology in 57% of
fetuses assigned to HCM [7]. With a survival rate of 100% (3/3) at last follow up referring
to NCCM in our study, the outcome was better compared to reported data on 43% being
life born [28]. The difference is highly explained due to the small case load in our study, as
well as the missing consensus on the diagnostic criteria and classification of NCCM and
the possibility of physiological myocardial maturation being mistaken [19,28,32].

4.5. Limitations

This study has some limitations. The sample size is relatively small, with a particularly
limited case number for subgroup analysis of the different CM phenotypes. Intergroup
statistical comparisons are, therefore, of relatively limited value. Given the retrospective
study design, genetic studies were not available for all fetuses. In addition, no standardized
protocol was used, so clinical and echocardiographic evaluated data were not available from
all patients. Furthermore, due to being performed at a single institution, a demographic
bias cannot be excluded.

5. Conclusions

Prenatal detection of primary CM is desirable as it might change the management and
outcome in affected patients. If prenatally suspected, screening and genetic evaluation of
other family members should be performed, as primary CM is highly hereditable, resulting
in a high risk for recurrence in subsequent pregnancies. In case of a known familial risk,
serial monitoring is warranted with evaluations of cardiac function. Although prenatal
predictive parameters remain limited, evaluation of ventricular involvement might be seen
as a prognostic parameter for survival. Delivery should take place in a perinatal center
with multispecialized care.
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Nevertheless, future research with a collection of cases to assess outcomes and the
impact of management strategies is required and risk factors for adverse outcomes to assist
in risk stratification, parental counselling, and appropriated resources at delivery need to
be defined.
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Abstract: Background and objectives: Mobile and remote ultrasound devices are becoming increas-
ingly available. The benefits and possible risks of self-guided ultrasound examinations conducted
by pregnant women at home have not yet been well explored. This study investigated aspects
of feasibility and acceptance, as well as the success rates of such examinations. Methods: In this
prospective, single-center, interventional study, forty-six women with singleton pregnancies between
17 + 0 and 29 + 6 weeks of gestation were included in two cohorts, using two different mobile ul-
trasound systems. The participants examined the fetal heartbeat, fetal profile and amniotic fluid.
Aspects of feasibility and acceptance were evaluated using a questionnaire. Success rates in relation
to image and video quality were evaluated by healthcare professionals. Results: Two thirds of the
women were able to imagine performing the self-guided examination at home, but 87.0% would
prefer live support by a professional. Concerns about their own safety and that of the child were
expressed by 23.9% of the women. Success rates for locating the target structure were 52.2% for
videos of the fetal heartbeat, 52.2% for videos of the amniotic fluid in all four quadrants and 17.9%
for videos of the fetal profile. Conclusion: These results show wide acceptance of self-examination
using mobile systems for fetal ultrasonography during pregnancy. Image quality was adequate for
assessing the amniotic fluid and fetal heartbeat in most participants. Further studies are needed to
determine whether ultrasound self-examinations can be implemented in prenatal care and how this
would affect the fetomaternal outcome

Keywords: mobile ultrasound; self-guided ultrasound; pregnancy; prenatal care; feasibility; acceptance

1. Introduction

Ultrasound is used in routine prenatal care to monitor fetal growth and to detect fetal
abnormalities and other pathologies during pregnancy [1]. Ultrasound examinations are
carried out by qualified professionals since the handling of the devices and interpretation
of the images are complex and require training and experience [2].

Technology continues to advance worldwide and is becoming more important in the
healthcare sector. Mobile and remote medical devices are currently being introduced in
prenatal medicine [3,4]. The COVID-19 pandemic might have accelerated this develop-
ment as alternative designs for prenatal care in accordance with social distancing were
needed [5,6]. Various mobile ultrasound devices have been developed and are being used
in several countries (mainly for nonmedical self-scanning) as they are becoming more
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affordable. With an option for remote guidance by professionals, there would also be an
opportunity to obtain imaging that might be usable for clinical care [7]. This seems to offer
potential advantages, such as enhanced access to healthcare, especially in rural areas, with
subsequent reduced visits to outpatient clinics and fewer hospital admissions, which might
lead to cost savings in the healthcare system [3].

Although initial research results have shown that mobile health devices are acceptable
and feasible for use as home monitoring tools to improve prenatal care [8,9], potential risks
for pregnant women and for unborn children should not be disregarded [10].

Purpose

The aim of this study was to investigate the feasibility and acceptance, as well as
success rates, of medically supervised self-examinations with mobile ultrasound devices
during pregnancy, with the participating women being provided with detailed instructions
in advance.

2. Methods

2.1. Study Design and Population

This was an open, prospective, single-center, interventional cohort study. Women
with singleton pregnancies aged from 18 to 50 years and in gestational weeks 17 + 0 to
29 + 6 weeks were included. Twin pregnancies were ineligible. The participants were
recruited from two settings: women who were hospitalized due to pregnancy-related
complications and women presenting for planned antenatal care. The methods were
performed in accordance with the relevant guidelines and regulations and approved by
the ethics committee of Friedrich-Alexander-Universität Erlangen-Nürnberg (ref. Number
299_20 B). The participants were enrolled into two cohorts, each using one of two different
mobile ultrasound devices (cohort A: Instinct, PulseNmore Ltd., Omer, Israel; cohort B:
Butterfly iQ, Butterfly Network Inc., Guilford, CT, USA). A total of 47 pregnant women
were screened and 46 were enrolled (23 in each cohort), as one patient did not wish to
participate in the study.

2.2. Study Procedures and Data Collection

After undergoing a routine ultrasound examination by an experienced examiner
assessing the fetal heart rate, biometry, echocardiography, fetal profile and amniotic fluid,
pregnant women matching the inclusion criteria were asked to participate in the study.
They were given information about the study and written informed consent was obtained.
An ultrasound device, a mobile phone and an ultrasound gel were handed to the participant.
They received direct instruction on how to use the device and the following tasks were
explained over 5–10 min using example images:

• Recording a video of the fetal heartbeat for 30 s;
• Taking a picture and recording a video of the fetal profile for 60 s;
• Taking a picture and recording a 15-s video of the amniotic fluid in each of the four

quadrants of the abdomen.

There was only one examination that was completed at the study visit on site. The
examination was stopped after 15 min, regardless of whether all of the tasks had been
completed. The participants were asked to complete a questionnaire about age, number
of pregnancies and parity, demographic background, educational level and experience
in using electronic devices. Questions about the feasibility and acceptance of the self-
guided ultrasound examination were also included. The study ended with the submission
of the questionnaire.

The images and videos obtained were saved on the study phone and then transferred
to the study server. The videos were saved as MP4 files and the images were saved as
PNG or JPG files. After successful storage, the original recordings were deleted from the
study smartphone. The patient data collected were pseudonymized and documented in
a database.
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2.3. Ultrasound Devices and Settings

Cohort A: Instinct (PulseNmore Ltd.) is a mobile ultrasound system that was devel-
oped for home use. It consists of a mobile ultrasound device that can be connected to a
mobile phone or tablet (only Android devices are currently applicable). The corresponding
app can be downloaded free of charge. The device did not have any preinstalled presets for
ultrasound in obstetrics and an individual study setting was therefore created and used
uniformly for all participants according to the manufacturer’s recommendations: gain 80%,
frequency 3 MHz, power 0 dB, focus 50–90 mm, depth 150 mm, frame averaging off, line
density 1, rejection 5, dynamic range 60 dB, image enhancement 7, time gain compensation
50% (all), gamma 1.16, speckle reduction 4, contrast 0, map 3, brightness 20%.

Cohort B: Butterfly iQ (Butterfly Network, Inc., Manufacturer: Butterfly Network, city:
Burlington, MA, USA) is a mobile ultrasound system that is certified for medical use. It
consists of a mobile ultrasound device that can be connected to a mobile phone or tablet
by cable (compatible with both Apple and Android devices). The corresponding app can
be downloaded free of charge. The cloud function for saving images and videos can be
deactivated. The preset for ultrasound in obstetrics was used (frequency 1.7/3.4 MHz,
240 acquired receive lines per frame, dynamic range 32 to 48 dB).

2.4. Evaluation of Image and Video Quality

All images and videos obtained during the self-examination were evaluated by one
experienced ultrasound examiner after study recruitment had been completed. Each image
or video was assessed individually and was marked as follows:

• Images or videos that showed the required target structure (e.g., heartbeat, fetal profile
or amniotic fluid) were marked as “target located.”

• Images or videos in which the required target structure was not shown were marked
as “target structure not located.”

• Images or videos that showed the required target structure, but with poor quality that
was not suitable for medical assessment, were marked as “target structure located,
but quality low” (e.g., the image quality was blurred, or the target structure was not
completely visible).

• If the participant was able to show the fetal heartbeat for at least one second during
the video sequence lasting 30 s, it was marked as “target located.” For a satisfactory
presentation of the fetal profile, the forehead, tip of the nose and chin had to be clearly
visible (example in Figure 1). Images and videos taken by the participants in which
the fetal profile was also not visible (n = 18) were excluded.

• For a satisfactory presentation of images and videos of the amniotic fluid, hypoechoic
areas had to be clearly demarcated from parts of the fetus. The four images and four
video sequences representing the amniotic fluid were evaluated separately. If the
amniotic fluid was clearly displayed in one quadrant, the respective videos or image
sequences were marked as “target located.” It was also examined whether the women
were able to display the amniotic fluid in all four quadrants so that retrospective
evaluation of a normal amount of amniotic fluid in a participant would be possible.
Accordingly, the videos were marked as “4 out of 4 with sufficient quality” only if the
amniotic fluid was visible in all four video sequences.
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Figure 1. Requirements for satisfactory presentation of fetal profile: the forehead, tip of the nose and
chin should be clearly visible.

2.5. Data Analysis

A descriptive statistical analysis of the maternal characteristics and answers given
in the questionnaire was carried out. Descriptive statistics (mean, standard deviation,
frequency, percentages) were calculated. The success rate in relation to image and video
quality in the examinations performed by the pregnant women was also reported using
descriptive statistics.

3. Results

All participants completed the required study procedures (self-guided ultrasound ex-
amination and questionnaire). They all managed to complete the tasks assigned in ≤15 min.
No device-related serious adverse events were noted during the examination.

3.1. General Maternal Characteristics

The participants’ characteristics are shown in Table 1. The mean maternal age was
32.6 ± 5.2 years. The mean gestational age was 24.0 ± 3.2 weeks. For more than one
third of the patients, it was their first (39.1%) or second pregnancy (34.8%). With regard to
educational level, nearly half of the participants (41.3%) had an academic degree and 8.7%
had a doctoral degree.

3.2. Evaluation of the Questionnaire on Feasibility and Acceptance

The questionnaire responses are shown in Table 2. Nearly half of the women in cohort B
(43.5%) and nearly one third of those in cohort A felt confident using the ultrasound device.
A total of 7 of the 46 women (15.2%) felt uncertain when performing the examination. In
all, 26.1% of the participants in cohort A and 17.4% of those in cohort B said they would
only be willing to carry out the examination with supervision by a physician. Two thirds of
the participants (67.4%) could imagine carrying out the self-guided examination at home.
A total of 87.0% would like the attending physician to provide live support via video
telephony if they were performing the examination at home.
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Table 1. Maternal characteristics in 46 participants.

Characteristic

Cohort A and
B (n = 46)

Cohort A
(n = 23)

Cohort B
(n = 23)

Mean
or n 1 SD or % 1 Mean

or n 1 SD or % 1 Mean
or n 1 SD or % 1

Maternal age 32.6 5.2 33.8 5.0 31.4 5.1
Gestational week 24.0 3.2 24.1 3.3 23.9 3.0

Pregnancy
1 18 39.1 8 34.8 10 43.5
2 16 34.8 8 34.8 8 34.8
≥3 12 26.1 7 30.4 5 21.7

Educational level
No school-leaving qualification 0 0 0 0 0 0

Lower secondary school qualification 1 2.2 0 0 1 4.3
Intermediate school qualification 6 13.0 3 13.0 3 13.0
University entrance qualification 4 8.7 3 13.0 1 4.3

Apprenticeship qualification 12 26.1 5 21.7 7 30.4
Bachelor’s/master’s degree 19 41.3 10 43.5 9 39.1

Doctoral degree 4 8.7 2 8.7 2 8.7
Smartphone ownership

No smartphone 0 0 0 0 0 0
iOS 20 43.5 8 34.8 12 52.2

Android 23 50.0 14 60.9 9 39.1
iOS and Android 2 4.3 1 4.3 1 4.3

Unknown 1 2.2 0 0 1 4.3

1 Mean and standard deviation (SD) are shown for continuous characteristics and frequency (n) and percentage
(%) for categorical characteristics.

Table 2. Feasibility and acceptability of self-guided ultrasound among pregnant women.

Questions

Cohort A and
B (n = 46)

Cohort A
(n = 23)

Cohort B
(n = 23)

n % n % n %

How confident did you feel using the ultrasound probe?
Very confident 2 4.3 2 8.7 0 0

Confident 17 37.0 7 30.4 10 43.5
Partly/partially 20 43.5 8 34.8 12 52.2

Unsure 7 15.2 6 26.1 1 4.3
Very unsure 0 0 0 0 0 0

Could you imagine doing this examination at home by yourself?
Yes 31 67.4 14 60.9 17 73.9
No 10 21.7 5 21.7 5 21.7

I do not know 5 10.9 4 17.4 1 4.3
If you were to perform this examination at home, would you like the attending physician to provide live support via video telephony?

Yes 40 87.0 20 87.0 20 87.0
No 2 4.3 1 4.3 1 4.3

I do not know 4 8.7 2 8.7 2 8.7
If you were doing this examination at home, would it be okay for you if the doctor first had to evaluate and approve the ultrasound image before

you could see it?
Yes 21 45.7 9 39.1 12 52.2
No 16 34.8 9 39.1 7 30.4

I do not know 9 19.6 5 21.7 4 17.4
Do you agree with the following statements?

The self-examination was fun
I completely

agree 31 67.4 14 60.9 17 73.9

Agree 12 26.1 7 30.4 5 21.7
Neither agree nor

disagree 3 6.5 2 8.7 1 4.3

A little 0 0 0 0 0 0
Not at all 0 0 0 0 0 0
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Table 2. Cont.

Questions

Cohort A and
B (n = 46)

Cohort A
(n = 23)

Cohort B
(n = 23)

n % n % n %

I would like to do the self-examination more often
I completely

agree 18 39.1 8 34.8 10 43.5

Agree 15 32.6 8 34.8 7 30.4
Neither agree nor

disagree 5 10.9 3 13.0 2 8.7

A little 8 17.4 4 17.4 4 17.4
Not at all 0 0 0 0 0 0

The self-examination took too much time
I completely

agree 1 2.2 0 0 1 4.3

Agree 2 4.3 1 4.3 1 4.3
Neither agree nor

disagree 1 2.2 0 0 1 4.3

A little 15 32.6 10 43.5 5 21.7
Not at all 27 58.7 12 52.2 15 65.2

I was afraid of doing something wrong during the self-examination
I completely

agree 1 2.2 1 4.3 0 0

Agree 3 6.5 2 8.7 1 4.3
Neither agree nor

disagree 10 21.7 4 17.4 6 26.1

A little 13 28.3 5 21.7 8 34.8
Not at all 19 41.3 11 47.8 8 34.8

I would only do the self-examination under the supervision of a doctor
I completely

agree 10 21.7 6 26.1 4 17.4

Agree 8 17.4 5 21.7 3 13.0
Neither agree nor

disagree 12 26.1 5 21.7 7 30.4

A little 5 10.9 3 13.0 2 8.7
Not at all 11 23.9 4 17.4 7 30.4

I am concerned that the self-examination may be harmful to me or the child
I completely

agree 0 0 0 0 0 0

Agree 0 0 0 0 0 0
Neither agree nor

disagree 2 4.3 2 8.7 0 0

A little 11 23.9 4 17.4 7 30.4
Not at all 33 71.7 17 73.9 16 69.6

I would like to do the self-examination at home
I completely

agree 18 39.1 7 30.4 11 47.8

Agree 9 19.6 6 26.1 3 13.0
Neither agree nor

disagree 11 23.9 6 26.1 5 21.7

A little 7 15.2 4 17.4 3 13.0
Not at all 1 2.2 0 0 1 2.3

The participants were asked whether it would be acceptable for them not to see the
images before the evaluation of the scans by a physician, which could take a few hours or
days (e.g., using the offline mode five-step scanning procedure). A total of 34.8% said that
this would not be acceptable.

With regard to patients’ opinions about safety, 33 of the 46 participants (71.7%) did
not think that the examinations might be harmful to them or to the unborn child in any
way, while 23.9% were slightly concerned about their own safety and that of the child.

3.3. Assessment of Image and Video Quality

The heartbeat was correctly captured by more than half of the participants (n = 24,
52.2%; Table 3) (Figure 2a,b).
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Table 3. Evaluation of image and video quality.

Evaluation

Cohort A
and B (n = 46)

Cohort A
(n = 23)

Cohort B
(n = 23)

n % n % n %

Amniotic fluid—images
Target structure located 37 80.4 17 73.9 20 87.0

Target structure not located 3 6.5 1 4.3 2 8.7
Target structure located, but quality low 6 13.0 5 21.7 1 4.3

Amniotic fluid—videos
Target structure located 43 93.5 20 87.0 23 100

Target structure not located 1 2.2 1 4.3 0 0
Target structure located, but quality low 2 4.3 2 8.7 0 0

Amniotic fluid—total images
4 out of 4 with sufficient quality 20 43.5 8 34.8 12 52.2

Amniotic fluid—total videos
4 out of 4 with sufficient quality 24 52.2 10 43.5 14 60.9

Heartbeat—videos
Target structure located 24 52.2 6 26.1 18 78.3

Target structure not located 10 21.7 8 34.8 2 8.7
Target structure located, but quality low 12 26.1 9 39.1 3 13.0

Fetal profile—images 28 13 15
Target structure located 4 14.3 1 7.7 3 20.0

Target structure not located 23 82.1 11 84.6 12 80.0
Target structure located, but quality low 1 3.6 1 7.7 0 0

Fetal profile—videos 28 13 15
Target structure located 5 17.9 2 15.4 3 20.0

Target structure not located 23 82.1 11 84.6 12 80.0
Target structure located, but quality low 0 0 0 0 0 0

(a) (b)

Figure 2. (a) Example of an image obtained by a study participant in cohort A, showing the heartbeat
(satisfactory presentation). (b) Example of an image obtained by a study participant in cohort B,
showing the heartbeat (satisfactory presentation).

51



J. Clin. Med. 2023, 12, 4224

With regard to identifying the amniotic fluid during the 15-s video, 43 of the
46 participants (93.5%) managed to locate the amniotic fluid correctly in at least one
of the four quadrants (Figure 3a,b). A total of 52.2% succeeded in locating the amniotic
fluid in all four quadrants in the videos. In relation to capturing still images of the amniotic
fluid, the rate of images with sufficient quality was lower than with the videos (80.4% with
at least one adequate still image in the four quadrants and 43.5% with sufficient quality in
all four quadrants).

Figure 3. Cont.
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Figure 3. (a) Example of an image obtained by a study participant in cohort A, showing the amniotic
fluid (satisfactory presentation). (b) Example of an image obtained by a study participant in cohort B,
showing the amniotic fluid (satisfactory presentation).
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The fetal profile was located satisfactorily by 14.3% of the women in still images (an
example is shown in Figure 4) and by 17.9% in the videos.

Figure 4. Example of an image obtained by a study participant, showing the fetal profile (satisfactory
presentation).

4. Discussion

In this study of the feasibility and acceptability of self-guided mobile ultrasound
during pregnancy, two thirds of the pregnant women would be willing to do the self-
examination alone at home; however, the majority would prefer the attending physician to
provide live support. Nearly half of the women felt confident using the ultrasound device
and few women had concerns about their own safety or that of the child. The success rates
for locating the target structure were better for the fetal heartbeat and the amniotic fluid
than for the fetal profile.

The finding that the majority of the pregnant women (87.0%) would prefer live support
during the self-examination is in line with a 2019 survey by Schramm et al. including
509 women, in which skeptical attitudes toward pregnancy self-monitoring were reduced
when the procedure was combined with web-based consultation with a physician [11].

With regard to the accuracy of self-examination with ultrasound devices in the present
study, the success rate for locating the amniotic fluid (43.5% for images, 52.2% for videos)
and fetal heartbeat (52.2% for videos) was good as this was the first time handling the ultra-
sound device and even trainees in obstetrics and gynecology need more than 24 months
of clinical experience to manage ultrasound examinations independently [12]. In partic-
ular, displaying the fetal profile is known to be technically demanding [13] and this was
accordingly the most challenging task with low success rates (14.3% for images, 17.9% for
videos). Depending on factors such as the fetal position, even experienced sonographers
cannot always visualize the fetal face sufficiently (frequency of incomplete visualization
6–9% [14,15]).

A similar clinical trial conducted in Israel in 2020–2021 using the Instinct ultrasound
system included 100 women with a singleton pregnancy at 14 + 0 to 39 + 6 gestational
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weeks [16]. In that study, the success rate for detection was 95.3% for fetal heart activity
(much higher than in our results in the Instinct cohort, at 26.1%), 88.3% for body movements,
69.4% for tone, 92.2% for normal amniotic fluid volume (similar to our results) and 23.8% for
breathing movements. The self-assessed user experience was rated at 4.4/5, whereas device
satisfaction was rated at 3.9/5 [16]. As in the present study, each participant received
personal face-to-face instruction on how to use the device at the time of recruitment.
The first ultrasound scan was performed with guidance from an experienced ultrasound
examiner, in contrast to the present study. The women were allowed to perform several
scans at home (with a minimum of one and a maximum of three per day, limited to 3 min
per scan) over a period of 7–14 days during pregnancy. Before each scan, the women
viewed animated video demonstrations of how to move the device across the maternal
abdomen. The mean number of scans per participant was 13.6± 6.2 each. There were no
device-related serious adverse events [16]. There were two additional differences between
the study by Hadar et al. and this one: Firstly, the women were allowed to use the mobile
device at home up to three times per day, which might influence the stress level and
pressure to succeed in performing the self-examination. Secondly, being able to use the
device several days in a row might affect the women’s learning curve in comparison with a
single attempt to perform the examination. It can be assumed that it is much easier to learn
how to locate the amniotic fluid than how to detect the fetal heartbeat.

The use of mobile devices in medicine has already been reported to be acceptable
and feasible in other investigations, particularly in high-risk groups and specific patient
groups. One example is the use of self-operated endovaginal telemonitoring during fertility
treatments. In a small pilot study including 15 women, a good correlation was observed be-
tween the number of follicles measured in a self-operated ultrasound and in an ultrasound
performed by a professional. The procedure also appeared to be more patient-friendly and
less time-consuming [17].

Areas in which mobile ultrasound devices may be useful in the prenatal context
include situations that require close fetal monitoring. Cuneo et al. investigated the use
of mobile devices in pregnant women who have antibodies associated with the risk of a
fetal atrioventricular block developing [18]. In the study, which included 315 pregnant
women with positive anti-Ro antibodies, fetal heart rate and rhythm were measured twice
a day using a portable Doppler device. A total of 87% of the patients completed the
monitoring protocol, which did not increase their anxiety levels. Abnormal fetal heart
rates and rhythms were detected by 6.7% of the women. No cases of atrioventricular block
were missed during home monitoring. Many of the patients managed to reach a hospital
within less than 12 h after a fetal atrioventricular block occurred [18]. This example shows
that self-monitoring may be able to reduce the number of clinical consultations and even
identify fetal pathologies during pregnancy earlier.

Further potential risks during home surveillance of fetal parameters using mobile
devices also need to be taken into account. Prospective randomized trials are needed in
order to analyze whether self-guided examinations with mobile ultrasound devices reach
at least the same levels of sensitivity and specificity as standard-of-care examinations by
professionals in the healthcare system. In a retrospective analysis in which 105 cases of
fetal gastroschisis were accompanied by daily home monitoring of the fetal heart rate,
the false-positive rate of fetal distress at admission was reported to be 58%. A significant
increase in the rate of cesarean sections was also observed (50% vs. 24%), without any
influence on perinatal outcome parameters such as the Apgar score or umbilical artery pH
at birth [19].

Future studies should also investigate whether ultrasound self-monitoring influences
anxiety among pregnant women, either positively or negatively. Several studies showed
that increased stress and anxiety in pregnancy have been associated with poor birth out-
comes and restricted fetal growth [20]. Prenatal anxiety might also have an impact on
the number of emergency consultations on the one hand and on postnatal depression on
the other. In a survey from 2019, women were asked if they would visit the emergency
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department less often if smart devices were readily available and only 7.7% affirmed [11].
With regard to depression, it is known that antenatal anxiety is related to postnatal de-
pression [21,22]. Xu et al. found that women who presented to the emergency room
during pregnancy were more likely to be admitted to hospital for a diagnosis of postnatal
depression [23].

Finally, adverse events due to increased exposure to ultrasonic waves themselves
also need to be taken into account. Diagnostic levels of ultrasound can lead to increased
temperatures in tissue and nonthermal effects of ultrasound have also been demonstrated
in animals. Although no hazardous effects have been demonstrated in humans to date,
the European Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB)
stated in 2020 that little information is available regarding possible subtle biological effects
of ultrasound on the developing human embryo or fetus, so that the exposure time should
be limited as much as possible [24].

Strengths and Limitations

Although the study population was small in each cohort in the present study, each
of the participants managed to complete all the tasks so that the images and videos could
be fully evaluated. The educational level was high, as half of the participants had an
academic degree. This may have had a positive influence on the success rate of performing
ultrasound self-examinations. The scans were also performed immediately after having a
presentation by trained staff—this may also impact the success rate and should be taken
into consideration in future studies.

5. Conclusions

Self-examination using mobile systems for fetal ultrasound during pregnancy was
generally acceptable for the pregnant women who participated. The analysis showed
that the image quality was adequate for assessing amniotic fluid in most participants.
Identification of fetal heartbeat and fetal facial profile was more challenging for the women.
Further studies are needed to determine whether ultrasound self-examinations can be
implemented in prenatal care and what effects this might have on fetomaternal outcomes.

The next step will be to perform a clinical trial using study procedures similar to those
in this study, but with the women receiving additional live support from a physician using
video telephony.
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Abstract: Background and Objectives: The present study aims to provide prenatal 2-dimensional
ultrasonographic (2D-US) nomograms of the normal cerebellar area. Materials and Methods: This
is a prospective cross-sectional analysis of 252 normal singleton pregnancies, ranging from 13 to
39 weeks of gestation. The operator performed measurements of the fetal cerebellar area in the
transverse plane using 2D-US. The relationship between cerebellar area and gestational age (GA)
was determined through regression equations. Results: A significant, strong positive correlation
was investigated between the cerebellar area with GA (r-value = 0.89), and a positive correlation
indicates that with increasing GA, the cerebellar area increased in all the participants of the study.
Several 2D-US nomograms of the normal cerebellar area were provided, and an increase of 0.4% in
the cerebellar area each week of GA was reported. Conclusions: We presented information on the
typical dimensions of the fetal cerebellar area throughout gestation. In future studies, it could be
evaluated how the cerebellar area changes with cerebellar abnormalities. It should be established if
calculating the cerebellar area in addition to the routine transverse cerebellar diameter may help in
discriminating posterior fossa anomalies or even help to identify anomalies that would otherwise
remain undetected.

Keywords: ultrasound; cerebellum; posterior fossa anomalies; biometry

1. Introduction

Without a shadow of a doubt, the realm of obstetric practice presents a complex and
multifaceted landscape that ceaselessly evokes fascination and curiosity. Undeniably, at the
pulsating heart of this captivating medical discipline, one critical element shines through
its pivotal significance—the methodical, meticulous, and precise assessment of the fetal
development process. A task of immense gravity and importance, this particular duty is
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far from being a static or unchanging procedure; instead, it can be more appropriately char-
acterized as a vibrant and dynamic process that constantly evolves, changes, and adapts in
line with the unstoppable forward march of technology. In a world where advancements
in technology incessantly bring forth new tools, techniques, and methodologies, our un-
derstanding of fetal development expands correspondingly. These technological leaps not
only deepen our comprehension of the intricate process but also push the boundaries of
our explorative capabilities, allowing us to engage in a more thorough, detailed, and com-
prehensive assessment than ever thought possible in yesteryear. The study of the brain is
an important aspect and is based on the definition of its dimensions and the morphology of
its components [1]. Among the structures, the assessment of the cerebellum is increasingly
debated and evolving [1,2]. Situated within the confines of the posterior cranial fossa, the
cerebellum is a key player in the architecture of the hindbrain, boasting the status of being
its largest component. It consists of a central part known as the vermis and two convex
lateral expansions termed the cerebellar hemispheres. Its external surface has a complicated
network of fissures that delimit the flocconodular, anterior, and posterior lobes. Each of
these lobes can be further divided into smaller subunits called lobules, the presence of
which serves to significantly increase the overall surface area of the cerebellum, thereby
enhancing its functional efficiency and capacity. Renowned for its crucial role in controlling
and coordinating movement, the cerebellum’s capabilities extend much further. In addition
to motor control, it profoundly influences a variety of cognitive functions, including but
not limited to attention, memory processing, and language comprehension. Furthermore,
it plays an instrumental role in regulating emotions, with a particular emphasis on fear
and pleasure. The cerebellum is one of the earliest brain structures to differentiate during
the embryonic stage, yet it is also one of the last to reach full maturity. This prolonged
developmental timeline, spanning both embryonic stages and the postnatal period, leaves
the cerebellum vulnerable to a range of potential developmental anomalies. Brain develop-
ment begins with a fundamental biological process known as neurulation. This process
involves the transformation of the neural plate, formed from the ectodermal layer, into
encephalic vesicles at its cephalic end, with the remaining part of the neural plate laying
the groundwork for the formation of the spinal cord [3]. In the early stages, the brain
architecture comprises three primary encephalic vesicles, called the forebrain, the midbrain,
and the rhombencephalon. As development advances, these vesicles undergo further
diversification. The forebrain splits into two additional vesicles, namely the telencephalon
and the diencephalon, while the rhombencephalon divides into the metencephalon and
the myelencephalon. The development of the cerebellum involves the alar plate, which
is the dorsal part of the metencephalon, and the neural folds, the future rhombic lips.
The alar plate, during its lateral expansion, gives birth to structures called rhombomeres.
These rhombomeres then undergo a process of medial fusion, which defines the cavity
of the fourth ventricle, leading to the formation of a smooth, convex structure known as
the rudiment of the cerebellum. Included within this rudiment is the midline vermis, a
critical component that plays a vital role in the cerebellum’s operation [1]. The cerebellar
fissures, initially appearing on the surface of the vermis and the floccular region during the
fourth month of development, extend to the level of the hemispheres from the fifth month
onward [1,4–6]. After the 19th week of gestation, the mass of the cerebellum undergoes a
substantial increase, doubling in size. This remarkable growth continues beyond birth into
the postnatal period [1,7–10]. Consequently, the evolution of the cerebellum can provide
invaluable insights into the fetus’s overall developmental progress [1].

Researchers have conducted numerous studies to understand normal cerebellar
growth patterns and establish nomograms of cerebellar dimensions to aid in prenatal
diagnosis. For example, Rizzo et al. [11] established reference limits for the cerebellar
vermis using three-dimensional ultrasonography images. Alpay et al. [12] constructed
nomograms for brainstem structures using two-dimensional ultrasonography (2D-US). A
study by Chang et al. [13] demonstrated the effectiveness of three-dimensional ultrasound
in assessing fetal cerebellar volume throughout normal gestation, leading to the develop-
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ment of volume-based nomograms. A multitude of ultrasound studies have underscored
the clinical significance of transverse cerebellar diameter (TCD) and vermis dimension mea-
surements. These have been proposed as potential alternatives to determining gestational
age (GA), providing a fresh perspective compared to the traditional method of measuring
the biparietal diameter (BPD) [1,14–17]. Despite the potential clinical significance of these
methods in terms of both indicating normal brain development and potentially detecting
brain abnormalities, the prenatal ultrasound evaluation of the cerebellar area has yet to be
fully explored and understood.

The present study aims to measure the cerebellar area in fetuses exhibiting normal
development by utilizing prenatal 2D-US examinations in the transverse plane throughout
the gestational period and to provide 2D-US nomograms of the cerebellar area, creating a
potentially invaluable tool that could substantially aid future prenatal assessments.

2. Materials and Methods

The current study was designed as a prospective cross-sectional investigation aimed
at providing a comprehensive analysis of the intricate relationship between the cerebellar
area and GA in a selected cohort of pregnant women. The inclusion criteria included the
requirement of a well-documented last menstrual period, serving as an essential reference
point for estimating GA. Additionally, crown-rump length (CRL) measurements obtained
during first-trimester ultrasound examinations were employed to confirm and accurately
determine GA. By employing these standardized methods, the study aimed to establish
a solid foundation for accurate GA estimation, which is crucial for investigating the rela-
tionship between cerebellar development and GA. Furthermore, fetuses were singleton
and non-anomalous to eliminate potential confounding factors associated with multiple
gestations. This approach allowed for a more focused investigation into the specific impact
of GA on cerebellar development, as it minimized potential variations resulting from dif-
ferences in the number of fetuses or abnormalities. Moreover, the study considered only
pregnancies with the estimated fetal weight falling within the 10th to 90th percentile range,
aiming to capture a representative sample of the general population and avoiding any bias
towards extreme fetal growth patterns. Moreover, the included participants had negative
histories of systemic diseases, normal amniotic fluid volume, intact fetal membranes, and
were not in labor at the time of enrollment.

The evaluation of the cerebellar area was conducted during routine ultrasound exami-
nations, performed for first-, second-, and third-trimester screening. This multidimensional
approach allowed for a comprehensive analysis of cerebellar development throughout
pregnancy, capturing the dynamic changes that occur across different periods.

To ensure consistency and facilitate meaningful comparisons, a standardized approach
was adopted for categorizing GA. Fractions of weeks were rounded to the nearest whole
week, providing a uniform system for characterizing GA across the study population.
Weeks with a GA of ≤4 days were assigned to the lower week, while weeks with >5 days
were assigned to the higher week. This systematic categorization ensured the accurate
representation of GA and allowed for the exploration of cerebellar development at various
stages of pregnancy.

Only healthy neonates with no evidence of growth disturbances (such as growth
restriction or macrosomia) were included. This approach aimed to establish a baseline
understanding of cerebellar development in the absence of significant deviations from the
norm. Adhering to the principles of cross-sectional studies, each fetus was included only
once to ensure the independence of data points and prevent potential duplication, further
strengthening the study’s validity and reliability.

The 2D-US examinations were performed using standard Aloka (Aloka Co., Ltd.,
Tokyo, Japan) and Voluson E10 (GE Healthcare Ultrasound, Milwaukee, WI, USA) ma-
chines equipped with a curved linear array transabdominal transducer (2–5 MHz) and a
transvaginal 4–8 MHz probe. The fetal cerebellum was assessed in the transverse plane of
the fetal brain, including the cavum septum pellucidum, cerebellum, and cisterna magna,
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during fetal and maternal rest using a transabdominal acquisition angle of 45–60◦, depend-
ing on GA. By focusing on this specific plane, the study ensured a standardized approach
and consistent measurement technique across all participants. Freeze-frame capabilities
allowed for the capture of static images at specific moments, enabling detailed analysis and
precise measurements of the cerebellar area. Additionally, an electronic on-screen manual
trace was employed to outline the boundaries of the cerebellar structures (Figure 1).

 

Figure 1. Assessment of the fetal cerebellar area by 2D-US transabdominal approach.

The decision was made not to incorporate color Doppler imaging into the examination
protocol. By excluding the color Doppler, the focus remained solely on measuring the
cerebellar area without the potential influence of vascular dynamics. This approach ensured
that the measured cerebellar area was specific to the cerebellar structures of interest and
minimized potential confounding factors related to blood flow patterns.

The cerebellar area was acquired in cross-section with a hand trace, involving a
systematic tracing process guided by specific anatomical landmarks. The tracing started at
the anterior border of the posterior wall of the spinal cord bridge, followed by the tracing
along the contours of the two cerebellar hemispheres. Subsequently, the tracing continued
along the posterior margin of the cerebellar vermis, capturing the entirety of the cerebellar
area of interest. In cases where the transabdominal route did not provide a clear transverse
view of the fetal brain, the transvaginal approach was utilized. It was often due to the
fetal position or maternal habitus, which could impact the optimal visualization of the
cerebellum. By incorporating this approach, the study aimed to ensure accurate cerebellar
measurements, regardless of any potential imaging challenges. The cerebellar area was
assessed during the routine scan and obtained by means of two measurements.

The statistical analysis was carried out using GraphPad Prism version 8.4.2 for Win-
dows (GraphPad Software, San Diego, CA, USA) and IBM® SPSS® statistical software
version 21.0 (SPSS Inc., Chicago, IL, USA). Only cases with GA between 13 and 39 weeks
were included in the analysis. The clinical characteristics of the participants were expressed
as the mean and standard deviation. These descriptive statistics provided a comprehensive
overview of the central tendency and variability within the study population, offering
insights into the overall characteristics of the sample. The clinical characteristics of the
participants were expressed as mean and standard deviation, and the normal distribution
of the data was assessed using the Kolmogorov-Smirnov test. Spearman’s rank correlation
coefficient and scatter plots were drawn to explore the relationship between the cerebellar
area and the GA. A linear regression analysis equation was calculated to highlight how
the increase in GA accelerated the progression of the cerebellar area. A p-value less than
0.05 was considered statistically significant, indicating meaningful associations between
variables.
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3. Results

The study comprised 283 pregnant women who fulfilled the inclusion criteria.
Measurements of the cerebellar area were performed on all 283 fetuses between 13

and 39 weeks of gestation.
The cerebellum appeared as a “butterfly image”, with two symmetrically curved

hemispheres conjoined by a hyperechoic structure, known as the cerebellar vermis. There
appeared to be no change in its sonolucency between 13 and 39 weeks of gestation.

We obtained satisfactory cerebellar area measurements in the large majority of cases.
Precisely, in 89.9% of the instances, which equates to 252 out of the total 283 cases, we
considered the measurements to be adequately accurate. We adopted a dual approach in
our measurement methodology, which involved either a transabdominal technique, applied
in 225 cases, or a transvaginal technique, utilized in 32 cases. The choice of technique was
determined by the unique specifics of each case. In a small subset of cases, representing
approximately 10.1% of the total cohort, the measurements could not be included in our
analysis. In these specific cases, factors such as fetal position and certain attributes of the
maternal body structure hindered an optimal evaluation of the fetal cerebellum. More
specifically, these factors resulted in our inability to capture a satisfactory transverse plane
image, including the cavum septum pellucidum, the cerebellum, and the cisterna magna.

To encapsulate the clinical characteristics of the study population, we compiled these
details into Table 1. This compilation provides an account of the Hadlock Ultrasound
measurements used in our study.

Table 1. Clinical characteristics of the study population using Hadlock Ultrasound measurements.

Characteristics Value

BPD (mm) 54.90 ± 16.42
BPD (percentile) 55.53 ± 27.17

HC (mm) 204.7 ± 60.89
HC (percentile) 59.84 ± 25.61

AC (mm) 184 ± 60.33
AC (percentile) 60.80 ± 24.43

FL (mm) 39.52 ± 14.32
FL (percentile) 61.02 ± 22.51

EFW (g) 778.4 ± 802.1
AC, abdominal circumference; BPD, biparietal diameter; EFW, estimated fetus weight; FL, femur length; HC, head
circumference. Data are presented as mean and standard deviation.

In Table 2, the predicted 10th, 50th, and 90th percentiles of the cerebellar area, ex-
pressed in square centimeters (cm2), as a function of the GA, expressed in weeks, were
reported.

Table 2. Predicted 10th, 50th, and 90th percentiles of the cerebellar area (cm2) by gestational age
(weeks).

Gestational Age
Number of

Cases
10th Percentile 50th Percentile 90th Percentile

13 2 0.2 0.22 0.24
14 4 0.35 0.435 0.49

15–16 2 0.55 0.575 0.6
17 3 0.87 1.06 1.07
18 5 0.95 1.16 1.6
19 7 1.3 1.54 1.88
20 48 1.444 1.775 2.162
21 57 1.618 1.89 2.262

22–24 50 1.893 2.265 2.939
25–27 8 1.95 3.57 4.46
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Table 2. Cont.

Gestational Age
Number of

Cases
10th Percentile 50th Percentile 90th Percentile

28–30 14 3.61 5.005 6.655
31–33 24 5.4 7.04 8.135
34–39 24 6.105 8.545 11.21

One of the outcomes of our study was the discovery of a positive correlation between
GA and the cerebellar area. This correlation suggests that as the GA advances, there is
a corresponding increase in the cerebellar area. This finding was consistent across all
participants in the study (Table 3) (Figure 2).

Table 3. Correlation between the cerebellar area with gestation age.

Gestation Age (r-Value) p-Value

Cerebellar area (cm2) 0.89 <0.0001
r-value, correlation value; Spearman’s Rank correlation test.

Figure 2. Plot showing the cerebellar area observed measurements and the fitted 10th (lower line),
50th (median line), and 90th (higher line) percentiles for gestational age.

Our research conclusions were further reinforced by the regression equations we
derived. These equations encapsulate the relationship between the mean cerebellar area
(represented by y) and GA (represented by x). This relationship is captured by the equation:
y = 0.4176x − 6.692. Additionally, to gain a comprehensive understanding of the data, we
derived a second equation, which defines the relationship between the standard deviation
of the cerebellar area (represented by y’) and GA: y’ = 0.009x + 0.215. Collectively, these
equations suggest a steady increase of approximately 0.4% in the cerebellar area for each
week of GA progression.

4. Discussion

Cerebellum development occurs over a long period of time, so it has a high suscep-
tibility to experiencing various disorders [18]. One of the most common posterior fossa
anomalies is the Chiari malformation. This malformation manifests as an extension of the
lower part of the cerebellum into the spinal canal. This can lead to compression of the
brain tissue and obstruct the flow of cerebrospinal fluid, leading to potential complications.
There are four types of Chiari malformations. Type I is the most common variant, where
the lower part of the cerebellum extends into the opening at the base of the skull. This type
often does not cause any symptoms and may be discovered incidentally during imaging
performed for another reason. Type II, on the other hand, is usually associated with spina
bifida, a birth defect where the spinal cord does not develop properly. This type results
in both the cerebellum and the brainstem being displaced into the spinal canal, leading
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to compromised breathing and swallowing functions. Type III is a rare and severe form
where the cerebellum and brainstem extend into a sac that protrudes through an opening
at the back of the skull. This can result in severe neurological symptoms and is often
diagnosed shortly after birth. Finally, type IV is the rarest and most severe of all, where the
cerebellum fails to develop properly. This malformation is often fatal before or shortly after
birth. In Dandy-Walker malformation (DWM) [19], the cerebellar vermis does not fully
develop, resulting in an enlarged posterior fossa and fourth ventricle. This is accompanied
by an upward displacement of the lateral sinuses, tentorium, and torcular [19,20]. In this
pathology, the TCD can be normal. Vermis hypoplasia is a cerebellar malformation difficult
to diagnose prenatally due to the normal vermis position or minimal upward rotation
(without tentorium elevation). The fluid collection behind the cerebellum is typically mi-
nor and is directly connected to the fourth ventricle [21]. Another category of cerebellar
malformations includes cerebellar hypoplasia, characterized by a reduction in cerebellar
volume. This group of disorders presents heterogeneity in its manifestations, and the TCD
is usually small when measured in the axial or coronal plane. The diagnosis of cerebellar
hypoplasia typically occurs late in pregnancy or after delivery due to its late onset and the
fact that the TCD is not routinely evaluated during the third trimester [19]. Among the rare
cerebellar malformations is pontocerebellar hypoplasia (PCH), which is characterized by
the prenatal onset of cerebellar hypoplasia with superimposed atrophy [19]. Fetuses with
PCH are very infrequently diagnosed. According to Leibovitz et al. [22], there were only
two cases of PCH diagnosed at 29 gestational weeks, and both cases exhibited reduced
midbrain and hindbrain measurements. The authors concluded that relying solely on
prenatal imaging for the diagnosis of this disorder could prove unreliable. Another rare
congenital cerebellar defect is rhombencephalosynapsis (RES), characterized by a complete
or partial absence of the vermis along with fused cerebellar hemispheres, middle cerebellar
peduncles, and dentate nuclei [23]. Usually, the transcerebellar diameter in these cases is
smaller than average. The typical fissure between the hemispheres is indistinguishable on
the axial plane, and the dorsal part of the cerebellum displays a circular shape and does
not show the typical “butterfly” shape; transverse cerebellar folias appear continuous and
cross the midline. In the sagittal view of the brain, the fourth ventricle takes on a circular
shape, and the main fissure is imperceptible [19]. The detection of RES using ultrasound
before 22 weeks of gestation is infrequent, and patients are typically referred for fetal ven-
triculomegaly [24,25]. Generally, the TCD in such cases is smaller than expected. Joubert
syndrome is a rare autosomal recessive genetic disease associated with syndromic retinitis
pigmentosa and characterized by the absence or underdevelopment of the cerebellar vermis
and a brainstem malformation that gives a typical “molar tooth” appearance [19,26]. A pre-
natal diagnosis is extremely difficult in such cases. On the transcerebellar plane, the vermis
appears hypoplastic, missing the inferior part and producing a midline cleft connecting the
4th ventricle to the cisterna magna [27]. Prenatal diagnosis has been described following
a positive family history or when associated with other typical anomalies, such as renal
malformations [28]. The visualization of the molar tooth is difficult and requires ultrasound
scans performed by experienced operators. Axial magnetic resonance imaging (MRI) scans
usually aid in the diagnosis by allowing the visualization of the pathognomonic “molar
tooth sign” [27,29].

Ultrasound serves as an essential diagnostic instrument for a multitude of obstetric and
gynecological conditions [30–35]. A crucial application of this technology is the examination
of the fetal brain. In particular, the evaluation of the fetal posterior fossa using ultrasound
typically involves visualizing axial planes, including coronal and sagittal planes, via the
transabdominal approach. The axial plane enables the assessment of the vermis and the
cerebellar hemispheres, the TCD, the fourth ventricle size, and the cerebellar peduncle
thickness [19]. TDC measurement is part of the second-trimester routine scan [36] and part
of the assessment of the fetal brain [37]. This involves measuring the cerebellar diameter
in the transcerebellar plane, which is a plane passing through the thalamus and cavum
septum pellucidum. In this section, it is possible to identify the occipital horns of the lateral
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ventricles, the thalami, the interhemispheric fissure, and the cerebellum [38], which, in
cross-section, appears as a butterfly-shaped structure, with the vermis recognizable as
being slightly more echogenic than the two cerebellar hemispheres [27]. Among the coronal
planes, the only one that can be acquired via the posterior fontanelle is the transcerebellar
plane [37]. The vermis can also be measured in the same plane as TDC. The length, width,
and thickness of the vermis can be measured to assess its size and growth. There is a lot
of research about the TDC, correct vermis measurement, and nomograms to use during
the ultrasound for each GA. For example, at 20 weeks of gestation, the average TCD
measurement range is between 16.3 mm and 22.1 mm, and at 32 weeks of gestation, the
average TCD measurement range is between 31.1 mm and 40.7 mm. These ranges can vary
slightly depending on the specific nomogram used in the measurement. [19,22,39,40].

Yet, there are no reports comparing the cerebellar area to nomograms to define abnor-
mal growth. Therefore, we suggest that the cerebellar area might be a useful parameter for
its actual size. We provided prenatal 2D-US nomograms of the normal cerebellar area and
reported an increase of 0.4% in the cerebellar area each week of GA.

Moreover, both TDC and vermis measurements can be used to detect a range of fetal
abnormalities. Posterior fossa anomalies can be suspected during the first-trimester screen-
ing ultrasound, but they must be confirmed in a second-trimester scan [19]. Anomalies
during the second and third trimesters are typically detected when a small cerebellum,
morphological anomalies, or communication between the fourth ventricle and the cisterna
magna are visualized during routine screening [19,41]. Although most of the cerebellar
anomalies can present with a reduced TCD, any of these can show only a morphological
anomaly in association with a normal TDC. In these cases, an untrained operator may
fail in its recognition, and using the cerebellar area assessment for biometric evaluation
could be supportive in the differential diagnosis of posterior fossa abnormalities or even
help identify abnormalities. The transcerebellar plane is the landmark also used for the
measurement of the cerebellar area. The technique used to measure the cerebellar area is
the hand trace, following anteriorly the posterior wall of the spinal cord bridge, continuing
along the two cerebellar hemispheres, and finally passing posteriorly along the posterior
margin of the cerebellar vermis. Using the cerebellar area measurement may be helpful to
suspect the presence of cerebellar and posterior fossa anomalies and refer the patient to a
second-third level center if further studies are necessary.

While TCD measurement can be easily evaluated by sonographers, the morphological
assessment of the cerebellum may be challenging for less trained operators. We could not
obtain the cerebellar area measurement in 10.1% of cases because an adequate transverse
plane could not be obtained due to the fetal position or the maternal habitus. However, the
transcerebellar plane is the same one used for the measurement of both TDC and vermis
measurements, whose evaluations would be inadequate in the same percentage of cases as
the cerebellar area.

A limitation of the present study is the small population sample. Larger population
studies will be necessary to demonstrate the feasibility of this measurement. Moreover, the
data about the first-trimester cerebellar area are limited, and more studies are necessary.
The TCD measurement has not been reported, and it would be useful to compare the
cerebellar area to this already known and used parameter in future research.

5. Conclusions

We presented information on the typical dimensions of the fetal cerebellar area through-
out gestation, providing normograms and reporting an increase of 0.4% in the cerebellar
area each week of GA. In future studies, it could be evaluated how the cerebellar area
changes with cerebellar abnormalities. It should be established if calculating the cerebellar
area in addition to the routine TCD may help in discriminating posterior fossa anomalies
or even help to identify anomalies that would otherwise remain undetected. In this study,
we presented information regarding the typical dimensions of the fetal cerebellar area at
various stages of gestation. We constructed nomograms that illustrate the expected growth
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patterns of the cerebellar area throughout the course of pregnancy, providing healthcare
professionals with a valuable reference tool. Moreover, our findings revealed a consistent
and remarkable increase of 0.4% in the cerebellar area per week of GA. In order to further
advance our knowledge in this field, it is imperative to conduct future research endeavors
focusing on comprehensively evaluating how the cerebellar area changes in the presence
of various cerebellar abnormalities. By systematically examining and quantifying these
abnormalities, we can gain valuable insights into their impact on cerebellar growth pat-
terns and determine whether calculating the cerebellar area, in addition to routine TCD
measurements, can serve as an indispensable diagnostic modality for discriminating and
precisely characterizing posterior fossa anomalies. The potential clinical implications of in-
tegrating cerebellar area calculations into routine screening protocols are highly promising.
By augmenting the existing diagnostic arsenal, we may be able to effectively identify and
categorize anomalies that might otherwise elude detection. Given the complex nature of
cerebellar development and the diverse spectrum of cerebellar abnormalities, we advocate
for further investigations in this domain to unravel the intricate mechanisms underpinning
cerebellar growth and to delineate the diagnostic accuracy of incorporating cerebellar area
measurements in clinical practice.
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Abstract: (1) Background: Cervical elastography is a new concept that could allow clinicians to assess
cervical consistency in various clinical scenarios. We aimed to evaluate the predictive performance
of the strain ratio (SR) at the level of the internal os, either individually or in combination with
other parameters, in the prediction of spontaneous preterm birth (PTB) at various gestational ages.
(2) Methods: This prospective study included 114 pregnant patients with a high-risk profile for PTB
who underwent cervical elastography during the second trimester. Clinical and paraclinical data
were assessed using univariate analysis, logistic regression, and sensitivity analysis. (3) Results:
The SR achieved an area under the receiver operating curve (AUROC) value of 0.850, a sensitivity
of 85.71%, and a specificity of 84.31% in the prediction of PTB before 37 weeks of gestation. The
combined model showed superior results in terms of accuracy (AUROC = 0.938), sensitivity (92.31%),
and specificity (95.16%). When considering PTB subtypes, the highest AUROC value (0.80) and
accuracy (95.61%) of this marker were achieved in the prediction of extremely preterm birth, before
28 weeks of gestation. (4) Conclusions: The SR achieved an overall good predictive performance in
the prediction of PTB and could be further evaluated in various cohorts of patients.

Keywords: cervix; elastography; preterm birth; prediction; performance

1. Introduction

The uterine cervix plays a crucial role in supporting pregnancy until delivery. The
cervix’s ability to adapt to the expanding volume of the uterine contents and increasing
pressure is contingent on its length and firmness, and the closure of its internal orifice.
The mechanical characteristics of the cervix undergo modifications during the course of
pregnancy. Preceding parturition, the cervix undergoes a process of ripening, followed by
effacement and dilation in response to uterine contractions. Inadequate cervical ripening
can lead to premature delivery, with important consequences for neonatal outcomes.

Recently, cervical elastography has emerged as a new concept that can allow clinicians
to assess cervical consistency. The theoretical basis of elastography is founded on the
measurement of the displacement between two points within an organ when external
pressure is applied [1]. The tissue can be characterized as hard and rigid when there is
either no alteration in distance or a negligible change. Soft and dilatable tissue exhibits
notable alterations [2]. The determination of tissue consistency is denoted as strain, whereby
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an increase in strain is indicative of lower tissue firmness, and conversely, a decrease in
strain is associated with higher tissue firmness.

Several studies have outlined the applicability of cervical elastography for the predic-
tion of preterm birth (PTB) [3–5]. A prospective study by Woźniak et al., on 109 pregnant
patients with a short cervix evaluated during the second trimester scan, showed that
preterm birth was associated with softening of the internal cervical orifice [6]. Moreover,
Hernandez-Andrade et al. reported comparable findings in a cross-sectional study of
545 patients with a low risk of preterm birth that evaluated the values of the strain ratio for
quartiles of the endocervical region and whole cervix [7]. Specifically, the authors reported
a positive correlation between an increased strain ratio in the internal os region and the risk
of preterm delivery, but without significant correlations between elastography parameters
of the complete cervix or external os and preterm birth.

Several algorithms for the prediction of preterm birth, based on maternal risk factors,
ultrasound markers, and serum biomarkers, have been evaluated in the current literature [8,9].
Among the most commonly associated maternal risk factors for PTB are the following: age,
ethnicity, obesity, smoking during pregnancy, assisted reproductive techniques, genital
and urinary tract infections, autoimmune disorders, thrombotic disorders, gestational
diabetes and preeclampsia, and personal history of adverse pregnancy outcomes (recurrent
pregnancy loss, history of PTB, etc.) [10–14]. The predictive performance of algorithms that
are solely based on maternal risk factors is modest, with an area under the curve (AUC)
value of 0.67, as reported by Damaso et al. [10].

Ultrasound parameters such as a short cervical length and the pulsatility index of the
uterine artery have also been assessed from the perspective of PTB, but the results have
been conflicting [15–17]. In a secondary analysis conducted by Grobman and colleagues, a
short cervical length (<30 mm) on transvaginal ultrasound in the second trimester, between
16 and 22 weeks of gestation, achieved an AUC value of only 0.63 in the prediction of
spontaneous PTB before 34 weeks of gestation [18].

Recently, some authors have questioned the predictive performance of a short cervical
length of less than 30 mm compared to that of less than 25 mm and suggested that a
cut-off of 30 mm in the second trimester of pregnancy may more accurately predict the
risk of PTB before 35 and 37 weeks of gestation (AUC: 0.70) [19]. However, the majority of
observational studies reported a cut-off of 2.5 cm [20–22], which demonstrated a moderate
predictive performance.

Finally, numerous biomarkers have been studied for the prediction of PTB, but only
a few, such as cervical fetal fibronectin, alpha fetoprotein, C-reactive protein, and inter-
leukin 6, have obtained good results in terms of the predictive performance in spontaneous
preterm birth [23,24].

A recent study by Jung et al. demonstrated that the addition of cervical elastography
parameters to the cervical length determined via transvaginal ultrasound can improve the
overall prediction of spontaneous preterm birth before 32 weeks of gestation [3]. The aim
of this study was to evaluate the predictive performance of the strain ratio measured at the
level of the internal os in the prediction of spontaneous preterm birth. A secondary aim of
this study was to evaluate the predictive performance of this parameter in combination
with the cervical length and clinical risk factors for PTB and its subtypes.

2. Materials and Methods

This prospective study included 114 pregnant patients who attended the Clinical
Hospital of Obstetrics and Gynecology “Cuza-Voda”, Iasi, Romania, between July 2021
and January 2023, with a high-risk profile for PTB either due to a short cervical length (less
than 2.5 cm) or due to the presence of at least two risk factors for PTB. The patients were
enrolled in this study during the second trimester anatomy scan, between 18 and 24 weeks
of gestation. Informed consent was obtained from all participants, and ethical approval
for this study was obtained from the Institutional Ethics Committee of the University of
Medicine and Pharmacy “Grigore T. Popa” (No. 101/8 July 2021).
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The inclusion criteria were as follows: patients aged between 18 and 45 years with
singleton pregnancies, between 18 and 24 weeks of gestation at enrollment, who had a
history of adverse pregnancy outcomes (history of preterm birth, recurrent pregnancy
loss, stillbirth, ischemic placental disease, or cervical insufficiency) or a cervical length less
than 2.5 cm as determined via transvaginal ultrasound, and who offered their informed
consent to participate in this study. The exclusion criteria comprised underage patients,
twin pregnancies, fetal chromosomal and structural abnormalities, history of cervical
surgery such as cervical conization or loop electrosurgical excision procedures, diagnosis
of placenta accreta spectrum disorders, incomplete medical data, or inability to provide
informed consent.

The patients were subjected to a detailed assessment of their medical history and
current medical conditions, along with a thorough clinical examination. The study docu-
mented several variables, including age, medium, body mass index (BMI), smoking status,
gestational age at enrollment, parity, adverse pregnancy outcomes (such as preterm birth,
preeclampsia, intrauterine growth restriction, and stillbirth), and comorbidities.

The patients underwent standard anatomy scans as well as transvaginal ultrasounds
performed by experienced obstetricians, with at least a level 2 qualification in ultrasound
examination, using an E10 scanner with a 4.8 MHz transabdominal probe, and a 5–15 MHz
intravaginal probe (GE Medical Systems, Milwaukee, WI, USA).

The participants were instructed to empty their bladders and to adopt the lithotomy
position for the cervical elastography examination. A transvaginal probe was inserted
into the anterior vaginal fornix to locate the bladder as a reference point. Subsequently,
a conventional sagittal image of the cervix was acquired, and the cervical length was
determined as the distance between the internal cervical os and external cervical os. The
probe was utilized to generate a maximum of five compression and decompression cycles
while operating in elastography mode. We obtained a sagittal section of the cervix and
marked the regions of interest (ROIs) at the level of the internal cervical os as reported by
Hernandez-Andrade et al. [7]: region of interest on the anterior lip of the internal cervical
os, region of interest on the posterior lip of the internal cervical os, reference region on
the anterior lip of the external cervical os, and reference region on the posterior lip of the
external cervical os (see examples in Figures 1 and 2). The Elastography Analysis program
was used to calculate numerical values for the strain ratio based on the selected regions
during 5 cycles of compression–decompression, and the mean recorded values of the strain
ratios in the regions of interest corresponded to mean recorded value of the internal cervical
os strain ratio.

The patients were followed up until delivery, and pregnancy outcomes were recorded.
Depending on the gestational age at delivery, the patients were segregated into the follow-
ing groups: group 1 (n = 63 patients) comprised patients who delivered before term (before
37 completed weeks of gestation), and group 2 (n = 51 patients) comprised patients who
delivered at term and were considered controls.

The evaluated pregnancy outcomes were gestational age at birth, type of birth, new-
born’s gender, Apgar score, neonatal intensive care unit (NICU) admission, fetal death, and
the need for mechanical ventilation.

In the first stage of the statistical analysis, categorical variables were evaluated with chi-
squared and Fisher exact tests, which are presented as frequencies with the corresponding
percentages, and continuous variables were evaluated with t-tests, which are presented as
means and standard deviations (SD).

In the second stage of the analysis, we evaluated and compared the predictive per-
formance of the strain ratio and a combined algorithm using logistic regression and ROC
analysis. Cut-off values, adjusted to gestational age at diagnosis, were identified according
to the Youden index. The combined algorithm comprised the values of the strain ratio,
cervical length, and maternal characteristics recorded during the prenatal visit in the second
trimester (maternal age, BMI, smoking status, previous history of preterm birth, gestational
diabetes, pregnancy-induced hypertension, vaginal or urinary tract infections).
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Figure 1. Cervical elastography with the dynamic measurement of the strain ratio in the first 3 cycles
of compression–decompression (first example). Legend: orange arrow—internal cervical os; green
arrow—cervical canal; blue ring—region of interest on the anterior lip of the internal cervical os;
yellow ring—region of interest on the posterior lip of the internal cervical os; pink ring—reference
region on the anterior lip of the external cervical os; green ring—reference region on the posterior lip
of the external cervical os.

 
Figure 2. Cervical elastography with the measurement of the strain ratio after 5 cycles of compression–
decompression (second example). The mean strain ratio of the internal cervical os was considered
for further analysis. Legend: orange arrow—internal cervical os; green arrow—cervical canal; blue
ring—region of interest on the anterior lip of the internal cervical os; yellow ring—region of interest
on the posterior lip of the internal cervical os; pink ring—reference region on the anterior lip of the
external cervical os; green ring—reference region on the posterior lip of the external cervical os.
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The classification systems for PTB are heterogeneously reported in the literature [25].
The WHO classifies this concept as follows: extremely PTB (<28 weeks of gestation), very
PTB (between 28 and 31 + 6 weeks of gestation), moderate PTB (between 32 and 33 + 6 weeks
of gestation), and late PTB (between 34 and 36 + 6 weeks of gestation) [26]. Since our cohort
of patients was small, we decided to evaluate the predictive performance of the SR and
combined model considering the following subtypes of preterm birth: late preterm birth
(between 34 and 37 weeks of gestation), early preterm birth (between 28 and 34 weeks of
gestation), and extremely preterm birth (before 28 completed weeks of gestation).

The statistical analyses were performed using STATA SE (version 17, 2022, StataCorp
LLC, College Station, TX, USA). A p value less than 0.05 was considered statistically
significant.

3. Results

A total of 114 pregnant patients were included in this prospective study, segregated
into the following groups: group 1 (n = 63 patients, preterm birth) and group 2 (n = 51 pa-
tients, controls). Their clinical and demographic characteristics are presented in Table 1.
The pregnant patients who delivered prematurely presented a significant personal history
of preterm birth (p < 0.001) and other adverse pregnancy outcomes (p < 0.001), as well as a
shorter cervical length (p = 0.03), in comparison with controls.

Table 1. Clinical and demographic characteristics of the patients included in the evaluated groups.

Patient’s Characteristics Group 1 (PTB, n = 63)
Group 2 (Controls,

n = 51)
p Value

Age, years (mean ± SD) 30.23 ± 4.16 30.43 ± 4.63 0.48

Medium (n/%) Urban = 29 (46%)
Rural = 34 (54%)

Urban = 25 (49%)
Rural = 26 (51%) 0.75

BMI, kg/m2 (mean ± SD) 22.77 ± 4.98 22.06 ± 3.76 0.28

Smoking (n/%) Yes = 5 (8.2%) Yes = 6 (12.8%) 0.43

Parity
Nulliparity = 12 (19%)

Primiparity = 30 (47.6%)
Multiparity = 21 (33.3%)

Nulliparity = 0 (0%)
Primiparity = 42 (82.4%)
Multiparity = 9 (17.6%)

<0.001

Personal history of
preterm birth (n/%) Yes = 12 (19%) Yes = 0 (0%) <0.001

Confirmed vaginal
infection (n/%) Yes = 21 (33.3%) Yes = 19 (37.3%) 0.66

Confirmed urinary tract
infection (n/%) Yes = 11 (17.5%) Yes = 10 (19.6%) 0.76

Hypertension (n/%) Yes = 9 (14.3%) Yes = 3 (5.9%) 0.14

Diabetes (n/%) Yes = 6 (9.5%) Yes = 3 (5.9%) 0.47

Personal history of
adverse pregnancy

outcomes (n/%)
Yes = 12 (19%) Yes = 0 (0%) <0.001

Cervical length, cm
(mean ± SD) 1.97 ± 0.67 2.01 ± 0.88 0.03

Cervical funneling (n/%) Yes = 8 (12.69%) Yes = 0 (0%) 0.03
Table legend: PTB—preterm birth; SD—standard deviation; BMI—body mass index.

Cervical funneling was discovered in eight patients who delivered before term (12.69%,
p = 0.03). On the other hand, the control group had a significantly higher primiparity rate
in comparison with the first group (p < 0.001).

Regarding pregnancy and neonatal outcomes, we determined significantly higher
rates of NICU admission (p = 0.02) and invasive ventilation (p = 0.03) in the preterm group
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compared to controls (Table 2). Moreover, the birthweight (p < 0.001) and Apgar score at
1 min (p = 0.003) were significantly lower compared with controls. Two neonatal deaths
were recorded in this cohort of patients due to extreme prematurity.

Table 2. Pregnancy and neonatal outcomes in preterm deliveries.

Outcome Group 1 (PTB, n = 63) Group 2 (Controls, n = 51) p Value

Cesarean delivery (n/%) Yes = 9 (14.28%) Yes = 1 (1.96%) 0.68
Apgar score at 1 min (mean ± SD) 7.07 ± 2.34 8.70 ± 1.22 0.003

Birthweight, g (mean ± SD) 2516.13 ± 407.28 2911.20 ± 683.04 <0.001

Gender (n/%) Male = 31 (49.2%)
Female = 32 (50.8%)

Male = 24 (47.1%)
Female = 27 (52.9%) 0.82

NICU admission (n/%) Yes = 9 (14.3%) Yes = 1 (1.96%) 0.02
Invasive ventilation (n/%) Yes = 8 (12.6%) Yes = 0 (0%) 0.03

Neonatal death (n/%) Yes = 2 (3.2%) Yes = 0 (0%) 0.19

Table legend: PTB—preterm birth; SD—standard deviation; NICU—neonatal intensive care unit.

The sensitivity analysis revealed an area under the receiver operating curve (ROC)
value of 0.850 (Figure 3), considering a determined cut-off of 0.93 for the SR (Figure 4). The
corresponding values for sensitivity, specificity, and precision were 85.71%, 84.31%, and
87.10%, respectively (Table 3). Cervical length achieved a modest value for the AUROC:
0.55 (Figure 5). The combined model, which comprised SR values, cervical length, and the
presence of maternal risk factors, showed superior results in terms of accuracy (area under
ROC = 0.9388), sensitivity (92.31%), specificity (95.16%), and precision (94.12%) (Figure 5
and Table 3).

Figure 3. Graphical representation of area under the ROC for the SR at the internal cervical os.

Table 3. Predictive performance of simple and combined approaches for the prediction of preterm birth.

Types of PTB Approach Used Sensitivity Specificity Precision NPV FPR FDR FNR Accuracy

PTB before 37
weeks of gestation

SR (cut-off: 0.93) 85.71 84.31 87.10 82.69 15.6 12.9 14.2 85.09
Combined model 92.31 95.16 94.12 93.65 4 5 7 93.86

PTB between 34
and 37 weeks of

gestation

SR (cut-off: 2.56) 5.2 98.9 50 83.9 1 50 94.7 83.3
Combined model 96.15 24.42 52.63 89.4 72.58 47.37 3.8 58.1

PTB between 28
and 34 weeks of

gestation

SR (cut-off: 1.66) 33.33 81.33 48.15 70.11 18.67 51.85 66.6 64.91
Combined model 98.08 61.29 68 97.44 38.71 32 1 78.07

PTB at less than 28
weeks of gestation

SR (cut-off: 1.96) 20 99 50 96.43 0.9 50 80 95.61
Combined model 98 6 46.79 80 93.55 53.21 1 48.25

Table legend: PTB—preterm birth; SR—strain ratio at the level of the internal os; NPV—negative predictive value;
FPR—false positive rate; FDR—false detection rate; FNR—false negative rate.
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Figure 4. Graphical representation of the Youden Index for the SR at the internal cervical os.

Figure 5. Graphical representation of the comparison between ROC curves for the SR, short cervical
length, and combined model.

When evaluating the predictive performance of the strain ratio considering the sub-
types of preterm birth, our results revealed an AUROC value of 0.69 in the prediction of
late preterm birth (Figure 6). The calculated probability cut-off using the Youden index
was 0.58 (Figure 7), and the determined cut-off for this elastography marker using sensi-
tivity analysis was 2.56 (Table 3). The corresponding values for sensitivity, specificity, and
precision were 5.2%, 98.9%, and 50%, indicating a poor overall predictive performance
(Table 3). The combined model showed slightly better results in terms of the AUROC (0.71),
sensitivity (96.15%), specificity (24.42%), and precision (52.63%), but the overall accuracy
was low (58.1%) (Figure 8 and Table 3).

When evaluating the predictive performance of the strain ratio at the level of the
internal cervical os in the prediction of early preterm birth, it achieved an AUROC value
of 0.70 (Figure 9). The calculated probability cut-off using the Youden index was 0.53
(Figure 10), and the determined cut-off for this elastography marker using sensitivity
analysis was 1.66 (Table 3). The corresponding values for sensitivity, specificity, and
precision were 33.33%, 81.33%, and 48.15%, respectively (Table 3). The combined model
showed an improved performance in terms of the AUROC (0.82), sensitivity (98.08%),
specificity (61.29%), and precision (68%), with a good overall accuracy (78.07%) (Figure 11
and Table 3).
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Figure 6. Graphical representation of the area under the ROC for the SR at the internal cervical os
considering the late preterm category.

Figure 7. Graphical representation of the Youden Index for the SR at the internal cervical os consider-
ing the late preterm category.

When evaluating the predictive performance of the elastography marker in the pre-
diction of extremely preterm birth, we obtained an AUROC value of 0.800 (Figure 12).
The calculated probability cut-off using the Youden index was 0.63 (Figure 13), and the
determined cut-off for this elastography marker using sensitivity analysis was 1.96 (Table 3).
The corresponding values for sensitivity, specificity, and precision were 20%, 99%, and
50%, respectively (Table 3). In this context, its negative predictive value (NPV) was high
(96.43%), which led to a good overall accuracy (95.61%). The combined model, however,
showed a modest performance in terms of the AUROC (0.630), specificity (46.79%), and
overall accuracy (48.25%) (Figure 14 and Table 3).
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Figure 8. Graphical representation of the comparison between ROC curves for the SR and combined
model considering the late preterm category.

Figure 9. Graphical representation of the area under the ROC for the SR at the internal cervical os
considering the early preterm category.

Figure 10. Graphical representation of the Youden Index for the SR at the internal cervical os
considering the early preterm category.
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Figure 11. Graphical representation of the comparison between ROC curves for the SR and combined
model considering the early preterm category.

Figure 12. Graphical representation of the area under the ROC for the SR at the internal cervical os
considering the extremely preterm category.

Figure 13. Graphical representation of the Youden Index for the SR at the internal cervical os
considering the extremely preterm category.
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Figure 14. Graphical representation of the comparison between ROC curves for the SR and combined
model considering the extremely preterm category.

4. Discussion

One of the issues facing contemporary obstetricians is identifying pregnant patients
who are really at risk of PTB. The predictive performance of current individual markers and
combined algorithms is modest, and more in-depth studies on elastography assessment of
the uterine cervix, particularly the internal os stiffness, will lead to the eventual adoption
of this technique by local hospitals. Cervical elastography has the potential to reduce the
need for therapeutic interventions in patients whose risk of PTB is low. This will lessen
the needless financial burden involved in managing pregnancies while also improving the
comfort of pregnant women.

In this study, we evaluated 114 pregnant patients with a high-risk profile of PTB
considering the cervical length and personal comorbidities, who were followed up until
birth. Our univariate analysis indicated that women who later delivered prematurely had
a shorter cervical length, as well as a personal history of preterm birth, in comparison with
controls. All these risk factors were included in the regression analysis of the combined
algorithm. Moreover, adverse neonatal outcomes such as rates of NICU admission, need
for mechanical ventilation, low birthweight, and low Apgar scores were significantly more
prevalent in this group.

The results from our univariate analysis regarding maternal risk factors for PTB and
the neonatal outcomes confirm many of the findings published in the current literature. A
personal history of PTB is one of the most important risk factors for the recurrence of this
event, as demonstrated in a recent analysis of a database comprising 213,335 women [27].

In the second stage of the analysis, we evaluated and compared the predictive perfor-
mance of the strain ratio at the level of the internal cervical os considering the occurrence of
preterm birth and its subtypes. Moreover, we compared its performance to that achieved
by a combined algorithm as described above. Our results indicated a good predictive
performance of this elastography marker in the prediction of preterm birth before 37 weeks
of gestation, and its addition to the combined algorithm resulted in an increase in the
overall performance.

When evaluating the predictive performance of this marker in relation to PTB subtypes,
we obtained mixed results. Specifically, this marker achieved a low sensitivity and high
specificity when taken individually, which indicates that it can correctly identify most
patients who will not deliver prematurely. This aspect is extremely important because it
can help reduce unnecessary interventions.

On the other hand, the highest AUROC value and accuracy of this marker were
achieved in the prediction of extremely preterm birth, which is another important aspect
to be taken into consideration because this group of neonates is susceptible to numerous
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serious complications associated with prematurity and need the most expensive and time-
consuming therapeutic interventions. When used in combination with the cervical length
and maternal risk factors, the overall accuracy was improved only in the prediction of
preterm birth before 37 weeks of gestation, and early preterm birth.

In a prospective nested case–control study by Du et al. that assessed cervical elastog-
raphy parameters and cervical length during the three trimesters of pregnancy, the authors
demonstrated that the strain ratio of the internal os measured in the second trimester of
pregnancy was the best predictor of spontaneous PTB, with an AUC value of 0.73, while
the cervical length measured in any trimester did not achieve a statistical association with
this event [28]. These aspects were confirmed in other observational studies in low- and
high-risk populations of pregnant patients [6,29,30].

Similar results were obtained using shear wave elastography in singletons and twin
pregnancies. Sun et al. conducted a prospective study that evaluated the predictive
performance of this type of elastography in the prediction of PTB in dichorionic diamniotic
twin pregnancies [31]. For the mean shear wave elastography of the anterior cervical lip,
the authors reported a sensitivity of 83.3%, with a specificity of 57.9%, which confirmed
its potential use for the prediction of the evaluated outcome. Another study by Yang et al.
assessed the predictive performance of shear wave elastography and cervical length in the
prediction of spontaneous PTB in singleton pregnancies, obtaining an AUROC value of
0.98 [32].

A recent systematic review and meta-analysis evaluated the diagnostic accuracy
of cervical elastography (both strain and shear wave elastography) in the prediction of
PTB [33]. The results indicated an overall AUC value of 0.90 for cervical elastography and
0.60 for cervical length in the prediction of PTB. Therefore, this meta-analysis confirmed the
superior predictive performance of cervical elastography and its possible implementation
in routine clinical practice.

The majority of previous studies were performed using the semiautomatic tool E-Cervix,
while very few studies used the General Electric elastography module. One of these tools
was used in a cross-sectional study of 116 pregnant women at 18 to 40 weeks of gestation
that assessed the factors affecting the cervical tissue strain [34]. The authors outlined
a positive correlation between the cervical strain values at the level of the internal os
and gestational age, as well as a negative correlation of this parameter with the cervical
length. Another multicentric observational study by Jiang et al. [35], which evaluated the
performance and capability of various elastography parameters determined in the second
trimester of pregnancy, demonstrated that the strain in the anterior lip of the internal os
was an independent predictor of spontaneous preterm birth.

An important problem with elastography is represented by the lack of standardization
of the procedure due to the multiple types of analytic software, the lack of associated
normograms validated in specific populations, various techniques of transvaginal probe
manipulation, strategies for the selection of regions of interest, etc. [36]. For this cohort
of patients, we adjusted the strain ratio values to the gestational age at enrollment and
calculated specific cut-offs using statistical modeling.

The results of this study must be evaluated considering the following limitations: a
small sample size, a lack of specific cut-offs and normograms for the studied population,
and a lack of correlation with histological data. On the other hand, its prospective design,
the evaluation of the predictive performance of this elastography marker in relation to
preterm birth and its subtypes, and the integration of this marker into a combined algorithm
constitute strong points of this research. Furthermore, these data can contribute to the
limited knowledge in the current literature regarding the applications of the General Electric
elastography module for the prediction of preterm birth.

Our results support the idea of external validation of a combined model that includes
the values of the strain ratio, cervical length, and maternal characteristics in larger cohorts
of patients. Such an approach can help to better quantify the predictive performance of a
combined model in heterogenous populations. Moreover, this model could be included in
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pilot studies for further evaluation, and if its predictive performance is confirmed, it could
be implemented in clinical practice, thus reducing costs and unnecessary interventions.

5. Conclusions

The strain ratio at the internal cervical os is a reliable tool for the prediction of spon-
taneous preterm birth before 37 completed weeks of gestation and has a good ability to
discriminate most patients who will not deliver prematurely, thus limiting unnecessary
therapeutic interventions.

This elastography marker achieved a good predictive performance in the prediction of
extremely preterm birth, before 28 weeks of gestation, thus indicating its potential for risk
stratification in selected cohorts of patients.

Further studies, on larger cohorts of patients, will be needed to confirm the predictive
accuracy of the strain ratio at the internal cervical os in the prediction of preterm birth at
various gestational ages.
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Abstract: The objective of this study was to evaluate the performance of quantitative ultrasound of
fetal lung texture analysis in predicting neonatal respiratory morbidity (NRM) in twin pregnancies.
This was an ambispective study involving consecutive cases. Eligible cases included twin pregnancies
between 27.0 and 38.6 weeks of gestation, for which an ultrasound image of the fetal thorax was
obtained within 48 h of delivery. Images were analyzed using quantusFLM® version 3.0. The primary
outcome of this study was neonatal respiratory morbidity, defined as the occurrence of either transient
tachypnea of the newborn or respiratory distress syndrome. The performance of quantusFLM® in
predicting NRM was analyzed by matching quantitative ultrasound analysis and clinical outcomes.
This study included 166 images. Neonatal respiratory morbidity occurred in 12.7% of cases, and it
was predicted by quantusFLM® analysis with an overall sensitivity of 42.9%, specificity of 95.9%,
positive predictive value of 60%, and negative predictive value of 92.1%. The accuracy was 89.2%,
with a positive likelihood ratio of 10.4, and a negative likelihood ratio of 0.6. The results of this
study demonstrate the good prediction capability of NRM in twin pregnancies using a non-invasive
lung texture analysis software. The test showed an overall good performance with high specificity,
negative predictive value, and accuracy.

Keywords: fetal lung maturity; quantitative lung texture analysis; twin pregnancies; neonatal
respiratory morbidity

1. Introduction

The reported rates of neonatal respiratory morbidity (NRM) in twins are variable.
Overall rates of 13.5% [1] to 19% [2] have been addressed in different studies. In addition,
rates of 5.34% have been described for late preterm twins [3]. Gender [4], birth order [5],
chorionicity [3], and birthweight discordance [6,7] are some of the factors which may affect
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the risk of NMR. In twin pregnancies, there is usually disparity between twins, so the risk
of respiratory morbidity may be different for each infant in each twin pair [8].

Non-invasive prediction of fetal lung maturity by ultrasound has been under research
for many years now. The method used by quantusFLM® is based on a combination of
machine learning and texture extraction, which have shown a strong correlation with
gestational age [9], and a test to predict fetal lung maturation (FLM), previously widely
performed on amniotic fluid [10]. The prediction of NRM was also addressed in a single-
center [11] and a multicenter study [12], in which pregnancies with different co-morbidities
were recruited, including multiple pregnancies.

The prevalence of twins born at <37 weeks is almost invariably reported to be around
50%, with 32% of births prior to 35 weeks, between 15 and 20% at <34 weeks, and 9 to
11.4% at <32 weeks [13–17].

Publications on NRM and its prediction in twin pregnancies are scarce and present
mixed outcomes, with twin pregnancies frequently being an exclusion criterion to eval-
uate results in diagnostic tests. Some studies have evaluated fetal lung maturity in twin
pregnancies [18–20]; however, none of these studies have focused on predicting NRM or
reporting the performance of the tests used. We hypothesized that the performance of
quantusFLM® in predicting NRM in neonates from twin pregnancies would be comparable
to that previously reported in the general population.

The objective of this study was to evaluate the performance of quantitative ultrasound
fetal lung texture analysis in predicting NRM in twin pregnancies.

2. Materials and Methods

2.1. Patient Recruiting

This was an ambispective study involving twin pregnancies. Prospective cases were re-
cruited at the Hospital Clinic, Barcelona, Spain, in collaboration with Hospital Universitario
del Valle, “Evaristo García” E.S.E., Cali, Colombia. Patients were recruited from January
2018 to February 2020. Retrospective cases were identified from a database designed for a
multicenter study [12] (recruited from June 2011 to December 2014), and the information
was added to the present study for the analysis. Eligible cases included consecutive cases of
twin pregnancies between 25.0 and 38.6 weeks of gestation, for which an ultrasound image
of the fetal thorax was obtained within 48 h of delivery. Every ultrasound image of the fetal
thorax included in the study for analysis corresponded to a fetus from a twin pregnancy.
When the image of one twin could not be obtained or was discarded after quality control,
the image of the remaining twin was included. Fetal position was the main factor that
did not allow for obtainment of the image, regardless of the presentation or whether it
was the first or second fetus. Images were discarded after image quality control when the
following were present: insufficient magnification, blurred images, calipers within the area
of analysis, and acoustic shadows. Cases of twin pregnancies in which fetal death occurred
spontaneously or secondary to procedures such as placental laser due to twin-to-twin
transfusion syndrome, cord occlusion due to fetal malformation, or selective intrauterine
growth restriction were also included.

Cases were excluded in two scenarios: (i) if steroids for fetal lung maturity had been
used between the image acquisition and delivery, and (ii) fetuses with known congenital
malformations or chromosomal abnormalities. Additionally, in the postnatal period, we
excluded: neonates with sepsis, umbilical artery pH < 7.00, symptomatic anemia, postnatal
diagnosis of chromosomal abnormalities, and meconium aspiration syndrome, which could
explain respiratory difficulties due to reasons other than lung immaturity.
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2.2. Image Processing

Ultrasound images were obtained following an acquisition protocol as detailed pre-
viously [12]. Images fulfilling the quality criteria were uploaded via the Internet by the
engineers at the coordinating center through restricted access to a commercial software web-
site (www.quantusflm.com (accessed on 26 February 2021); Transmural Biotech, Barcelona,
Spain) and analyzed using the new quantusFLM® version 3.0 [21]. This software au-
tomatically delineates a region of interest (ROI) in the fetal lung and calculates an
NRM risk score, defined as the occurrence of either respiratory distress syndrome
(RDS) or transient tachypnea of the newborn (TTN), as a continuous variable. To
evaluate the risk of NRM, continuous output NRM risk scores were binarized using
the optimal cut-off point threshold, computed as that which maximizes accuracy in
the test images, thereby obtaining a categorical result (i.e., high or low risk). The
optimal cut-off threshold was computed as that which maximizes the F1-Score us-
ing the entire dataset. The F1-Score is an accuracy metric which balances sensitivity
and positive predictive values (PPV) to better judge the real usefulness of the predic-
tion. It measures the harmonic average between sensitivity and PPV and is defined as
(2 × True Positives)/(2 × True positives + False Positives + False Negatives).

2.3. Reference Standard

The primary outcome of the study was the development of NRM defined as the
occurrence of either TTN or RDS. Perinatal and neonatal characteristics and outcomes were
recorded from clinical charts in databases designed for the study. RDS was defined based
on the typical chest radiography findings and admission to the neonatal intensive care unit
for respiratory support, or the need for supplemental oxygen, together with clinical criteria,
including grunting, nasal flaring, tachypnea, and chest wall retraction. Transient tachypnea
of the newborn was diagnosed based on a chest X-ray showing hyperaeration of the lungs
and prominent pulmonary vascular patterns, together with the clinical criteria of early and
short-lived respiratory distress (isolated tachypnea, rare grunting, minimal retraction).

2.4. Ethical Approval

All patients included in the study provided written informed consent for the use of
ultrasound images and perinatal data. The study was approved by the Institutional Review
Board of the Hospital Clinic of Barcelona (HCB/2017/0642), and Hospital Universitario
del Valle, “Evaristo García” E.S.E. (008-2019).

2.5. Statistical Analysis

Quantitative variables were assessed using the Shapiro–Wilk test for normality, and
normally distributed variables were expressed as the mean and standard deviation (SD).
Non-normally distributed quantitative variables were expressed as the median and in-
terquartile range (IQR: p25–75). Qualitative variables were reported as frequencies and
percentages. The performance of quantusFLM® in predicting NRM was analyzed by cross-
tabulation of the results of the test against those of the reference standard, in this case the
neonatal diagnosis of TTN or RDS. Contingency tables were used to estimate accuracy
measurements. Fagan nomograms were constructed to show the pre-test probabilities
of NRM in twins at different gestational ages, positive and negative likelihood ratios,
and post-test probabilities. The data were analyzed using STATA, v.15.0 (College Station,
TX, USA).
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3. Results

3.1. Patient and Sample Characteristics

Prospective data: A total of 102 images were acquired, 10 (9.8%) of which were
discarded after image quality control and 13 (12.7%) of which were excluded due to the
use of antenatal steroids between the image acquisition and delivery. The remaining
79 images were included in the study. Retrospective data: A total of 87 images already
chosen in the selection process of a previous study were added for analysis. This study
included 166 images from 166 fetuses which were stratified into three groups: from 25.0 to
33.6 weeks [35/166 (21.1%)], from 34.0 to 36.6 weeks [48/166 (28.9%)], and from 37.0 to
38.6 weeks [83/166 (50.0%)]. The flowchart of the eligible cases according to the Standards
for Reporting of Diagnostic Accuracy Studies (STARD) guidelines is shown in Figure 1.
The excluded cases with the quantusFLM® results and perinatal outcomes are shown
in Table S1.

Figure 1. Flowchart of the eligible cases according to STARD guidelines.

The baseline and clinical characteristics of the women included in the study are
described in Table 1. This study included 1 woman at <28.0 weeks; 20 women at 28.0 to
<34.0 weeks; 32 women at 34.0 to <37.0 weeks; and 52 women at ≥37.0 weeks of gestation.
Perinatal and neonatal characteristics are shown in Table 2. The overall prevalence of
NRM was 12.7% (21/166), of which 61.9% (13/21) was diagnosed as TTN and 38.1%
(8/21) as RDS. The prevalence of NRM was 42.9% (15/35) in the group from 25.0 to
33.6 weeks, and 12.5% (6/48) from 34.0 to 36.6 weeks, while in the group > 37.0 weeks, we
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found no cases of NRM. The newborns diagnosed with TTN received continuous positive
airway pressure (CPAP) [92.3% (12/13)], oxygen ≥ 40% [23.1% (3/13)], or non-invasive
ventilation/bilevel positive airway pressure (NIV/BIPAP) [15.4% (2/13)] up to 48 h. While
newborns diagnosed with RDS were treated with invasive ventilation [62.5% (5/8)] or a
combination of CPAP, NIV/BIPAP, and oxygen ≥ 40% [37.5% (3/8)], almost all received at
least one dose of surfactant [87.5% (7/8)] and all were born below 34.0 weeks.

Table 1. Baseline characteristics of women included in the study.

Gestational Age at US Scan, Weeks

Total (n = 105) 25.0–33.6 (n = 21) 34.0–36.6 (n = 32) 37.0–38.6 (n = 52)

Maternal age, mean (SD) 34.6 (4.3) 33.8 (4.8) 34.4 (3.6) 35.0 (4.4)
Nulliparity, n (%) 72 (68.6) 14 (66.7) 23 (71.9) 35 (67.3)
BMI, median (IQR) 22.7 (20.8–24.7) 22.4 (21.0–25.0) 22.7 (19.8–23.7) 23.0 (21.2–25.5)
Ethnicity, n (%)

Caucasian, n (%) 87 (83.7) 14 (66.7) 30 (93.8) 43 (84.3)
Black 0 (0) 0 (0) 0 (0) 0 (0)
Asian 3 (2.9) 0 (0) 2 (3.1) 2 (3.9)
Hispanic 9 (8.7) 6 (28.6) 0 (0) 3 (5.9)
Other 5 (4.7) 1 (4.7) 1 (3.1) 3 (5.9)

Chorionicity, n (%)
Dichorionic 61 (66.3) 8 (40.0) 17 (63.0) 36 (80.0)
Monochorionic 31 (33.7) 12 (60.0) 10 (37.0) 9 (20.0)
Antenatal steroids, n (%) 32 (31.4) 21 (100) 8 (25.0) 4 (7.7)
Relevant maternal–fetal conditions, n (%)
IVF 38 (36.2) 5 (23.8) 13 (40.6) 20 (38.5)
Preeclampsia 15 (14.3) 5 (23.8) 9 (28.1) 1 (2.0)
IUGR a 16 (15.2) 4 (19.1) 9 (28.1) 3 (5.8)
Diabetes 9 (8.6) 4 (19.1) 2 (6.3) 3 (5.8)
Preterm labor/PPROM 15 (14.3) 9 (42.9) 5 (15.6) 1 (2.0)

Data are presented as the mean (SD: standard deviation), number (%: percentage), or median (IQR: interquartile
range) when appropriate. US: ultrasound; BMI: body mass index; IUGR: intrauterine growth restriction; IVF:
in vitro fertilization; PPROM: preterm premature rupture of membranes. a IUGR in 16 mothers corresponds to
23/166 (13.9%) fetuses.

Table 2. Perinatal and neonatal outcomes.

Gestational Age at US Scan, Weeks

Total (n = 166) 25.0–33.6 (n = 35) 34.0–33.6 (n = 48) 37.0–38.6 (n = 83)

GA at delivery, median (IQR) 36.8 (34.6–37.5) 33 (32.1–33.4) 36.3 (35.4–36.4) 37.5 (37.2–38.1)
US-to-delivery time days, mean (SD) 0.7 (0.8) 0.9 (0.7) 0.8 (0.8) 0.5 (0.8)
Mode of delivery, n (%)

Spontaneous vaginal delivery 34 (20.5) 6 (17.1) 16 (33.3) 12 (14.5)
Operative vaginal delivery 9 (5.4) 0 (0) 5 (10.4) 4 (4.8)
Non-elective cesarean delivery 26 (15.7) 7 (20.0) 6 (12.5) 13 (15.7)
Elective cesarean delivery 97 (58.4) 22 (62.9) 21 (43.8) 54 (65.0)

Birthweight, mean (SD) 2313 (510) 1665 (333) 2199 (359) 2653 (319)
Female sex, n (%) 89 (53.9) 18 (51.4) 30 (62.5) 41 (50.0)
Apgar at 5 min < 7, n (%) 0 (0) 0 (0) 0 (0) 0 (0)
pH UA < 7.10, n (%) 3 (1.8) 0 (0) 3 (6.3) 0 (0)
Phototherapy, n (%) 26 (15.7) 14 (40) 10 (20.8) 2 (2.4)
NICU admission, n (%) 36 (21.7) 26 (74.3) 9 (18.8) 1 (1.2)
NICU length of stay, mean (SD) 15.3 (13.3) 17.9 (14.2) 8.8 (6.2) 1 (1.0)
Neonatal death, n (%) 0 (0) 0 (0) 0 (0) 0 (0)
Characteristics of the respiratory morbidity and support, n (%)
Neonatal respiratory morbidity 21 (12.7) 15 (42.9) 6 (12.5) 0 (0)
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Table 2. Cont.

Gestational Age at US Scan, Weeks

Total (n = 166) 25.0–33.6 (n = 35) 34.0–33.6 (n = 48) 37.0–38.6 (n = 83)

Respiratory distress syndrome 8 (4.8) 8 (22.9) 0 (0) 0 (0)
Transient tachypnea 13 (7.8) 7 (20.0) 6 (12.5) 0 (0)
Respiratory support 21 (12.7) 16 (45.7) 5 (10.4) 0 (0)
Oxygen therapy ≥ 40% 9 (5.4) 7 (20.0) 2 (4.2) 0 (0)
CPAP 20 (12.1) 15 (42.9) 5 (10.4) 0 (0)
NIV/BiPAP 6 (3.6) 4 (11.4) 2 (4.2) 0 (0)
Invasive ventilation 5 (3.0) 5 (14.3) 0 (0) 0 (0)
High-frequency ventilation 0 (0) 0 (0) 0 (0) 0 (0)
Surfactant use 7 (4.2) 7 (20.0) 0 (0) 0 (0)

Data are presented as the mean (SD: standard deviation) or number n (%: percentage) when appropriate.
GA: gestational age; US: ultrasound; pH UA: pH umbilical artery; NICU: neonatal intensive care unit; CPAP:
continuous positive airway pressure; NIV/BiPAP: non-invasive/bilevel positive airway pressure.

3.2. Performance of the Test

The occurrence of NRM was predicted by the quantusFLM® analysis in the overall
population with a sensitivity of 42.9% (9/21), specificity of 95.9% (139/145), positive pre-
dictive value (PPV) of 60% (9/15), and negative predictive value (NPV) of 92.1% (139/151).
The accuracy was 89.2% (148/166), the positive likelihood ratio (LR+) was 10.4, and the
negative likelihood ratio (LR-) was 0.6. Table 3 shows the performance of the tests by groups
of gestational age. A summary of the overall performance of quantusFLM® described in
the general population in previous studies and in twin pregnancies is shown in Table S2.

Table 3. Performance of quantusFLM in predicting neonatal respiratory morbidity in twin pregnancies.

Gestational Age at US Scan, Weeks

Total (n = 166) 25.0–33.6 (n = 35) 34.0–36.6 (n = 48) 37.0–38.6 (n = 83)

Neonatal respiratory morbidity, n (%) 21 (12.7) 15 (42.9) 6 (12.5) 0 (0)
Sensitivity, % (95% CI) 42.9 (24.5–63.5) 53.1 (30.1–75.2) 16.7 (3.0–56.4) n/a
Specificity, % (95% CI) 95.9 (91.3–98.1) 97.6 (83.9–100) 85.7 (72.2–93.3) 99.9 (95.6–100)
True positives (n) 9 8 1 0
True negatives (n) 139 20 36 83
False positives (n) 6 0 6 0
False negatives (n) 12 7 5 0
Positive predictive value, % (95% CI) 60.0 (35.7–80.2) 94.4 (67.6–100) 14.3 (2.6–51.3) n/a
Negative predictive value, % (95% CI) 92.1 (86.6–95.4) 73.4 (55.3–86.8) 87.8 (75.0–97.8) 99.9 (95.6–100)
Accuracy, % (95% CI) 89.2 (83.5–93.0) 78.4 (64.1–90.0) 77.1 (63.5–86.7) n/a
F1-Score (%) 50.0 68.0 15.4 n/a
Positive likelihood ratio (95% CI) 10.4 (4.1–26.1) 22.3 (19.0–26.2) 1.2 (0.2–8.1) n/a
Negative likelihood ratio (95% CI) 42.9 (24.5–63.5) 53.1 (30.1–75.2) 16.7 (3.0–56.4) n/a

Data are presented as the percentage (%) when appropriate. CI: confidence interval. Continuity correction factor
of 0.5 for cells with cero values. n/a: not applicable. US: ultrasound.

Figure 2 depicts the Fagan nomogram analysis to evaluate the clinical utility of
the prediction of neonatal respiratory morbidity by quantusFLM® in twin pregnancies.
Table S3 shows the pre-test and post-test risk and probabilities of neonatal respiratory
morbidity in twins.
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Figure 2. Fagan nomogram analysis to evaluate the clinical utility of the prediction of neonatal
respiratory morbidity by quantusFLM® in twin pregnancies. Pre-test probabilities of neonatal
respiratory morbidity in twins were obtained from Clin Chim Acta 484 (2018) 293–297 for <30.0 up to
33.6 weeks [22] and from BMJ 2016;354: i4353 for 34.0 up to 36.6 weeks of gestation [3].
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4. Discussion

In this study, we explored, for the first time, the performance of a non-invasive lung
texture analysis in predicting NRM in twin pregnancies. Considering different ranges of
gestational age, we found better performance below 34.0 weeks with a specificity of 97.6%,
an NPV of 73.4%, and an LR+ of 22.3, allowing for the identification of fetuses at high risk
of NRM, with an accuracy of 78.4%. A high-risk result is accurate in predicting the presence
of NRM because the LR for this result generates large changes in the pre-test probabilities
of NRM. In the group between 34.0 and 36.6 weeks, we found a specificity of 85.7%, an
NPV of 87.8%, and an LR+ of 1.2, albeit with a low sensitivity of 16.7%. A high-risk result
generates fewer changes in the pre-test probabilities, and a low-risk result is less accurate
in predicting the absence of NRM, as shown in the Fagan plots. Above 37 weeks, there was
no case of RDS/TTN, precluding the calculation of all the parameters. All images were
classified as having a low risk of NRM. Therefore, the ability of the test to correctly identify
a fetus without NRM with a negative result is effective at any gestational age.

Compared to the results previously reported for the test in the general population,
the twin results showed a similar performance in the overall specificity, with 94.7% and
95.9%, respectively. The negative predictive value (NPV) and accuracy changed from
95.4% to 92.1% and 91.5% to 89.2%, respectively. A more pronounced decrease was noted
in the sensitivity from 71.0% to 42.9%, the PPV from 67.9 to 60%, and the F1-Score from
69.4 to 50.0%.

These findings are in line with those reported by Tsuda et al. [23], who evaluated
a model combining gestational age and lamellar body count (LBC) to predict NRM in
twins. They reported a sensitivity of 69.0% and a specificity of 88.0% for the best cut-
off value, which is in line with our results in the gestational age group <32 weeks, and
obtained a specificity of 97.0% for predicting RDS/TTN, although in the gestational age
group >37 weeks, the diagnostic accuracy decreased compared to the preterm period. Ges-
tational age is the strongest factor associated with FLM and should therefore be considered
in the interpretation of a false positive and/or a false negative result.

The overall prevalence of NRM in our population was 12.7%, which is in line with
that reported by Tsuda et al., using the amniotic lamellar body count (LBC) as a predictive
tool in different series of twin pregnancies [1,23]. Other studies have reported prevalence
of up to 19% including TTN and RDS [2].

The management of twin pregnancies remains challenging, even more so when the
delivery of preterm fetuses is indicated due to medical conditions. As 32% of twins have
been reported to be born prior to 35 weeks, in this scenario, more than 30% of twins
would receive antenatal steroids, considering that the most widespread use of antenatal
steroids is up to 34.0/34.6 weeks. However, harmful effects should be considered. Many
studies have shown that the administration of corticosteroids in twin pregnancies does
not improve neonatal morbidity and mortality [24], but rather can cause higher rates of
hypoglycemia [25] or reduced fetal biometry [26]. It should also be noted that nearly 75%
of women with twins deliver outside the optimal window for either the initial or rescue
corticosteroid courses [27].

Given the controversial data that do not clearly show the same benefits of corticos-
teroids in twin pregnancies compared to singletons, and the increasing data showing that
there may even be harmful effects [28,29], the prediction of NRM may play a role in the
decision-making process. Its usefulness could also be tested in clinical protocols when
corticosteroids have already been administered and an attempt is made to avoid repeated
doses. Additionally, the technique can be used in any center in the world, and reliable
results can be obtained if good-quality images are sent via the web for analysis.

The main strength of our study is that the prediction of NRM of fetuses from twin
pregnancies was evaluated with a non-invasive, machine learning-based technology. This
technology has proven to be robust in the general population and has the advantages of
being accessible and easy to use. In the present study, only 10 images were discarded
after image quality control. The method tested herein is an indirect approach to predict
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NRM, and it is largely related to gestational age, but not to other factors influencing lung
maturity status. Our study had a limited number of cases with NRM in some gestational
ages compared to late gestational ages, in which NRM is a rarer event. However, the
Fagan plots showed that, although there were fewer changes compared to the pre-test
probability, the method can provide useful information if needed, and the NPV supports
the strategy in ruling out NRM. Additionally, the algorithms have not been designed for
each specific gestational age, precluding assessment of the performance of the software in
each gestational age. However, the gestational age range is a widely used measure to drive
clinical decisions in the field of maternal–fetal medicine.

In summary, the results of this study show that NRM in twins can be predicted by
a non-invasive lung texture analysis with an overall good specificity, NPV, and accuracy.
QuantusFLM® may be useful in planning indicated delivery of twin pregnancies because
of medical conditions and may help to avoid repeated doses of corticosteroids when
the fetuses have already been exposed and the risk of preterm delivery is still present.
Therefore, in adequate facilities, this technology can be incorporated into protocols accord-
ing to gestational age and may be helpful in the decision-making process when delivery
is planned.
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and a post-test probabilities and risk of the neonatal respiratory morbidity in twin pregnancies.
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Abstract: Artificial intelligence (AI) has gained prominence in medical imaging, particularly in ob-
stetrics and gynecology (OB/GYN), where ultrasound (US) is the preferred method. It is considered
cost effective and easily accessible but is time consuming and hindered by the need for specialized
training. To overcome these limitations, AI models have been proposed for automated plane ac-
quisition, anatomical measurements, and pathology detection. This study aims to overview recent
literature on AI applications in OB/GYN US imaging, highlighting their benefits and limitations.
For the methodology, a systematic literature search was performed in the PubMed and Cochrane
Library databases. Matching abstracts were screened based on the PICOS (Participants, Interven-
tion or Exposure, Comparison, Outcome, Study type) scheme. Articles with full text copies were
distributed to the sections of OB/GYN and their research topics. As a result, this review includes
189 articles published from 1994 to 2023. Among these, 148 focus on obstetrics and 41 on gynecology.
AI-assisted US applications span fetal biometry, echocardiography, or neurosonography, as well
as the identification of adnexal and breast masses, and assessment of the endometrium and pelvic
floor. To conclude, the applications for AI-assisted US in OB/GYN are abundant, especially in the
subspecialty of obstetrics. However, while most studies focus on common application fields such as
fetal biometry, this review outlines emerging and still experimental fields to promote further research.

Keywords: systematic review; ultrasound imaging; artificial intelligence; deep learning; obstetrics;
gynecology; fetal echocardiography; application

1. Introduction

Artificial intelligence (AI) is known to be present in everyday life, and over the past
years it has gained considerable significance in medical imaging. The term AI refers
to various types of computer science technologies, which enable machines to perform
tasks simulating human intelligence. AI systems are typically dependent on the input of
vast amounts of data, e.g., for pattern recognition, in order to learn to create predictions,
classifications, recommendations, or decisions either supervised by humans or without
supervision. Terms like machine learning or deep learning represent two of the numerous
subcategories of AI [1].

Widely described advantages of AI usage include improved productivity, efficiency,
and reduction in human error. These benefits are what make AI exceptionally attractive
for application in health care and, particularly, in medical imaging [1]. To comply with the
growing demand for AI software in health care, the U.S. Food and Drug Administration
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has currently certified a list of 178 AI-enabled medical devices, which is continuously
growing [2].

The field of obstetrics and gynecology (OB/GYN) is known to be one of the most
applied imaging specialties using the diagnostic tools of ultrasound (US), magnetic reso-
nance imaging (MRI), computed tomography (CT), positron emission tomography (PET),
laparoscopy, and others. In particular, the subspecialty of obstetrics is profoundly de-
pendent on the diagnostic imaging tool of US because of its non-invasive, cost-effective,
real-time, and low-radiation characteristics for fetal scanning [3,4].

However, US imaging has limitations regarding its comparability and reproducibility.
Reasons for the high image variability can be low image quality, the need for real-time
interpretation, differences in US devices, and the dependence on the sonographer’s experi-
ence [4]. The limitations increase when US is performed during pregnancy, facing obstacles
such as imaging artefacts by maternal (e.g., thickened abdominal wall in obese patient) or
fetal (e.g., fetal position or movements) factors, reduced tissue contrast (e.g., with reduced
amniotic fluid), and characteristics of increasing gestational age (GA) (e.g., growing fetal
volume and increasing ossification of bones) [4]. In clinical settings, US is known to be time
consuming and can require a substantial amount of training and experience for specific
indications, such as fetal echocardiography or neurosonography [5–7].

To overcome these restrictions, the application of AI assistance in US imaging has
been shown to reduce examination time, clinician workload, and inter- and intra-observer
variability [8]. US imaging in OB/GYN represents a promising field of application for
AI models due to the wide range of indications and generation of high-volume data sets.
Various operators with different skill levels and different US devices are challenging aspects
influencing AI model performance.

However, the use of AI models is not without discussion about its ethical context [3].
Despite all efforts to automatize US imaging, existing literature still emphasizes the fact
that AI is not meant to replace human work and input, but should assist them and reduce
the increasing workload [3,6]. As stated in the state-of-the-art review by Drukker et al. [3],
to date, no AI method exists that can be generalized to different tasks compared with an
OB/GYN specialist capable of performing US scans of different organs and the fetus in
various GA periods. Therefore, the variety of AI models in the subspecialties of OB/GYN
is tremendous and is worth reviewing within the specific tasks.

So far, most original research articles and literature reviews in OB/GYN have focused
on the common fields of AI application in medical imaging, such as the identification of
breast or adnexal masses, automated fetal biometry, or fetal echocardiography. To the best
of our knowledge, this review is the first to systematically display the variety of fields of
applications among the subspecialties of OB/GYN.

The term ‘5D ultrasound’ is derived from the idea to expand the technological US
world with a further dimension. While 4D technology extends the 3D view of the scanned
object with a time frame, enabling motion visualization, or so-called ‘real-time 3D’ [9],
the term 5D is uncommonly used to describe AI-assisted US imaging including image
enhancement processing or automated calculations [10,11]. As there is no clear definition
for 5D US, we use the expression of the ‘5D ultrasound’ in this literature review to illustrate
the extend of AI models that can create a new dimension in US imaging in OB/GYN by
improving work efficacy, accuracy, and visibility in clinical settings.

This study aims at providing an overview of the recent literature on applications for AI
in US imaging in the medical field of OB/GYN by working out the benefits and limitations
of AI US support systems. Special focus is given to the distribution of research attention
among the subspecialties of OB/GYN and researching the emerging and still experimental
fields to promote further research for clinical applicability. Assessing the effectiveness of
applied AI models is not aim of this study; therefore, all AI technologies are summarized
by the term ‘AI’. By describing the current research emphasis, possible missing scopes of
application may be enlightened.
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2. Materials and Methods

This systematic literature review was developed in accordance to the updated Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [12,13]. The
study was prospectively registered at the International prospective register of systematic
reviews (PROSPERO) with registration number CRD42023434218.

For the literature research, the PubMed Database was searched on 14 May 2023 for
records using the following search query and using the text availability filter ‘abstracts’:

((artificial intelligence) OR (deep learning) OR (machine learning) OR (artificial neural
networks)) AND (ultrasound) AND ((obstetrics) OR (gynecology) OR (pregnancy)). Additionally,
the Cochrane Library was searched on 14 May 2023 with the following query:

(Artificial intelligence OR deep learning OR machine learning OR artificial neural networks)
AND ultrasound AND (obstetrics OR gynecology OR pregnancy) [Title Abstract Keyword]

No restriction for year of publication was applied. Relevant records in English or
German were independently screened based on the title and abstract by two authors for
their accordance with the eligibility criteria. Cases of incongruence were discussed in a
consensus meeting. For adequate comprehensiveness of the search process, the PICOS
search tool (Participants, Intervention or Exposure, Comparison, Outcome, Study type) was
applied and used for judgement [12,13]. Table 1 shows the relevant literature characteristics
presented as PICOS search tool headings. Records without the use of AI or US and
studies focusing on AI applications in specialties other than OB/GYN were excluded
in the screening process. Records describing AI calculations using data obtained from
US measures but not the image itself (e.g., crown-rump-length (CRL) or cervical length)
were excluded.

Table 1. PICOS search tool headings for literature evaluation [12].

PICOS Search Tool Headings for Literature Evaluation

Participants
Examiner: Healthcare professionals in OB/GYN or radiology, AI specialists
Patients: Healthy pregnant and non-pregnant women or women with any gynecological or obstetric
disease/complication, OB/GYN training models

Intervention or Exposure AI-assisted US applications
Comparison Comparison of AI US algorithms to human US examiners or another AI algorithm

Outcome Fields of AI applications in OB/GYN US imaging, benefits and limitations of AI usage, future aspects
for emerging fields of applications

Study type Published literature of any design, excluding trial protocols and reviews

After the initial screening process, full text copies were retrieved for further analysis
of the inclusion criteria. By extracting fields of applications, articles were distributed to the
sections of either obstetrics or gynecology. By reading all full text copies, the topic of AI
application (e.g., fetal neurosonography or identification of breast masses) and the specific
benefits and limitations of the AI application in the presented field were extracted. The
proportion of research topics for the included literature are illustrated in two figures for the
subspecialties of OB/GYN.

3. Results

3.1. Included Literature

Figure 1 depicts the PRISMA flow diagram for the screening process of reports in-
cluded in this review. A total of 737 records were identified from the searched databases,
resulting in 189 records considered adequate for inclusion in this review. Here, 148 records
described the application of AI in US imaging in the field of obstetrics compared with
41 records in the field of gynecology (Figure 1). The included articles are displayed in
Table S1 of the Supplementary Material for obstetric and Table S2 of the Supplementary
Material for gynecological applications. In the following Results section, included articles
are evaluated separately for both specialties.
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Figure 1. PRISMA flow diagram for the screening process of reports included in this review.

3.2. Applications in Obstetrics

Related to the subspecialty of obstetrics, 148 research articles form part of this system-
atic literature review. In Figure 2, an overview of the various research topics presented in
the included literature is depicted.

Figure 2. Overview of the distribution of research topics in the analyzed literature (a total of
148 articles) for AI applications in US imaging in the subspecialty of obstetrics. Figure adapted from
Servier Medical Art.
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3.2.1. Fetal Biometry

The most common application of obstetric US examination remains the assessment of
fetal growth, followed by the sonographic examination maternal−fetal perfusion param-
eters, fetal malformations, placental morphology, or uterine abnormalities. Fetal growth
assessment represents a repeated standardized examination throughout pregnancy to mon-
itor fetal development and predict birth weight, and consequently may influence decision
making for the timing of delivery. Biometric calculations are based on the acquisition of
standard planes for measurements of fetal head circumference (HC), abdominal circumfer-
ence (AC), and femur length [14]. The accuracy of these measurements is often reduced as
a result of operator-, equipment-, patient-, and fetus-related factors.

• Operator-related factors: US in general and obstetric US in particular, are known
to require substantial experience and to be extremely training dependent [15]. US
examinations are known to inherit high intra- and inter-operator variability [16].

• Equipment-related factors: Especially in hospital settings, repeated examinations may
be performed with different US machines, resulting in heterogenous data. Furthermore,
image quality depends on resource availability and access to high-end US devices [17],
or the use of point-of-care devices [18].

• Patient-related factors: Maternal obesity is known to have an impact on image quality and
visualization of the fetus, and thus limits the accuracy of obstetric US examinations [19].

• Fetus-related factors: Fetal size, movements, and position, as well as multiple pregnan-
cies or reduced amniotic fluid resulting in low contrast to surroundings may decrease
the accuracy of measurements [20,21].

To minimize operator- and/or equipment-related influences, recently, there have been
attempts to automate measurements in obstetric US using AI algorithms. However, these
attempts are characterized by their complexity and limitations due to the inevitable patient-
and fetus-related constraints.

This review encompasses 27 research articles on the use of AI in the detection, mea-
surement, and assessment of standard planes in obstetric US, with years of publication
ranging from 2007 to 2023. Only three of the included studies investigated the use of
AI algorithms in 3D US images [22–24], while 24 focused on 2D images. Most studies
reported the combined analysis of various standard planes (13 studies, [15,17,23–33]) or
exclusively presented an algorithm for the analysis of HC (9 studies, [18,22,34–40]), AC
(4 studies, [21,41–43]) or femur length (1 study, [44]). Five studies used the freely available
‘HC18’ data set [45] for training and testing the algorithms, which contained 1334 2D images
from 551 women of the standard fetal head plane [18,34,37,38,40].

AI algorithms for the automated detection of various standard planes in US video scans
have been reported by Płotka et al. [25], Chen et al. [28], and Baumgartner et al. [15]. The
unique study of Sendra-Balcells et al. presented a deep-learning model to identify standard
planes in 2D images showing the transferability of the AI method to six low-income African
countries [17]. In comparison with the analysis of 2D US videos, Sridar et al. [26], Burgos-
Artizzu et al. [27], Rahman et al. [30], and Carneiro et al. [31,32] reported AI systems for
the automated detection or measurement of various standard planes in 2D US images.
Zhang et al. proposed an image quality assessment method for evaluating whether US
images of standard planes fully show the anatomical structures with clear boundaries [29].
To improve clinical workflow efficiency, Luo et al. evaluated the intelligent Smart Fetus
technique for its ‘one-touch’ approach to search and automatically measure the cine loop
for standard planes once the sonographers press the freeze button [33]. Pluym et al. and
Yang et al. analyzed 3D US volumes for the localization and measurement of various
intracranial standard planes, such as the transventricular, transthalamic, or transcerebellar
plane [23,24].

The automated detection and measurement of HC in 2D images was investigated by
the research groups Zeng et al. [18,34], Li et al. [36,40], Yang et al. [37], and Zhang et al. [38].
Likewise, Van de Heuvel et al. and Arroyo et al. presented a system for automated
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analysis of HC, particularity the use of a standardized sweep protocol for data collection
to eliminate the need for sonography experts and enable applicability in underserved
areas [35,39]. The only study to identify the HC and biparietal diameter from 3D US vol-
umes using the commercially available Smartplanes® software was presented by Ambroise
Grandjean et al. [22].

The acquisition and measurement of AC were considered in the studies of Jang et al.
and Kim et al. analyzing 2D images [21,41], as well as by Ni et al. and Chen et al. analyzing
2D videos acquired by graduate students [42,43].

Remarkably, only one study, from Zhu et al., reported the automated assessment
of femur lengths in 2D US images addressing the difficulties regarding femur lengths
acquisition due to the complex background in femur US images [44].

In conclusion, the automated acquisition and measurement of standard planes is
an increasingly investigated area, but still faces problems when it comes to clinical ap-
plicability and generalization. The benefits of AI usage in standard plane acquisition
were found to be the possibility of real-time applicability [15,25,32,33]; the incorporation
of clinical aspects into image interpretation [21,23,26]; the feasibility of biometric assess-
ment by non-experts [35,39,43]; the application of a lightweight algorithm in point-of-care
devices [18,34,37]; and, as a consequence of the latter two aspects, applicability for medi-
cally underserved areas [17,35].

The limitations of AI applications for fetal biometry were found to be reduced algo-
rithm accuracy in poor quality images due to high maternal BMI [22,23], low contrast of
anatomical structures [36], and higher GA with large fetuses [21]. Other reported limi-
tations were slow processing times [35,43] and the lack of training for algorithms with
pathological cases [28,35].

3.2.2. Fetal Echocardiography

For the detection of the most common congenital malformations, which are known to
be congenital heart diseases (CHDs), with an incidence of 6–12/1000 livebirths [46], fetal
sonographic examination is usually performed in the second trimester [47,48]. The prenatal
diagnosis of CHD is of substantial significance, resulting in improved neonatal outcomes
compared with postnatal diagnosis. It allows for appropriate counseling for parents, as
well as delivery and treatment planning, and, in some cases, even in utero therapy [49].

Fetal echocardiography is a highly challenging technique, even for experts, and is
primarily based on the acquisition of standard views, such as the four-chamber view (4CV),
three-vessel view, three-vessel trachea view, and left and right ventricular outflow tract
view. The combination of standard views allows for the detection of up to 90% of CHD;
however, in clinical practice, the detection rate is only about 30% [48,50]. Reasons for low
detection rates were described as insufficient sonographer interpretation and inadequate
acquisition of standard views, which were often due to fetus-related factors such as fetal
position, movements, and the small size of the fetal heart and its possible defects [50].

This review includes a total of 23 articles from 2007 to 2023 related to fetal echocar-
diography. Four of the included studies investigated the application of fetal intelligent
navigation echocardiography (FINE) as a reliable technique that enabled the automated
acquisition of nine standard echocardiographic views from specific 4D volumes of a single
cardiac cycle in motion [51–54]. It enabled operator-independent examination and con-
tributed to the standardization of fetal echocardiography [52]. While Yeo et al. reported
the time-saving benefits of workflows using FINE in 51 normal fetal cardiac anatomy
and 4 different CHD cases [51], Ma et al. confirmed the application of FINE in abnormal
anatomical hearts through the successful generation of three standard views in 30 fetuses
with double-outlet right ventricles [53]. In a case report, Veronese et al. reported the
successful detection of four atrioventricular septum defects using the FINE system [54].

Five of the included studies investigated the performance of AI models that can detect
structural abnormalities in cardiac anatomy. Dozen et al. presented a method specific to
the interventricular septum [55]; Han et al. focused on the assessment of the left ventricle
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and left atrium [56]; and Xu et al. aimed at identifying seven anatomical structures, namely
right and left atrium and ventricle, thorax, descending aorta, and epicardium [57]. The
automated detection of standard views was investigated by Wu et al., Yang et al., and
Nurmaini et al. [58–60], while CHD was effectively detected by AI models generated by the
research groups of Gong et al. and Nurmaini et al. [61,62], and selectively for the diagnosis
of total anomalous pulmonary venous connection by Wang et al. [63].

Three recent studies assessed fetal cardiac function. Yu et al. automatically measured
left ventricular volume in 2D US images [64], Herling et al. analyzed the automated
measurement of fetal atrioventricular plane displacement in US videos of cardiac cycles
using color tissue Doppler [65], and Scharf et al. evaluated the automated assessment of
the myocardial performance index as a tool to analyze fetal cardiac function [66]. Lastly,
two included studies developed AI models for model improvement itself by synthesizing
high-quality 4CV images for model training [67] and by providing existing models with
new input data and supporting learning process [68].

The complexity of fetal echocardiography itself is derived from the skill needed to
detect even the smallest anatomical abnormalities in a beating organ, which makes it an
interesting and challenging research area for AI applications. Advantages are the facilitation
of standard view acquisition [58,60] and CHD detection [53,61,62], as well as a significant
reduction in examination time [52,55]. Furthermore, Arnaout et al. outlined the benefits
of their AI model for telehealth approaches and diagnoses of rare diseases [50]. In case of
the study of Emery et al., an AI-based navigation system for needle tracking in fetal aortic
valvuloplasty promised increased safety, reduced intervention time, and transferability for
other fetal interventions such as amniocentesis [69].

As a result of AI models acquiring US images, the need for quality control mecha-
nisms has arisen to ensure image quality. This issue was addressed by Dong et al. and
Pietrolucci et al., who developed quality assessment AI models, of which one is already
commercially available, known as ‘Heartassist™’ [70,71]. Furthermore, to address the
‘black box problem’, which describes the complexity of algorithms impossible for human
understanding, Sakai et al. proposed a method to support fetal echocardiography through
‘explainable AI’ [7]. This technique aims at promoting the trustworthy use of AI methods
for clinicians through the development of specific AI modules for the explanation of the
algorithm behavior.

AI assistance in fetal echocardiography showed several limitations. First, most of
the studies only used 4CV images as the input for their algorithms [55,57,61–63,67,70],
although the detection rate of CHD could be increased by analyzing different standard
views [55]. These studies predominantly used apical 4CV, which resulted in AI model
limitations when analyzing 4CV from different scanning angles, such as the fetal dorso-
anterior position. This issue of the need for the correct identification of the region of interest
(ROI) for optimized AI model performance was addressed by the study of Xu et al. [57].
Second, analyzed images have often been obtained only from healthy fetuses with normal
cardiac anatomy and AI models lacked training with pathologic findings [52,55,57,64].
Furthermore, even with the assistance of AI methods, experienced sonographers were
required for rechecking and the interpretation of results [7,51]. Lastly, the recognition
of small CHD or small anatomical structures such as the trachea was limited in some
models [55,58].

In summary, fetal echocardiography extensively profits from AI assistance, but shows
limitations that need to be addressed in further research. Beside the aforementioned need for
the automated detection of ROI, which has been recently proposed in the literature [72,73],
other fields of application are of emerging interest. Not only the detection of structural
abnormalities in case of CHD, but also cardiac function analysis, is a future topic of AI
applications in fetal echocardiography using tissue Doppler US, which can be relevant, e.g.,
for fetuses diagnosed with hypoplastic left heart syndrome [74–76].
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3.2.3. Fetal Neurosonography

Fetal neurosonography focuses on the assessment of fetal brain development and the
identification of abnormalities [77]. For sonographic assessment, standard head planes
should be acquired following the international guideline of the International Society of
Ultrasound in Obstetrics and Gynecology (ISUOG) [77], which enables the detection of key
anatomical structures such as lateral ventricles, cavum septum pellucidum, cerebellum,
and cisterna magna. Sonographers performing neurosonography require an accurate
understanding of fetal neuroanatomy, the skill to interpret 2D planes in a complex 3D
structure, and, consequently, substantial clinical experience and training [78].

On the topic of neurosonography, 19 studies were included in this review, ranging
from 2017 to 2022 in years of publication. Almost half of the included studies investigated
AI applications in US using 3D volumes. Three of the included studies [78–80] used data
collected in the Fetal Growth Longitudinal Study of the INTERGROWTH-21st Project,
which aimed at developing international standards in fetal growth and size [81].

The research topics in this field are heterogenous, presenting a wide variety of ap-
plications for AI-assisted methods. The establishment of a plane localization system as
a 3D reference space for locating 2D planes was proposed by Yeung et al., Namburete
et al., Yu et al., and Di Vece et al. for improving the acquisition of standard planes and
facilitating anatomical orientation for sonographers [78,80,82,83]. In particular, the method
by Di Vece et al. used a 23-week synthetic fetal phantom for system development and
was the only study to estimate the 6D poses of US planes combining common 3D planes
with rotation around the brain center [82]. Xu et al. presented an AI method for authenti-
cally simulating third-trimester images from second-trimester images for deep-learning
researchers with restricted access to third-trimester images [84]. The automated detection of
brain structures and malformations was described by Lin et al. [85,86], Alansary et al. [87],
and Gofer et al. [88] in 2D images and videos, and in 3D volumes by Hesse et al. and
Huang et al. [79,89]. The image quality assessment of whether a standard plane was cor-
rectly acquired, either by human operators or by automated extraction from 3D images,
was effectively performed by models developed by the research groups of Lin et al. [90],
Yaqub et al. [91], and Skelton et al. [92]. Researchers Xie et al. [6,93] and Sahli et al. [94]
reported a method for classifying US images into a binary system of ‘normal’ and ‘abnor-
mal’ cases, in which Xie et al. additionally localized the structural lesions, which lead
the algorithm to declare it ‘abnormal’ and thus recommend the clinician to recheck the
labeled area. Lastly, the studies of Burgos-Artizzu et al. and Sreelakshmy et al. portrayed
AI methods for the estimation of GA through an analysis of transthalamic axial planes or
cerebellum measurements [95,96].

The benefits of the usage of AI algorithms in fetal neurosonography were, beside
a reduced workload for sonographers due to faster acquisition and measurements [86],
the development of guiding methods for skill training [78,83], the measurement of small
anatomical structures such as the fetal cortex in first trimester [88], and the accurate
estimation of GA in a pregnancy without a valid first trimester scan [95].

The primary limitation of AI US imaging in this topic was described to be the rapid
anatomical development of fetal brain structures due to brain maturation, increasing head
size and degree of ossification with rising GA [78,80,84]. Ossification of the fetal skull
provoked an increase in the shadowing of US images and thus reduced image quality and
visibility [80]. To address the heterogeneity in brain images from different GA, studies
described the need for matching GA of US images in algorithms [82,94]. Other study
limitations were the missing training of AI algorithms with images of pathologies [79,86,95]
and the problem of miscalculations when US images were not in accordance with the
guidelines for standard planes [6,80].
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3.2.4. Fetal Face

With advances in obstetric US and the possibility of 3D and 4D US, the analysis of the
fetal face has become feasible and of rising interest. This section encompasses five articles
from 2018 to 2023, with heterogenous research topics.

Fetal facial malformations, such as cleft lip and palate, can be assessed by acquiring
standard planes such as the ocular axial, median sagittal, and nasolabial coronal plane [97].
Wang et al. and Yu et al. presented AI algorithms to automatically identify standard
planes in 2D images [97,98]. However, as facial malformations can be a phenotype of an
underlying genetic disorder, Tang et al. used 3D images of fetal faces to develop a novel
approach for the early, non-invasive identification of genetic disorders by analyzing key
facial regions, such as the jaw, frontal bone, and nasal bone [99].

Additionally, fetal movements and facial expressions were found to be correlated
with fetal brain activity and development state [100]. Facial expressions such as eye
blinking, mouthing, smiling, and yawning have been described to indicate fetal brain
maturation, in utero stress may result in scowling, while the meaning of tongue expulsion
and neutral expression remain unclear [101,102]. Miyagi et al. proposed an AI classifier
analyzing 4D US volumes to assess fetal facial expressions and classify them into different
categories [102,103], and showed that the identification of dense and sparse states of brain
activity is possible [104].

3.2.5. Placenta and Umbilical Cord

The placenta is known to play an important role in the pathogenesis of obstetric com-
plications such as placenta previa, abnormally invasive placenta, fetal growth restriction,
and hypertensive disorders of pregnancy [105]. Little evidence exists on the neglected role
of the placental characteristics and the prediction of these complications [106]. For example,
research has shown a correlation between early placental sonographic echogenicity and the
prediction of intrauterine growth restriction [107]. To date, sonographic placental assess-
ment is mainly restricted to the identification of placental location, adhesion, or insertion
site of umbilical cord [108], and further assessment is limited due to the impossibility to
detect minimal change in texture by routine scan and time-consuming examinations. The
use of AI imaging algorithms has recently enabled automated assessment of the placental
volume, tissue texture, and vascularization, and is thus of rising research interest.

In this review, 20 articles were included that were published from 1994 to 2023,
whereby the three studies from 1994–1996 investigated umbilical cord Doppler analysis and
studies from 2014–2023 focused on placental analysis. While part of the included studies
focused on the automated assessment of placental localization and volume, others reported
efforts to identify or predict the presence of placenta-related obstetric complications by
analyzing echogenic tissue texture.

Andreasen et al. and Schilpzand et al. presented an effective AI algorithm for pla-
cental localization, including heterogenous data through differences in sonographers’
expertise [109], or using a previous established sweep protocol in low-resource settings [110].
It is known that early reduced placental volume is associated with small-for-gestational-age
fetuses [111]. Schwartz et al. and Looney et al. presented an effective model to automati-
cally assess placenta volumes from 2D and 3D images in first trimester [112,113]. Hu et al.
performed an echotexture analysis in 2D placental images [108], while Qi et al. reported
successful automated localization of the placental lacunae in 2D images as a potential
tool for screening abnormally invasive placenta [114,115]. The automated classification
of placental maturity was proposed by Lei et al. and Li et al. [116,117]. Early and small
changes in placental tissue texture were detected by Gupta et al. and Sun et al. through
using AI-assisted US and microvascular Doppler imaging in women with hypertensive
disorders of pregnancy [118,119] and gestational diabetes [120].

Further examples of adverse pregnancy events with an often disastrous maternal and
fetal outcome are placental abruption and pernicious placenta previa. Yang et al., therefore,
investigated the predictive role of a scoring system for the occurrence of pernicious placenta
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previa [121], while the research group of Asadpour et al. reported a method for identifying
placental abruption [122].

In addition to placental characteristics, research exists on the role of umbilical cord
anatomy and blood flow. Pradipta et al. investigated the use of machine learning methods
to classify 2D color Doppler US images of umbilical cords along the umbilical coiling index
and its possible impact on fetal growth [123]. In the earliest studies included in this review,
Beksaç et al. and Baykal et al. presented an automated diagnostic, interpretation, and
classification method to analyze umbilical artery blood flow Doppler US images [124–126].

The importance of pre-operative planning for surgical interventions such as laser-
therapy in twin-to-twin-transfusion syndrome was addressed by the research group of
Torrents-Barrena et al. [127,128]. They proposed a new AI algorithm for the simulation and
planning of fetoscopic surgery through the detection and mapping of the maternal soft
tissue, uterus, placenta, and umbilical cord via MRI in combination with the detection of
the placenta and its vascular tree in 3D US. This model fully simulates the intraabdominal
environment and enables the correct entry point planning and surgeon’s training [127,128].

In summary, placental AI-based US diagnostic may propose a promising non-invasive,
predictive tool to improve patient counseling and management to prevent adverse preg-
nancy outcomes. Reported limitations in applications arose from the difficulty of identifying
the interface between the placenta and myometrium, especially in first trimester scans [113],
and low accuracy rates in the assessment of posterior wall placentas [109]. Further research
is necessary to identify the link between placental health and obstetric complications.

3.2.6. Fetal Malformations
First Trimester Scan

The timing of the first trimester scan is standardized to 11 + 0 and 13 + 6 weeks of
gestation and its performance of image acquisition is defined by a protocol of the Fetal
Medicine Foundation [129] and the ISUOG [130]. The purpose of this US examination
includes confirmation of viability; assessment of GA; screening for preeclampsia; and
detecting chromosomal anomalies such as trisomy 13, 18, or 21 or other malformations.
Combining clinical information (maternal age and serum parameters) with sonographic
assessment of fetal characteristics, predominantly the assessment of nuchal translucency
(NT), is recommended practice [131].

Seven studies included in this review focused on the AI application for first trimester
scans, ranging from 2012 to 2022. The research groups Walker et al. [132], Zhang et al. [133],
Sciortino et al. [134], and Deng et al. [135] addressed the time consuming process of NT
measurement by introducing AI models for its automated detection and measurement, in
particular for the diagnosis of trisomy 21 [133] or cystic hygroma [132]. Tsai et al. aimed
at facilitating the preliminary step for NT measurement, which was the automated detec-
tion of the correct mid-sagittal plane in 3D volumes [136], and Ryou et al. and Yang et al.
proposed a model for the assessment of the whole fetus in 3D volumes [137,138]. The po-
tential benefits of these models were the highly accurate non-invasive method for anomaly
screening [134] and reduced workload [133,135–137]. Limitations could be uncovered
when assessing fetal limbs due to its small anatomy and close surroundings [136–138],
small data sets in rare anomalies [132,133], and missing real-time application for clinical
applicability [133,134,138].

Second Trimester Scan

The timing of the second trimester scan is standardized to 18 + 0 to 23 + 6 weeks
of gestation and is intended for the evaluation of fetal growth and detection of fetal
malformations [139].

Four studies included in this review focussed on the detection of fetal malformations
in mid-trimester US scans. Matthew et al. prospectively evaluated a model for automated
image acquisition, measurements, and report production [140]. Cengizler et al. proposed
an algorithm for the identification of the fetal spine and proofed the model’s performance
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in cases of fetuses with spina bifida [141]. Furthermore, Meenakshi et al. focused on
the identification of fetal kidneys [142] and Shozu et al. presented an AI model for the
identification of the thoracic wall, which enabled plane detection for 4CV, but also allowed
for the detection of thoracic malformations [143]. All of the studies showed a reduction
in examination time, which helps sonographers concentrate on interpretation instead of
repetitive tasks [140].

3.2.7. Prediction of Gestational Age

The estimation of GA is one of the important indications for obstetric US in early
pregnancy that helps to adjust maternity care and identify complications such as prema-
turity or fetal growth disorders [144]. It is usually calculated using the last menstrual
period and is confirmed with fetal CRL and biometry. In low-resource countries, access to
medical care is constrained and ultrasonography and their operators are rare. In these areas
especially, pregnancy complications play an important role and improvement in diagnostic
resources for correct GA measurement as a prerequisite for adequate maternity care is thus
necessary [145].

This literature review includes 10 studies on the assessment of GA, starting in 1996
with a pioneering study of Beksaç et al. on the estimation of GA via the calculation of the
fetal biparietal diameter and HC [146]. In addition to this, the studies of Namburete et al.
and Alzubaidi et al. similarly used the anatomy and growth of the fetal head for GA
estimation [147,148]. Dan et al. developed a DeepGA model that used the three main
factors of fetal head, abdomen, and femur [149], while Lee et al. proposed a machine
learning method to accurately estimate GA with standard US planes [150]. The recent topic
of point-of-care-US was addressed in the research of Maraci et al., who successfully showed
automated head plane detection and GA estimation with point-of-care devices [151]. Lastly,
four studies used data from the Fetal Age Machine Learning Initiative (FAMLI), which is
an obstetrical US development project in low-income settings. The purpose of these studies,
which were based on US data from the US and Zambia, was the successful establishment
of an AI algorithm for GA estimation from simplified blind US sweeps of US novices
in low-resource countries [144,145,152,153]. The benefits of the GA AI models were the
possibility for application in low-resource countries [144,145,148,149,152], even without
internet connectivity [145], and in portable devices [148], promising high accuracy with
an error of 3.9 to 5 days in GA estimation [149,152]. An important limitation of the
AI models was described to be application in very early [144,147] or very late stages
of pregnancy [146,147,152], the latter of which was due to the thickened texture of the
fetal skull.

3.2.8. Workflow Analysis of Obstetric Ultrasound Scans

Over the past decades, obstetrics US has gained immense advances in US technology
and computational power, including AI processes, but the procedure of acquiring the image
itself by a bedside-acting clinician has remained unchanged. As it is known that acquiring
obstetric US skills is a long-lasting and highly demanding task, efforts have been made
to analyze the workflow of experienced sonographers and draw conclusions about the
interaction between the sonographer, probe, and image [154].

All eight included studies investigating this topic arose from the same working group
of the University of Oxford, UK. The PULSE (Perception Ultrasound by Learning Sonog-
rapher Experience) project, presented by Drukker et al., was designed to enable insights
into experts’ sonography workflow and to transform the learning process of obstetric US
using deep-learning algorithms [154]. Its data set was within the framework of all of the
included studies. While Drukker et al. analyzed eye and transducer movements, actions
during scanning, and audio recordings to generate automated image captioning of the
sonographer’s explanation, Sharma et al. added the pupillometric data to objectify not only
the localization of the sonographer’s gaze on the screen, but also the intensity of concentra-
tion in this focus [155]. Completeness, precision, and speed of sonographic performance
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were assessed by Wang et al. to quantify operator skill level [156]. Zhao et al. presented a
method for virtual-assisted probe movement guidance along a virtual 3D fetus model with
automatic labeling of the captured images [157]. Sharma et al. and Drukker et al. analyzed
full-length scanning videos to assess workflow by building timeline models illustrating
the scanning sequence of anatomical regions over time [155,158]. Lastly, Alsharid et al.
developed a novel video captioning model for the description of second-trimester US
scans by training an AI model with speech recordings and gaze-tracking information of
sonographers while performing US scans [159].

To sum up, the included studies on this topic showed clinical benefits of AI in scan
workflow through automating image labeling [154,157], enabling transfer learning for
US novices [160], reducing clinician’s mental workload, and optimizing workflow [155].
Limitations in application were reported to be the impossibility of the generalization of
workflow sequences due to maternal−fetal factors and different skill levels of sonographers
for different anatomical regions during a full routine scan [155,158].

3.2.9. Other Applications in Obstetrics
Fetal Lung Maturation

The maturation process of the fetal lung is an important aspect in clinical practice as it
implies the leading cause for neonatal morbidity and mortality [161]. The GA of the fetal
lung does not always correlate with the actual GA and can be influenced by pregnancy
complications disrupting lung maturation.

Five included studies analyzed fetal lung US images for the prediction of neonatal
outcomes. Du et al. proposed an AI model to classify the lung textures in pregnancies
affected by gestational diabetes or preeclampsia [162], while Xia et al. and Chen et al. devel-
oped a lung maturation grading model that can be implemented for identifying abnormal
development and evaluating the effectiveness of antenatal corticosteroid therapy [161,163].
The study of Bonet-Carne et al. and a further study of Du et al. showed that automated fetal
lung ultrasound was able to accurately predict neonatal respiratory morbidity [164,165].
While Du et al. analyzed lung images from healthy and affected pregnant women, the stud-
ies of Xia et al. and Chen et al. were limited by the analysis of only healthy fetuses [161,163].

Maternal Factors

US in OB/GYN usually focusses on the examination of the fetus; however, there are
several indications to evaluate maternal structures.

Four included studies were summarized in this section. The early study of Wu et al.
proposed a tool for preterm labor prediction by using computer-assisted measurement of
the cervix on transvaginal US images to overcome the issues of poor reproducibility and
sonographer dependency on manual cervical length measurements [166]. The model of
He et al. addressed the challenge of the identification and classification of intrauterine
pregnancy residues that had the potential to reduce associated complications and improve
surgical outcomes of curettages [167]. Wang et al. presented an algorithm to assess the color
Doppler US images of fetal and maternal vessels as an approach to facilitate the diagnosis
of severe preeclampsia linked to the medical outcome [168]. Lastly, Liu et al. proposed a
Doppler US model for the prediction of fetal distress in women with pregnancy-induced
hypertension [169]. These algorithms may improve medical diagnosis and potentially
reduce clinical workload by replacing the sonographer’s manual tracing [168].

Early Pregnancy

Three studies included in this review focused on the US examination in early preg-
nancy, which is often performed to confirm intrauterine localization and vitality of preg-
nancy, to estimate GA via measuring CRL, or to diagnose adverse pregnancy outcomes
such as miscarriages.

While Wang et al. prospectively analyzed an automated assessment of the gestational
sac as a predictor for early miscarriages in 2D images in pregnancies of 6–8 weeks of
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gestation [170], the research groups Sur et al. and Looney et al. proposed an 3D AI model
to provide volumetric measurements of the embryo, placenta, gestational sac, yolk sac, and
amniotic fluid [113,171]. The potential benefits of these models were the development of
fetal volume nomograms for precise fetal growth assessment [171] and the establishment of
an early screening method for the prediction of adverse pregnancy outcomes [113], which
facilitates adequate consultancy and recommendation for follow-up US examinations [170].
However, validation of the results is difficult in this field of application, which limits
clinical applicability.

Intrapartum Sonography

The application of US during the second stage of labor to assess the progression
of childbirth is a recent development to improve obstetric management. Transperineal
US is, therefore, used to objectivate vaginal digital examination when estimating fetal
head descent.

In a prospective, multicenter study, Ghi et al. established an AI model for automatically
classifying fetal head position and distinguishing between occiput anterior and non-occiput
anterior position of the fetal head, because the latter may result in protracted labor and
increased risk of a poor obstetric outcome [172]. In addition to this, Lu et al. and Bai et al.
proposed a method for the automated measurement of the angle of progression, which
allowed for the estimation of fetal head descent by identifying the symphysis and fetal
head contour [173,174]. All three studies showed promising results but lacked clinical
applicability for their missing real-time application.

Image Quality

In terms of the quality control of US images, four studies were included in this review
that applied their algorithms to different aspects.

Wu et al. proposed a computerized quality assessment scheme for quality control of
US images by identifying the ROI in fetal abdominal images [175]. Meng et al. established
a model for the classification of shadow-rich and shadow-free regions in various US
images [176] and Gupta et al. presented an algorithm for a better separation between the
fetus and surrounding information in fetal US, such as maternal tissue, placenta, or amniotic
fluid [177]. Lastly, Yin et al. showed improved image quality when using an AI algorithm
for image processing in US images of the pelvic floor [178]. Beside improved US image
quality [176–178], the benefits of automated quality control algorithms are the facilitation
of image acquisition by novices and experts, reduced workload, and the development of
toolkits for education [175].

Miscellaneous

Five studies investigating various areas are summarized in this section.
The study of Cho et al. proposed a model for the automated estimation of amniotic

fluid, as it is known to be a particular observer-dependent factor and, therefore, benefits
from automation [179]. Compagnone et al. presented a clinical case report of a successful
AI-image-guided placement of an epidural catheter in an extremely obese patient for
delivery [180]. The research group Maraci et al. developed an AI model to detect the
fetal position and heart beat from predefined US sweeps. Further, Rueda et al. aimed at
investigating the fetal nutritional status using AI-assisted assessment of the adipose and
fat-free tissue of the fetal arm in US images [181]. Lastly, an AI model for the automated
classification of fetal sex in 2D US images of the genital area was established by Kaplan
et al. that helped reduce misclassification and facilitate screening [182].

3.3. Applications in Gynecology

Focusing on the specialty of gynecology, 41 research articles were included in this review.
Figure 3 provides an overview of research topics on AI applications in gynecological US.
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Figure 3. Overview of the distribution of research topics in the analyzed literature (a total of
41 articles) for AI applications in US imaging in the subspecialty of gynecology. Figure adapted from
Servier Medical Art.

3.3.1. Adnexal Masses

Adnexal masses are among the common reasons for US examination in gynecology
due to the importance of ovarian cancer detection. The assessment of adnexal findings is
crucial for further diagnostic steps and therapy planning, which differ significantly between
benign and malignant tumors. In the clinical setting, the examination of adnexal masses
is primarily performed via transvaginal US, combining grayscale 2D images with color
Doppler imaging to assess vascularization. The identification and especially classification
of adnexal findings represents a challenging task even for experienced examiners and thus
the International Ovarian Tumor Analysis (IOTA) group has established US-based rules for
classification of adnexal tumors [183]. In recent years, the automated analysis of US images
of adnexal masses has gained attention due to its advantage in supporting unexperienced
examiners and assisting experienced examiners in diagnostic decision making.

Of the 11 extracted articles, only two were designed as prospective studies [184,185].
Included studies were published from 2009–2023, whereby the research group Amor et al.
was the first to describe AI application in sonographic assessment using a non-specified
pattern recognition analysis to classify adnexal masses in a new reporting system [184].
All but one of the studies analyzed 2D images, with only three of them including color
Doppler images.

Enabling an automated discrimination between benign and malignant tumors was a
predominant focus of the current research, represented in six studies included [185–190].
Three studies assessed the performance of automated tumor classification [184,191,192],
one study developed a population-based screening method for BRCA mutations [193], and
one study focused on the automated elimination of artefacts and objects in US images to
increase the accuracy of the AI model [194]. Aramendía-Vidaurreta et al. was the only
group to investigate the automated discrimination of benign and malignant masses in 3D
US images [187] and Hsu et al. distinguished between transabdominal and transvaginal
US images [185].

All of the included studies showed a high accuracy and sensitivity of AI performance.
The study by Gao et al. used a large, multicenter, and heterogenous data set, which
disclosed that AI-enabled US outperformed an average trained radiologist in discriminat-

109



J. Clin. Med. 2023, 12, 6833

ing malignant and benign ovarian masses and improved the examiner’s accuracy [189].
These findings were consistent with other studies [185,186], but there were also studies
with smaller sample sizes that showed a level of performance reaching those of human
experts [188,191,192].

Nevertheless, a described limiting aspect was the fact that clinicians using AI im-
age analyzing algorithms must still take clinical aspects into account [188,189]. Further-
more, metastases or secondary ovarian cancer in pelvic images may be misinterpreted
because of their different clinical presentation and their low representation in the data
set [189]. Frequent described limitations of studies on AI applications in US imaging
were homogeneity of data due to a single examiner or single center study [188,192],
a single investigated ethnicity [189], absent external validation [192,193], poor image
quality [186,190], and, most importantly, small sample sizes not sufficient enough to train
the algorithm [184,185,187,188,192,193].

3.3.2. Breast Masses

Breast cancer represents the most common malignancy in women worldwide and
its incidence still shows a rising tendency [195]. To address this health issue, screening
programs and early diagnosis are of the utmost importance. While primary screening is
often performed and recommend through mammography, the advantages of breast US are
numerous. Especially in women with dense breast tissue, e.g., predominantly in young
women or in Asian ethnicity, and for underserved areas, US diagnostics and screening
are crucial [196].

This review includes eight articles on AI application in US imaging of the breast, all of
which were published in the past three years and focused on 2D images.

All of the included studies worked on either the detection of breast lesions, clas-
sification, or both. Two studies used AI algorithms in combination with handheld US
devices [197,198]. Berg et al. pointed out the importance of training for sonographers
to obtain a reasonable image quality for AI analysis [197], while Huang et al. compared
handheld US to robotically performed AI-assisted US and showed reduced costs, shorter
examination times, and a higher detection rate in the latter [198]. The possibility of avoid-
ing unnecessary breast biopsies was the result of two further studies, of which one used
an AI-assisted multi-modal shear wave elastography model [199,200]. In a retrospective
study, Dong et al. promoted the importance of an increased confidence in AI assistance in
health care, which can be addressed by understanding the algorithm of the black box and
encouraging the concept of ‘explainable AI’ [201]. Limitations to AI usage in breast US were
the missing clinical context in unimodal approaches only focusing on image analysis [202],
small data sets for algorithm training, and a lower accuracy in borderline findings [201].

3.3.3. Endometrium

In gynecologic US examinations, evaluation of the endometrium is part of normal
routine and obtains its significance due to the frequency of endometrial abnormalities, e.g.,
endometrial fibroids, polyps, endometrial hyperplasia or atrophy, and carcinoma [203]. In
particular, endometrial thickness is known to show dynamics in premenopausal women
throughout the menstrual cycle, while an increase in thickness in postmenopausal women
represents a risk factor for the presence of malignancy [204]. However, the identification of
the endometrial−myometrial junction represents a challenging task due to heterogenous
textures, irregular boundaries, and different sizes of the endometrium in the menstrual
phases, which is why the application of AI in US is a field of research interest.

For this topic, five articles were extracted from the current literature. Publication years
ranged from 2019 to 2023. Wang et al. and Zhao et al. conducted their studies based on 3D
US images [205,206]. All but one study investigated the AI performance for the assessment
of endometrial thickness, texture, or uterine adhesions [205–208]. Moro et al. aimed at
establishing an AI model for risk stratification in endometrial cancer, but could not prove
increased performance [209].
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The application of AI US to assess endometrial characteristics showed a high accu-
racy and similar level of performance compared with human examiners [205,208], which
could be further increased by setting human-selected key points in the images as a de-
marcation of the ROI for the AI algorithm [207]. The only two studies using 3D imaging
outlined the superiority of this data to 2D imaging for its improved capability in iden-
tifying the endometrial−myometrial junction [205,206]. Extracted limiting aspects for
AI application were reduced accuracy in assessing endometria smaller than 3 mm [208],
operator-dependence, limited data for algorithm training [205,206], and the need for human
experts selecting images before analysis [205,207,209].

3.3.4. Pelvic Floor

The assessment of pelvic floor dysfunction is a highly essential and sensitive topic in
gynecological examination due to its consequences on women’s health-related quality of
life. Transvaginal US is the preferred diagnostic method, enabling the assessment of pelvic
organ integrity, dynamic of pelvic floor function during Valsalva maneuver, and diagnosis
of pelvic organ prolapse.

This review includes six articles on the introduced topic, with only one being designed
as a prospective, randomized-controlled clinical trial [210]. Publication years ranged from
2019 to 2023. Two studies used 3D US images [211,212], two 2D [213–215], two of them
derived 2D images from a 3D/4D data set [214,215], and one did not specify the type of
image [210].

The assessment of the pelvic floor muscles and measurement of pelvic anatomical
landmarks were addressed in all studies, while two focused on the diagnosis of pelvic
organ prolapse [212,213]. Reliable automated plane detection and measurements were
obtained results in all of the studies. Three studies were able to show the significantly
reduced time between manual and automatic image evaluation, from up to 15 minutes
to 1.27 seconds [211–213], concluding in saved clinician’s time for better bedside patient
care. Limiting aspects encompassed high operator dependency [211,212], homogeneity of
data when exclusively using cases of affected women [212,213], and the need for manual
selection of ROI before AI image processing [211,213,214].

3.3.5. Other Applications in Gynecology

Further fields of applications were found in the process of this literature review. In total,
11 articles were summarized in this section, including the topics of endometriosis [216,217],
premature ovarian failure [218,219], uterine fibroids [220,221], follicle tracking [222,223],
and ectopic pregnancies [224,225]. Another study addressed the issue of poor image
quality in 3D US images due to data processing and showed that AI image enhancement
methods could produce increased 3D image quality with user-preferential flexibility in
both gynecological and obstetric US images [226]. The retrospective study of Huo et al.
showed that AI-assisted US improved the accuracy of uterine fibroid assessment of young
sonographers, but, summarized that AI applications rather assist than replace human
observers [50].

Endometriosis

Two included articles discussed the sensitive topic of endometriosis, which can be prob-
lematic for both physician and patient due to complex clinical management and impaired
quality of life in affected women [216,217]. Both studies had the usage of transvaginal
2D US videos and the missing histopathological or surgical confirmation in common, but
focused on two different manifestations of endometriosis. Maicas et al. developed a highly
accurate AI model for the classification of the pouch of Douglas obliteration as a cause
of pelvic inflammation often seen in endometriosis via detection of the so-called ‘sliding
sign’ [216]. In comparison, the results of Raimondo et al. showed a low sensitivity of the
AI model to detect adenomyosis, but a high specificity, interpreted as a useful tool to rather
exclude than detect adenomyosis [217].
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Uterine Fibroids

In two of the included studies, the automated detection of uterine fibroids was an-
alyzed. The retrospective study of Huo et al. showed that AI-assisted US improved the
accuracy of uterine fibroid assessment of young sonographers, but, summarized that AI
applications rather assist than replace human observers [220]. Yang et al. proposed an
AI algorithm for the detection of fibroids, which facilitated pre-operative guidance and
interventional therapy [221].

Premature Ovarian Failure

Premature ovarian failure or insufficiency is defined by the interruption of ovarian
function before the onset of menopause, affects around 1% in women aged 40, and can cause
amenorrhea or infertility [227]. Beside anamnesis and laboratory results on the hormone
level, transvaginal US is the primary diagnostic tool to assess ovarian characteristics. This
review lists two studies on this topic, evidencing that ovarian artery flow parameters
obtained by AI analyzed color Doppler imaging can be used as a predictive factor, and
both AI models showed reliability for disease prediction [210,218].

Follicle Tracking

In reproductive medicine, the evaluation of follicles after ovarian stimulation or the
functional ovarian reserve in patients suffering from infertility is an important diagnostic
component performed via US. Two included studies, of which one had a prospective,
randomized-controlled design, showed increased accuracy of follicle evaluation and re-
duced examination time by using AI-assisted 2D and 3D US [222,223]. The mentioned
limitations included cost-intensified AI-assisted machines and possible reduced image
quality in obese patients [223].

Ectopic Pregnancy

In comparison with the use of AI in US for image analysis, two studies published an
approach to use US images of ectopic pregnancies to build an ontology with a reference
image collection for specific diagnostic signs (e.g., ‘ring of fire’). The prognosis of ectopic
pregnancy is known to be dependent on the correctness and timing of diagnosis, for which
the research groups Maurice et al. and Dhombres et al. showed that a knowledge base
for US image annotations as a clinical decision support system based on this ontology
significantly improved the timing of diagnosis [224,225].

4. Discussion

This systematic literature review presents an overview on applications for AI in US
imaging in the medical field of OB/GYN. Relatively more publications were found to
be suitable for inclusion that focused on applications in the field of obstetrics (148 versus
41 studies), possibly due to the predominance of US indications in this field. US is the
preferred imaging method during pregnancy for fetal and maternal disorders for its low
radiation exposure and possibility of real-time examination. In contrast with that, gy-
necological disorders such as different cancer entities and pelvis-related diseases benefit
from other imaging methods such as MRI or CT. In the current literature, not only US, but
also MRI applications profit from AI assistance, for example in fetal lung texture analy-
sis [228,229] or cervical cancer diagnosis [230]. In the following, the benefits and limitations
of AI application in OB/GYN US imaging are summarized.

4.1. Benefits

In general, AI in US imaging has the potential to reduce inter- and intra-observer
variability by automating processes of image acquisition and interpretation [8]. AI-assisted
US is able to significantly reduce examination time, showing decreased image acquisition
times from minutes to seconds [211,212], thus, minimizing clinician’s workload [33] and
enabling the sonographer to focus on the interpretation of the obtained images [140].
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These advantages are of the utmost importance, especially in the clinical setting and in
times of shortage of experienced health care personnel. In addition to this, AI models
have been designed for image acquisition and classification, but also for facilitating or
omitting repetitive work-intense tasks such as scan report production or captioning of US
videos [140,159].

Not only clinicians profit from AI usage in US, but also patients, as AI helps to improve
diagnostic accuracy and provides diagnostic safety. For example, the use of AI-assisted
US has been shown to reduce the amount of unnecessary hospital admissions due to
misdiagnosis and unnecessary breast biopsies [197,199,200]. This fact may reduce not only
heath care costs, but, more importantly, diminish psychological burden for patients with
unsecure diagnosis fearing the need for further diagnostic and intervention in inconclusive
imaging results. In this context, AI in clinical settings can positively impact an individual
patients’ life. Another example of direct patient benefit is the finding that in high-risk
patients with ectopic pregnancies, reduced timing of diagnosis may result in an improved
outcome [224]. AI models can also help to increase diagnostic accuracy, for example
when US image quality is impeded by a thickened abdominal wall in obese patients [180].
Moreover, the advantages in pre-operative risk stratification or intraoperative assistance
are described in both subspecialties of OB/GYN, e.g., in pre-operative endometrial cancer
staging [209] and for fetoscopic surgical interventions [69,127]. Because of its reduction
in examination time, AI-assisted US also has the potential to allow for cost-effective,
population-based screening methods, e.g., for breast US [193,198,199]. Remarkably, when
contextual clinical information is additionally incorporated in the AI model, the level of
misclassification and misdiagnosis has been shown to be reduced [23,26]. To sum up, AI is
not only a technical advantage when focusing on the imaging quality and accuracy, but,
even more importantly, there is a clear benefit for an individual patient’s health care.

Nevertheless, AI-assisted US also helps to improve clinical education, which is well
known to be neglected by a shortage of experienced clinicians and increased workload,
especially in the recent pandemic times. It can support US novices in skill training and
enables non-experts the acquisition of US images [160], e.g., for telehealth approaches in
times of shortage of expert sonographers [50]. It, therefore, is of public health relevance, by
reducing costs and the need for sonography experts [35,39]. In this framework, AI models
are additionally able to enhance image acquisition and diagnostic accuracy in point-of-care
US devices, which is of particular significance for application in low-resource settings and
medically underserved areas [34,145,148,199].

4.2. Limitations

The main limitation of AI models in US imaging described in the summarized literature
was the fact that most AI models still need experts for image acquisition, image or ROI selection
to obtain an adequate image quality for accurate model performance [6,205,209,216], and for
interpretation of the results [51,220]. In applications of tissue analysis such as assessment
of the endometrium in gynecology [207,209] and fetal lung texture [162], or identification
of the cervix [166] in obstetrics, manual selection of the ROI is still a limiting aspect in
AI performance. These findings are in accordance with the often noted statement that
AI models are primarily intended to assist the clinician, not to replace them [6,231]. This
limitation is of major importance to discuss as it underlines the requirement for humans in
performing, analyzing, supervising, interpreting, and taking clinical consequences of AI
produced results.

The irreplaceable need for experts will be understandable when working out other
limitations of AI usage. In pattern recognition tasks, some AI models can fail when
subtle differences are diagnosis-relevant, e.g., in borderline findings or in small regions of
interest such as endometrial thickness or fetal brain structures [95,201,208]. A change in US
probe or modality may also lead to misclassification, e.g., when comparing abdominal or
vaginal US images [185]. Furthermore, AI model performance in 2D and 3D US imaging
can be limited due to imaging artefacts and noise, especially when automated tissue
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analysis is intended, for example, for fetal lung assessment, whereas the method of MRI
for this specific application seems future-oriented and promising [127,163]. In the clinical
setting, the assessment of fetal lungs in terms of texture and volume can be relevant for
prenatal diagnosis, risk classification, prediction of prognosis, and therapy planning in fetal
congenital diaphragmatic hernia, profiting from the combination of the imaging modalities
of US and MRI [228,232].

In obstetric US, AI models designed for automatic biometric measurements are usually
restraint to a specific range of GA and can fail in images of different GA [34,40,78]. Small
structures such as the fetal limbs are prone to failing AI recognition [26,138,140], as well as
the differentiation of structures within similar tissue textures [113]. Furthermore, real-time
application is of particular importance in obstetric US and some authors noted the missing
possibility for real-time application of various AI models, interestingly affecting especially
those that are designed for intrapartum application [42,127,172–174]. This limitation may
be due to the great use of computational power and memory of AI algorithms. One
leading limitation of AI algorithms in obstetric US is the dependence on fetal position and
movement. In fetal echocardiography in particular, most presented AI models have been
trained with apical 4CV, ignoring the reality of heterogenous US images obtained from
different scanning angles in clinical routine [57]. As a solution to this issue and an emerging
research focus, the detection of the fetal heart as a ROI in US images can be performed by
AI models [72,73].

However, not only the AI models itself, but also the study designs for model develop-
ment and analysis summarized in this review bear some limitations that have an influence
on model development and performance. As AI algorithms are usually dependent on large
data sets for training, the detection of rare pathologies is limited due to missing training
of pattern recognition models [132,133]. As most of the studies are performed with data
obtained from healthy subjects or healthy fetuses, miscalculation or misdiagnosis may
occur in case of pathologies [35,95,145]. Other factors based on study design that influence
model performance are single study center, single observer or sonographer, single US
device, small sample sizes, missing long-term data, and missing clinical validation.

Nevertheless, as perfectly outlined in the state-of-the-art review by Drukker et al., the
clinical applicability of AI algorithms is still limited due to fears and concerns of clinicians
regarding the safety or stability of the algorithms, trustworthiness, ethical background,
privacy, and professional liability [3]. Where there is research about AI, it is also indispens-
able to mention ethical aspects of its application. The World Health Organization guidance
for the ethics and governance of artificial intelligence for health states that it “recognizes
that AI holds great promise for the practice of public health and medicine” [233], but also
stresses the important aspect of ethical challenges, which must be addressed due to the
fast-developing technologies. Drukker et al. stressed the importance of a better interdisci-
plinary research on AI applications of technicians and clinicians to reduce the difficulties
and insecurities of clinicians when facing the complex methods of AI systems resulting in
missing trust in these systems [3]. This aspect is particularly addressed by the concept of
‘explainable AI’, which is used in the studies of Sakai et al. and Dong et al. [7,201]. To sum
up, limitations in the applications of AI algorithms are abundant, especially because most
study settings seem inadequate for the evaluation of clinical applicability. Considering the
fact that the technique of AI and its emerging systems is relatively new in the medical field,
it is comprehensible that clinical approved results are missing.

4.3. Strengths and Limitations of This Review

One important advantage of this review is the inclusion of a reasonable number
of publications over an extensive period of time, with no restrictions regarding year of
publication. The included literature is categorized among their subspecialty and research
topics, allowing for a visualized overview of the current research interest on the one hand,
as well as an idea of still underrepresented tasks for AI applications in further research on
the other hand.
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Regarding the distribution of literature among the subspecialties of OB/GYN, one
limiting aspect of this study may be the search query containing the extra keyword ‘preg-
nancy’, which is likely to have influenced a discrepancy in the obtained records in favor
of obstetric studies. Another important limiting aspect might be the fact that this review
includes research articles from engineering literature, which are known to have a technical
viewpoint and fail to assess clinical applicability. Most applications of AI US imaging in
these technical articles are still experimental and preliminary work and have not been
sufficiently assessed for clinical applicability, which was also stated in the review of Dhom-
bres et al. [234]. As these technical studies are developed by engineers, they are difficult
to understand for clinicians, bringing up the discussion about the urgent need for an im-
proved interface between AI specialists and clinicians applying AI technology in real-life
scenarios [231]. Lastly, a classification of the presented AI applications in the technologic
subcategories of regression modeling, population classification, and image segmentation
would be of further interest and should be considered for further research. In the realm of
regression modeling, AI algorithms can predict crucial parameters, such as fetal growth,
aiding clinicians in identifying potential complications early on. Moreover, AI-driven
classification systems can enhance the accuracy of diagnoses, ensuring a higher level of
precision in identifying abnormalities or diseases. The segmentation applications of AI
can assess the way organs and structures are delineated in ultrasound images, offering
accuracy in complex anatomical analyses.

5. Conclusions

Applications for AI-assisted US widely range from fetal biometry, echocardiography,
neurosonography, or the estimation of gestational age in obstetrics, to the identification of
adnexal or breast masses and the assessment of endometrium or pelvic floor in gynecology.
The applications for AI-assisted US in OB/GYN are especially numerous in the subspecialty
of obstetrics, where the imaging method of US is of particular significance. However, while
most studies are of technical nature and studies are designed by AI engineers, most of
presented literature lack clinical applicability. This systematic literature review displays the
variety of research topics on AI applications in US imaging in OB/GYN, including sparsely
represented and potentially emerging topics for further research.

In conclusion, with abundant evidence, we can pronounce to live and evolve the era
of 5D ultrasound, as AI algorithms add and will add a momentous further dimension to
the existing US imaging methods in OB/GYN.
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Abbreviations

2/3/4/5D Two/three/four/five-dimensional
4CV Four-chamber view
AC Abdominal circumference
AI Artificial intelligence
CHD Congenital heart disease
CRL Crown-rump-length
CT Computed tomography
FINE Fetal intelligent navigation echocardiography
GA Gestational age
HC Head circumference
ISUOG International Society of Ultrasound in Obstetrics & Gynecology
MRI Magnetic resonance imaging
NT Nuchal translucency
OB/GYN Obstetrics and gynecology
ROI Region of interest
US Ultrasound
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146. Beksaç, M.S.; Odçikin, Z.; Egemen, A.; Karakaş, U. An intelligent diagnostic system for the assessment of gestational age based
on ultrasonic fetal head measurements. Technol. Health Care 1996, 4, 223–231. [CrossRef]

147. Namburete, A.I.; Stebbing, R.V.; Kemp, B.; Yaqub, M.; Papageorghiou, A.T.; Noble, J.A. Learning-based prediction of gestational
age from ultrasound images of the fetal brain. Med. Image Anal. 2015, 21, 72–86. [CrossRef] [PubMed]

148. Alzubaidi, M.; Agus, M.; Shah, U.; Makhlouf, M.; Alyafei, K.; Househ, M. Ensemble Transfer Learning for Fetal Head Analysis:
From Segmentation to Gestational Age and Weight Prediction. Diagnostics 2022, 12, 2229. [CrossRef] [PubMed]

149. Dan, T.; Chen, X.; He, M.; Guo, H.; He, X.; Chen, J.; Xian, J.; Hu, Y.; Zhang, B.; Wang, N.; et al. DeepGA for automatically
estimating fetal gestational age through ultrasound imaging. Artif. Intell. Med. 2023, 135, 102453. [CrossRef] [PubMed]

150. Lee, L.H.; Bradburn, E.; Craik, R.; Yaqub, M.; Norris, S.A.; Ismail, L.C.; Ohuma, E.O.; Barros, F.C.; Lambert, A.; Carvalho, M.; et al.
Machine learning for accurate estimation of fetal gestational age based on ultrasound images. NPJ Digit. Med. 2023, 6, 36.
[CrossRef] [PubMed]

151. Maraci, M.A.; Yaqub, M.; Craik, R.; Beriwal, S.; Self, A.; Von Dadelszen, P.; Papageorghiou, A.; Noble, J.A. Toward point-of-care
ultrasound estimation of fetal gestational age from the trans-cerebellar diameter using CNN-based ultrasound image analysis.
J. Med. Imaging 2020, 7, 1. [CrossRef] [PubMed]

152. Pokaprakarn, T.; Prieto, J.C.; Price, J.T.; Kasaro, M.P.; Sindano, N.; Shah, H.R.; Peterson, M.; Akapelwa, M.M.; Kapilya, F.M.;
Sebastião, Y.V.; et al. AI Estimation of Gestational Age from Blind Ultrasound Sweeps in Low-Resource Settings. NEJM Évid.
2022, 1, EVIDoa2100058. [CrossRef] [PubMed]

153. Prieto, J.C.; Shah, H.; Rosenbaum, A.; Jiang, X.; Musonda, P.; Price, J.; Stringer, E.M.; Vwalika, B.; Stamilio, D.M.; Stringer, J.S.A.
An automated framework for image classification and segmentation of fetal ultrasound images for gestational age estimation.
In Medical Imaging 2021: Image Processing; Landman, B.A., Išgum, I., Eds.; SPIE: Bellingham, WA, USA, 2021; p. 55. Available
online: https://www.spiedigitallibrary.org/conference-proceedings-of-spie/11596/2582243/An-automated-framework-for-
image-classification-and-segmentation-of-fetal/10.1117/12.2582243.full (accessed on 16 October 2023).

154. Drukker, L.; Sharma, H.; Droste, R.; Alsharid, M.; Chatelain, P.; Noble, J.A.; Papageorghiou, A.T. Transforming obstetric
ultrasound into data science using eye tracking, voice recording, transducer motion and ultrasound video. Sci. Rep. 2021,
11, 14109. [CrossRef]

155. Sharma, H.; Drukker, L.; Chatelain, P.; Droste, R.; Papageorghiou, A.T.; Noble, J.A. Knowledge representation and learning of
operator clinical workflow from full-length routine fetal ultrasound scan videos. Med. Image Anal. 2021, 69, 101973. [CrossRef]

156. Wang, Y.; Yang, Q.; Drukker, L.; Papageorghiou, A.; Hu, Y.; Noble, J.A. Task model-specific operator skill assessment in routine
fetal ultrasound scanning. Int. J. CARS 2022, 17, 1437–1444. [CrossRef]

157. Zhao, C.; Droste, R.; Drukker, L.; Papageorghiou, A.T.; Noble, J.A. Visual-Assisted Probe Movement Guidance for Obstetric
Ultrasound Scanning Using Landmark Retrieval. In Medical Image Computing and Computer Assisted Intervention—MICCAI 2021,
Proceedings of the 24th International Conference, Strasbourg, France, 27 September–1 October 2021; De Bruijne, M., Cattin, P.C., Cotin, S.,
Padoy, N., Speidel, S., Zheng, Y., Eds.; Lecture Notes in Computer Science; Springer International Publishing: Cham, Switzerland,
2021; Volume 12908, pp. 670–679. Available online: https://link.springer.com/10.1007/978-3-030-87237-3_64 (accessed on
9 June 2023).

158. Drukker, L.; Sharma, H.; Karim, J.N.; Droste, R.; Noble, J.A.; Papageorghiou, A.T. Clinical workflow of sonographers performing
fetal anomaly ultrasound scans: Deep-learning-based analysis. Ultrasound Obstet. Gynecol. 2022, 60, 759–765. [CrossRef]

159. Alsharid, M.; Cai, Y.; Sharma, H.; Drukker, L.; Papageorghiou, A.T.; Noble, J.A. Gaze-assisted automatic captioning of fetal
ultrasound videos using three-way multi-modal deep neural networks. Med. Image Anal. 2022, 82, 102630. [CrossRef] [PubMed]

122



J. Clin. Med. 2023, 12, 6833

160. Sharma, H.; Drukker, L.; Papageorghiou, A.T.; Noble, J.A. Multi-Modal Learning from Video, Eye Tracking, and Pupillometry for
Operator Skill Characterization in Clinical Fetal Ultrasound. In Proceedings of the 2021 IEEE 18th International Symposium
on Biomedical Imaging (ISBI), Nice, France, 13–16 April 2021; pp. 1646–1649. Available online: https://ieeexplore.ieee.org/
document/9433863/ (accessed on 9 June 2023).

161. Xia, T.-H.; Tan, M.; Li, J.-H.; Wang, J.-J.; Wu, Q.-Q.; Kong, D.-X. Establish a normal fetal lung gestational age grading model and
explore the potential value of deep learning algorithms in fetal lung maturity evaluation. Chin. Med. J. 2021, 134, 1828–1837.
[CrossRef] [PubMed]

162. Du, Y.; Fang, Z.; Jiao, J.; Xi, G.; Zhu, C.; Ren, Y.; Guo, Y.; Wang, Y. Application of ultrasound-based radiomics technology in
fetal-lung-texture analysis in pregnancies complicated by gestational diabetes and/or pre-eclampsia. Ultrasound Obstet. Gynecol.
2021, 57, 804–812. [CrossRef] [PubMed]

163. Chen, P.; Chen, Y.; Deng, Y.; Wang, Y.; He, P.; Lv, X.; Yu, J. A preliminary study to quantitatively evaluate the development of
maturation degree for fetal lung based on transfer learning deep model from ultrasound images. Int. J. Comput. Assist. Radiol.
Surg. 2020, 15, 1407–1415. [CrossRef] [PubMed]

164. Du, Y.; Jiao, J.; Ji, C.; Li, M.; Guo, Y.; Wang, Y.; Zhou, J.; Ren, Y. Ultrasound-based radiomics technology in fetal lung texture
analysis prediction of neonatal respiratory morbidity. Sci. Rep. 2022, 12, 12747. [CrossRef] [PubMed]

165. Bonet-Carne, E.; Palacio, M.; Cobo, T.; Perez-Moreno, A.; Lopez, M.; Piraquive, J.P.; Ramirez, J.C.; Botet, F.; Marques, F.;
Gratacos, E. Quantitative ultrasound texture analysis of fetal lungs to predict neonatal respiratory morbidity. Ultrasound Obstet.
Gynecol. 2015, 45, 427–433. [CrossRef] [PubMed]

166. Wu, M.; Fraser, R.F.; Chen, C.W. A Novel Algorithm for Computer-Assisted Measurement of Cervical Length from Transvaginal
Ultrasound Images. IEEE Trans. Inform. Technol. Biomed. 2004, 8, 333–342. [CrossRef]

167. He, H.; Liu, R.; Zhou, X.; Zhang, Y.; Yu, B.; Xu, Z.; Huang, H. B-Ultrasound Image Analysis of Intrauterine Pregnancy Residues
after Mid-Term Pregnancy Based on Smart Medical Big Data. J. Healthc. Eng. 2022, 2022, 9937051. [CrossRef]

168. Wang, Q.; Liu, D.; Liu, G. Value of Ultrasonic Image Features in Diagnosis of Perinatal Outcomes of Severe Preeclampsia on
account of Deep Learning Algorithm. Comput. Math. Methods Med. 2022, 2022, 4010339. [CrossRef]

169. Liu, S.; Sun, Y.; Luo, N. Doppler Ultrasound Imaging Combined with Fetal Heart Detection in Predicting Fetal Distress in
Pregnancy-Induced Hypertension under the Guidance of Artificial Intelligence Algorithm. J. Healthc. Eng. 2021, 2021, 4405189.
[CrossRef]

170. Wang, Y.; Zhang, Q.; Yin, C.; Chen, L.; Yang, Z.; Jia, S.; Sun, X.; Bai, Y.; Han, F.; Yuan, Z. Automated prediction of early spontaneous
miscarriage based on the analyzing ultrasonographic gestational sac imaging by the convolutional neural network: A case-control
and cohort study. BMC Pregnancy Childbirth 2022, 22, 621. [CrossRef] [PubMed]

171. Sur, S.D.; Jayaprakasan, K.; Jones, N.W.; Clewes, J.; Winter, B.; Cash, N.; Campbell, B.; Raine-Fenning, N.J. A Novel Technique
for the Semi-Automated Measurement of Embryo Volume: An Intraobserver Reliability Study. Ultrasound Med. Biol. 2010, 36,
719–725. [CrossRef] [PubMed]

172. Ghi, T.; Conversano, F.; Zegarra, R.R.; Pisani, P.; Dall’Asta, A.; Lanzone, A.; Lau, W.; Vimercati, A.; Iliescu, D.G.; Mappa, I.; et al.
Novel artificial intelligence approach for automatic differentiation of fetal occiput anterior and non-occiput anterior positions
during labor. Ultrasound Obstet. Gynecol. 2021, 59, 93–99. [CrossRef] [PubMed]

173. Lu, Y.; Zhi, D.; Zhou, M.; Lai, F.; Chen, G.; Ou, Z.; Zeng, R.; Long, S.; Qiu, R.; Zhou, M.; et al. Multitask Deep Neural Network for
the Fully Automatic Measurement of the Angle of Progression. Comput. Math. Methods Med. 2022, 2022, 5192338. [CrossRef]
[PubMed]

174. Bai, J.; Sun, Z.; Yu, S.; Lu, Y.; Long, S.; Wang, H.; Qiu, R.; Ou, Z.; Zhou, M.; Zhi, D.; et al. A framework for computing angle of
progression from transperineal ultrasound images for evaluating fetal head descent using a novel double branch network. Front.
Physiol. 2022, 13, 940150. [CrossRef] [PubMed]

175. Wu, L.; Cheng, J.-Z.; Li, S.; Lei, B.; Wang, T.; Ni, D. FUIQA: Fetal Ultrasound Image Quality Assessment with Deep Convolutional
Networks. IEEE Trans. Cybern. 2017, 47, 1336–1349. [CrossRef] [PubMed]

176. Meng, Q.; Housden, J.; Matthew, J.; Rueckert, D.; Schnabel, J.A.; Kainz, B.; Sinclair, M.; Zimmer, V.; Hou, B.; Rajchl, M.; et al.
Weakly Supervised Estimation of Shadow Confidence Maps in Fetal Ultrasound Imaging. IEEE Trans. Med. Imaging 2019, 38,
2755–2767. [CrossRef]

177. Gupta, L.; Sisodia, R.S.; Pallavi, V.; Firtion, C.; Ramachandran, G. Segmentation of 2D fetal ultrasound images by exploiting
context information using conditional random fields. In Proceedings of the 2011 Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Boston, MA, USA, 30 August–3 September 2011; IEEE: New York, NY, USA, 2011;
pp. 7219–7222.

178. Yin, P.; Wang, H. Evaluation of Nursing Effect of Pelvic Floor Rehabilitation Training on Pelvic Organ Prolapse in Postpartum
Pregnant Women under Ultrasound Imaging with Artificial Intelligence Algorithm. Comput. Math. Methods Med. 2022,
2022, 1786994. [CrossRef]

179. Cho, H.C.; Sun, S.; Hyun, C.M.; Kwon, J.-Y.; Kim, B.; Park, Y.; Seo, J.K. Automated ultrasound assessment of amniotic fluid index
using deep learning. Med. Image Anal. 2021, 69, 101951. [CrossRef]

180. Compagnone, C.; Borrini, G.; Calabrese, A.; Taddei, M.; Bellini, V.; Bignami, E. Artificial intelligence enhanced ultrasound (AI-US)
in a severe obese parturient: A case report. Ultrasound J. 2022, 14, 34. [CrossRef]

123



J. Clin. Med. 2023, 12, 6833

181. Rueda, S.; Knight, C.L.; Papageorghiou, A.T.; Noble, J.A. Feature-based fuzzy connectedness segmentation of ultrasound images
with an object completion step. Med. Image Anal. 2015, 26, 30–46. [CrossRef]

182. Kaplan, E.; Ekinci, T.; Kaplan, S.; Barua, P.D.; Dogan, S.; Tuncer, T.; Tan, R.S.; Arunkumar, N.; Acharya, U.R. PFP-LHCINCA:
Pyramidal Fixed-Size Patch-Based Feature Extraction and Chi-Square Iterative Neighborhood Component Analysis for Automated
Fetal Sex Classification on Ultrasound Images. Contrast Media Mol. Imaging 2022, 2022, 6034971. [CrossRef] [PubMed]

183. Timmerman, D.; Testa, A.C.; Bourne, T.; Ameye, L.; Jurkovic, D.; Van Holsbeke, C.; Paladini, D.; Van Calster, B.; Vergote, I.;
Van Huffel, S.; et al. Simple ultrasound-based rules for the diagnosis of ovarian cancer. Ultrasound Obstet. Gynecol. 2008, 31,
681–690. [CrossRef] [PubMed]

184. Amor, F.; Vaccaro, H.; Alcázar, J.L.; León, M.; Craig, J.M.; Martinez, J. Gynecologic Imaging Reporting and Data System: A New
Proposal for Classifying Adnexal Masses on the Basis of Sonographic Findings. J. Ultrasound Med. 2009, 28, 285–291. [CrossRef]
[PubMed]

185. Hsu, S.-T.; Su, Y.-J.; Hung, C.-H.; Chen, M.-J.; Lu, C.-H.; Kuo, C.-E. Automatic ovarian tumors recognition system based on
ensemble convolutional neural network with ultrasound imaging. BMC Med. Inform. Decis. Mak. 2022, 22, 298. [CrossRef]
[PubMed]

186. Al-Karawi, D.; Al-Assam, H.; Du, H.; Sayasneh, A.; Landolfo, C.; Timmerman, D.; Bourne, T.; Jassim, S. An Evaluation of the
Effectiveness of Image-based Texture Features Extracted from Static B-mode Ultrasound Images in Distinguishing between
Benign and Malignant Ovarian Masses. Ultrason. Imaging 2021, 43, 124–138. [CrossRef] [PubMed]

187. Aramendía-Vidaurreta, V.; Cabeza, R.; Villanueva, A.; Navallas, J.; Alcázar, J.L. Ultrasound Image Discrimination between Benign
and Malignant Adnexal Masses Based on a Neural Network Approach. Ultrasound Med. Biol. 2016, 42, 742–752. [CrossRef]

188. Christiansen, F.; Epstein, E.L.; Smedberg, E.; Åkerlund, M.; Smith, K. Ultrasound image analysis using deep neural networks for
discriminating between benign and malignant ovarian tumors: Comparison with expert subjective assessment. Ultrasound Obstet.
Gynecol. 2021, 57, 155–163. [CrossRef]

189. Gao, Y.; Zeng, S.; Xu, X.; Li, H.; Yao, S.; Song, K.; Li, X.; Chen, L.; Tang, J.; Xing, H.; et al. Deep learning-enabled pelvic ultrasound
images for accurate diagnosis of ovarian cancer in China: A retrospective, multicentre, diagnostic study. Lancet Digit. Health 2022,
4, e179–e187. [CrossRef]

190. Jung, Y.; Kim, T.; Han, M.R.; Kim, S.; Kim, G.; Lee, S.; Choi, Y.J. Ovarian tumor diagnosis using deep convolutional neural
networks and a denoising convolutional autoencoder. Sci Rep. 2022, 12, 17024. [CrossRef]

191. Martínez-Más, J.; Bueno-Crespo, A.; Khazendar, S.; Remezal-Solano, M.; Martínez-Cendán, J.-P.; Jassim, S.; Du, H.; Al Assam, H.;
Bourne, T.; Timmerman, D. Evaluation of machine learning methods with Fourier Transform features for classifying ovarian
tumors based on ultrasound images. PLoS ONE 2019, 14, e0219388. [CrossRef] [PubMed]

192. Chen, H.; Yang, B.-W.; Qian, L.; Meng, Y.-S.; Bai, X.-H.; Hong, X.-W.; He, X.; Jiang, M.-J.; Yuan, F.; Du, Q.-W.; et al. Deep
Learning Prediction of Ovarian Malignancy at US Compared with O-RADS and Expert Assessment. Radiology 2022, 304, 106–113.
[CrossRef] [PubMed]

193. Nero, C.; Ciccarone, F.; Boldrini, L.; Lenkowicz, J.; Paris, I.; Capoluongo, E.D.; Testa, A.C.; Fagotti, A.; Valentini, V.; Scambia, G.
Germline BRCA 1-2 status prediction through ovarian ultrasound images radiogenomics: A hypothesis generating study (PROBE
study). Sci. Rep. 2020, 10, 16511. [CrossRef] [PubMed]

194. Chen, L.; Qiao, C.; Wu, M.; Cai, L.; Yin, C.; Yang, M.; Sang, X.; Bai, W. Improving the Segmentation Accuracy of Ovarian-Tumor
Ultrasound Images Using Image Inpainting. Bioengineering 2023, 10, 184. [CrossRef] [PubMed]

195. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

196. Ren, W.; Chen, M.; Qiao, Y.; Zhao, F. Global guidelines for breast cancer screening: A systematic review. Breast 2022, 64, 85–99.
[CrossRef] [PubMed]

197. Berg, W.A.; Aldrete, A.-L.L.; Jairaj, A.; Parea, J.C.L.; García, C.Y.; McClennan, R.C.; Cen, S.Y.; Larsen, L.H.; de Lara, M.T.S.; Love, S.
Toward AI-supported US Triage of Women with Palpable Breast Lumps in a Low-Resource Setting. Radiology 2023, 307, e223351.
[CrossRef]

198. Huang, X.; Qiu, Y.; Bao, F.; Wang, J.; Lin, C.; Lin, Y.; Wu, J.; Yang, H. Artificial intelligence breast ultrasound and handheld
ultrasound in the BI-RADS categorization of breast lesions: A pilot head to head comparison study in screening program. Front.
Public Health 2023, 10, 1098639. [CrossRef]

199. Browne, J.L.; Pascual, M.Á.; Perez, J.; Salazar, S.; Valero, B.; Rodriguez, I.; Cassina, D.; Alcazar, J.L.; Guerriero, S.; Graupera, B. AI:
Can It Make a Difference to the Predictive Value of Ultrasound Breast Biopsy? Diagnostics 2023, 13, 811. [CrossRef]

200. Pfob, A.; Sidey-Gibbons, C.; Barr, R.G.; Duda, V.; Alwafai, Z.; Balleyguier, C.; Clevert, D.-A.; Fastner, S.; Gomez, C.;
Goncalo, M.; et al. Intelligent multi-modal shear wave elastography to reduce unnecessary biopsies in breast cancer diagnosis
(INSPiRED 002): A retrospective, international, multicentre analysis. Eur. J. Cancer 2022, 177, 1–14. [CrossRef]

201. Dong, F.; She, R.; Cui, C.; Shi, S.; Hu, X.; Zeng, J.; Wu, H.; Xu, J.; Zhang, Y. One step further into the blackbox: A pilot study of
how to build more confidence around an AI-based decision system of breast nodule assessment in 2D ultrasound. Eur. Radiol.
2021, 31, 4991–5000. [CrossRef] [PubMed]

124



J. Clin. Med. 2023, 12, 6833

202. Pfob, A.; Sidey-Gibbons, C.; Barr, R.G.; Duda, V.; Alwafai, Z.; Balleyguier, C.; Clevert, D.-A.; Fastner, S.; Gomez, C.;
Goncalo, M.; et al. The importance of multi-modal imaging and clinical information for humans and AI-based algorithms to
classify breast masses (INSPiRED 003): An international, multicenter analysis. Eur. Radiol. 2022, 32, 4101–4115. [CrossRef]
[PubMed]

203. Heremans, R.; Bosch, T.V.D.; Valentin, L.; Wynants, L.; Pascual, M.A.; Fruscio, R.; Testa, A.C.; Buonomo, F.; Guerriero, S.;
Epstein, E.; et al. Ultrasound features of endometrial pathology in women without abnormal uterine bleeding: Results from the
International Endometrial Tumor Analysis study (IETA3). Ultrasound Obstet. Gynecol. 2022, 60, 243–255. [CrossRef] [PubMed]

204. Vitale, S.G.; Riemma, G.; Haimovich, S.; Carugno, J.; Pacheco, L.A.; Perez-Medina, T.; Parry, J.P.; Török, P.; Tesarik, J.; Della
Corte, L.; et al. Risk of endometrial cancer in asymptomatic postmenopausal women in relation to ultrasonographic endometrial
thickness: Systematic review and diagnostic test accuracy meta-analysis. Am. J. Obstet. Gynecol. 2022, 228, 22–35.e2. [CrossRef]
[PubMed]

205. Zhao, X.; Wu, S.; Zhang, B.; Burjoo, A.; Yang, Y.; Xu, D. Artificial intelligence diagnosis of intrauterine adhesion by 3D ultrasound
imaging: A prospective study. Quant. Imaging Med. Surg. 2023, 13, 2314–2327. [CrossRef] [PubMed]

206. Wang, X.; Bao, N.; Xin, X.; Tan, J.; Li, H.; Zhou, S.; Liu, H. Automatic evaluation of endometrial receptivity in three-dimensional
transvaginal ultrasound images based on 3D U-Net segmentation. Quant. Imaging Med. Surg. 2022, 12, 4095–4108. [CrossRef]
[PubMed]

207. Park, H.; Lee, H.J.; Kim, H.G.; Ro, Y.M.; Shin, D.; Lee, S.R.; Kim, S.H.; Kong, M. Endometrium segmentation on transvaginal
ultrasound image using key-point discriminator. Med. Phys. 2019, 46, 3974–3984. [CrossRef]

208. Liu, Y.; Zhou, Q.; Peng, B.; Jiang, J.; Fang, L.; Weng, W.; Wang, W.; Wang, S.; Zhu, X. Automatic Measurement of Endometrial
Thickness from Transvaginal Ultrasound Images. Front. Bioeng. Biotechnol. 2022, 10, 853845. [CrossRef]

209. Moro, F.; Albanese, M.; Boldrini, L.; Chiappa, V.; Lenkowicz, J.; Bertolina, F.; Mascilini, F.; Moroni, R.; Gambacorta, M.A.;
Raspagliesi, F.; et al. Developing and validating ultrasound-based radiomics models for predicting high-risk endometrial cancer.
Ultrasound Obstet. Gynecol. 2022, 60, 256–268. [CrossRef]

210. Zhu, Y.; Zhang, J.; Ji, Z.; Liu, W.; Li, M.; Xia, E.; Zhang, J.; Wang, J. Ultrasound Evaluation of Pelvic Floor Function after
Transumbilical Laparoscopic Single-Site Total Hysterectomy Using Deep Learning Algorithm. Comput. Math. Methods Med. 2022,
2022, 1116332. [CrossRef]

211. Williams, H.; Cattani, L.; Van Schoubroeck, D.; Yaqub, M.; Sudre, C.; Vercauteren, T.; D’Hooge, J.; Deprest, J. Automatic Extraction
of Hiatal Dimensions in 3-D Transperineal Pelvic Ultrasound Recordings. Ultrasound Med. Biol. 2021, 47, 3470–3479. [CrossRef]
[PubMed]

212. Szentimrey, Z.; Ameri, G.; Hong, C.X.; Cheung, R.Y.K.; Ukwatta, E.; Eltahawi, A. Automated segmentation and measurement
of the female pelvic floor from the mid-sagittal plane of 3D ultrasound volumes. Med. Phys. 2023, 50, 6215–6227. [CrossRef]
[PubMed]

213. Van Den Noort, F.; Manzini, C.; Van Der Vaart, C.H.; Van Limbeek, M.A.J.; Slump, C.H.; Grob, A.T.M. Automatic identification
and segmentation of slice of minimal hiatal dimensions in transperineal ultrasound volumes. Ultrasound Obstet. Gynecol. 2022, 60,
570–576. [CrossRef] [PubMed]

214. Van den Noort, F.; van der Vaart, C.H.; Grob, A.T.M.; van de Waarsenburg, M.K.; Slump, C.H.; van Stralen, M. Deep learning
enables automatic quantitative assessment of puborectalis muscle and urogenital hiatus in plane of minimal hiatal dimensions.
Ultrasound Obstet. Gynecol. 2019, 54, 270–275. [CrossRef] [PubMed]

215. Wu, S.; Ren, Y.; Lin, X.; Huang, Z.; Zheng, Z.; Zhang, X. Development and validation of a composite AI model for the diagnosis of
levator ani muscle avulsion. Eur. Radiol. 2022, 32, 5898–5906. [CrossRef] [PubMed]

216. Maicas, G.; Leonardi, M.; Avery, J.; Panuccio, C.; Carneiro, G.; Hull, M.L.; Condous, G. Deep learning to diagnose pouch of
Douglas obliteration with ultrasound sliding sign. Reprod. Fertil. 2021, 2, 236–243. [CrossRef] [PubMed]

217. Raimondo, D.; Raffone, A.; Aru, A.C.; Giorgi, M.; Giaquinto, I.; Spagnolo, E.; Travaglino, A.; Galatolo, F.A.; Cimino, M.G.C.A.;
Lenzi, J.; et al. Application of Deep Learning Model in the Sonographic Diagnosis of Uterine Adenomyosis. Int. J. Environ. Res.
Public Health 2023, 20, 1724. [CrossRef]

218. Zhang, Y.; Hou, J.; Wang, Q.; Hou, A.; Liu, Y. Application of Transfer Learning and Feature Fusion Algorithms to Improve the
Identification and Prediction Efficiency of Premature Ovarian Failure. J. Healthc. Eng. 2022, 2022, 3269692. [CrossRef]

219. Yu, L.; Qing, X. Diagnosis of Idiopathic Premature Ovarian Failure by Color Doppler Ultrasound under the Intelligent Segmenta-
tion Algorithm. Comput. Math. Methods Med. 2022, 2022, 2645607. [CrossRef]

220. Huo, T.; Li, L.; Chen, X.; Wang, Z.; Zhang, X.; Liu, S.; Huang, J.; Zhang, J.; Yang, Q.; Wu, W.; et al. Artificial intelligence-aided
method to detect uterine fibroids in ultrasound images: A retrospective study. Sci. Rep. 2023, 13, 3714. [CrossRef]

221. Yang, T.; Yuan, L.; Li, P.; Liu, P. Real-Time Automatic Assisted Detection of Uterine Fibroid in Ultrasound Images Using a Deep
Learning Detector. Ultrasound Med. Biol. 2023, 49, 1616–1626. [CrossRef] [PubMed]

222. Singh, V.K.; Yousef Kalafi, E.; Cheah, E.; Wang, S.; Wang, J.; Ozturk, A.; Li, Q.; Eldar, Y.C.; Samir, A.E.; Kumar, V. HaTU-Net:
Harmonic Attention Network for Automated Ovarian Ultrasound Quantification in Assisted Pregnancy. Diagnostics 2022, 12,
3213. [CrossRef] [PubMed]

125



J. Clin. Med. 2023, 12, 6833

223. Noor, N.; Vignarajan, C.; Malhotra, N.; Vanamail, P. Three-Dimensional Automated Volume Calculation (Sonography-Based
Automated Volume Count) versus Two-Dimensional Manual Ultrasonography for Follicular Tracking and Oocyte Retrieval in
Women Undergoing in vitro Fertilization-Embryo Transfer: A Randomized Controlled Trial. J. Hum. Reprod. Sci. 2020, 13, 296.
[PubMed]

224. Maurice, P.; Dhombres, F.; Blondiaux, E.; Friszer, S.; Guilbaud, L.; Lelong, N.; Khoshnood, B.; Charlet, J.; Perrot, N.;
Jauniaux, E.; et al. Towards ontology-based decision support systems for complex ultrasound diagnosis in obstetrics and
gynecology. J. Gynecol. Obstet. Hum. Reprod. 2017, 46, 423–429. [CrossRef] [PubMed]

225. Dhombres, F.; Maurice, P.; Friszer, S.; Guilbaud, L.; Lelong, N.; Khoshnood, B.; Charlet, J.; Perrot, N.; Jauniaux, E.;
Jurkovic, D.; et al. Developing a knowledge base to support the annotation of ultrasound images of ectopic pregnancy. J. Biomed.
Semant. 2017, 8, 4. [CrossRef] [PubMed]

226. Huh, J.; Khan, S.; Choi, S.; Shin, D.; Lee, J.E.; Lee, E.S.; Ye, J.C. Tunable image quality control of 3-D ultrasound using switchable
CycleGAN. Med. Image Anal. 2023, 83, 102651. [CrossRef] [PubMed]

227. Kalantaridou, S.N.; Nelson, L.M. Premature ovarian failure is not premature menopause. Ann. N. Y. Acad. Sci. 2006, 900, 393–402.
[CrossRef]

228. Watzenboeck, M.L.; Heidinger, B.H.; Rainer, J.; Schmidbauer, V.; Ulm, B.; Rubesova, E.; Prayer, D.; Kasprian, G.; Prayer, F.
Reproducibility of 2D versus 3D radiomics for quantitative assessment of fetal lung development: A retrospective fetal MRI
study. Insights Imaging 2023, 14, 31. [CrossRef]

229. Prayer, F.; Watzenböck, M.L.; Heidinger, B.H.; Rainer, J.; Schmidbauer, V.; Prosch, H.; Ulm, B.; Rubesova, E.; Prayer, D.;
Kasprian, G. Fetal MRI radiomics: Non-invasive and reproducible quantification of human lung maturity. Eur. Radiol. 2023, 33,
4205–4213. [CrossRef]

230. Liu, Y.; Zhang, Y.; Cheng, R.; Liu, S.; Qu, F.; Yin, X.; Wang, Q.; Xiao, B.; Ye, Z. Radiomics analysis of apparent diffusion coefficient
in cervical cancer: A preliminary study on histological grade evaluation: Radiomic Features in Uterine Cervical Cancer. J. Magn.
Reson. Imaging 2019, 49, 280–290. [CrossRef]

231. Drukker, L.; Noble, J.A.; Papageorghiou, A.T. Introduction to Artificial Intelligence in Ultrasound Imaging in Obstetrics and
Gynecology. Obstet. Gynecol. Surv. 2021, 76, 127–129. [CrossRef]

232. Jani, J.; Peralta, C.F.A.; Benachi, A.; Deprest, J.; Nicolaides, K.H. Assessment of lung area in fetuses with congenital diaphragmatic
hernia. Ultrasound Obstet. Gynecol. 2007, 30, 72–76. [CrossRef]

233. World Health Organization. Ethics and Governance of Artificial Intelligence for Health: WHO Guidance; Licence: CC BY-NC-SA 3.0
IGO; WHO: Switzerland, Geneva, 2021.

234. Dhombres, F.; Bonnard, J.; Bailly, K.; Maurice, P.; Papageorghiou, A.T.; Jouannic, J.-M. Contributions of Artificial Intelligence
Reported in Obstetrics and Gynecology Journals: Systematic Review. J. Med. Internet Res. 2022, 24, e35465. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

126



Citation: Matlac, D.M.; Tonguc, T.;

Mutschler, N.; Recker, F.; Ramig, O.;

Strunk, H.M.; Dell, T.; Pieper, C.C.;

Coenen, M.; Fuhrmann, C.; et al.

Study Protocol of a Prospective,

Monocentric, Single-Arm Study

Investigating the Safety and Efficacy

of Local Ablation of Symptomatic

Uterine Fibroids with US-Guided

High-Intensity Focused Ultrasound

(HIFU). J. Clin. Med. 2023, 12, 5926.

https://doi.org/10.3390/

jcm12185926

Academic Editors: Yariv Yogev and

Emilio Piccione

Received: 9 July 2023

Revised: 23 July 2023

Accepted: 22 August 2023

Published: 12 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Protocol

Study Protocol of a Prospective, Monocentric, Single-Arm
Study Investigating the Safety and Efficacy of Local Ablation of
Symptomatic Uterine Fibroids with US-Guided High-Intensity
Focused Ultrasound (HIFU)

Dieter M. Matlac 1,†, Tolga Tonguc 2,3,†, Nikola Mutschler 1, Florian Recker 4, Olga Ramig 2, Holger M. Strunk 5,

Tatjana Dell 2, Claus C. Pieper 2, Martin Coenen 6, Christine Fuhrmann 6, Oregan Vautey 7, Eva-Katharina Egger 1,

Jim Küppers 7, Rupert Conrad 8, Markus Essler 7, Alexander Mustea 1 and Milka Marinova 7,*

1 Department of Gynecology and Gynecological Oncology, University Hospital Bonn, University Bonn,
53127 Bonn, Germany

2 Department of Diagnostic and Interventional Radiology, University Hospital Bonn, University Bonn,
53127 Bonn, Germany

3 Department of Neuroradiology, University Hospital Bonn, University Bonn, 53127 Bonn, Germany
4 Department of Obstetrics and Prenatal Medicine, University Hospital Bonn, University Bonn,

53127 Bonn, Germany
5 Medical Center, University Bonn, 53115 Bonn, Germany
6 Clinical Study Core Unit Bonn, Institute of Clinical Chemistry and Clinical Pharmacology,

University Hospital Bonn, University Bonn, 53127 Bonn, Germany; christine.fuhrmann@ukbonn.de (C.F.)
7 Department of Nuclear Medicine, University Hospital Bonn, 53127 Bonn, Germany
8 Department of Psychosomatic Medicine and Psychotherapy, University Hospital Muenster,

48149 Muenster, Germany
* Correspondence: milka.marinova@ukbonn.de
† These authors contributed equally to this work.

Abstract: Uterine fibroids are the most common benign tumors of the uterus. Approximately 20–50%
of women with myomas experience a variety of symptoms such as vaginal bleeding, abdominal pain,
pelvic pain and pressure, and urological problems, possibly interfering with fertility and pregnancy.
Although surgery remains the standard treatment option for fibroids, non-invasive therapeutic
options, such as high-intensity focused ultrasound (HIFU), have emerged over the last dec ade.
During HIFU, ultrasound is focused on the target tissue causing coagulation necrosis. HIFU has,
meanwhile, become an established method for treating uterine fibroids in many countries. Clinical
data have shown that it effectively alleviates fibroid-related symptoms and reduces fibroid size
with a very low rate of side effects. However, there is a lack of data on how this treatment affects
laboratory parameters and structural features of uterine tissue. As our center is the only one in
German-speaking countries where ultrasound-guided HIFU technology is currently established, the
aim of this prospective, monocentric, single-arm trial is not only to evaluate the safety and efficacy
of local US-guided HIFU in symptomatic uterine fibroid patients according to GCP standards but
also to explore its effects on blood parameters and the structural integrity of uterine tissue using
elastographic methods.

Keywords: symptomatic uterine fibroids; high-intensity focused ultrasound; structural integrity of
uterine tissue; US and MRI elastographic methods

1. Uterine Fibroids

Uterine fibroids are the most common benign tumors of the uterus. As their growth
depends on the female sexual hormone estrogen, fibroids mostly occur in women of
childbearing age. In a methodologically sound systematic review, the following twelve risk
or protective factors were identified: black race, age, premenopausal state, hypertension,
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family history, time since last birth, and food additive and soybean milk consumption
increase fibroid risk; the use of oral contraceptives or the injectable contraceptive depot
medroxyprogesterone acetate and smoking in women with low body mass index and parity
are protective factors [1]. Other large datasets suggest that a clinical history of obesity,
current alcohol use, and chronic psychological stress may increase the risk/prevalence
of uterine fibroids [2,3]. Interestingly, an increase in the frequency of fibroids is shown
in women with a history of benign breast disease and particularly of breast biopsies [4].
Moreover, the evolution of uterine fibroids during pregnancy and puerperium appears to
follow a non-linear trend, with systematic enlargement observed in the first trimester, while
changes during the second and third trimesters are supported by inconsistent evidence,
and the overall modifications of myomas during this period remain uncertain [5].

Most uterine fibroids do not cause any symptoms, only 25–30% of the patients expe-
rience fibroid-associated symptoms [6]. These include abnormal uterine bleeding, pain
or pressure in the lower abdomen with potential effects on the bladder or rectum, and
even dyspareunia and fertility [7]. Especially submucosal myomas (classified as type 3
according to the FIGO classification) are notably associated with reduced implantation rates,
cumulative pregnancy rates, and live birth rates [8]. Moreover, their negative influence on
IVF outcomes becomes more pronounced with larger size and an increased number of such
myomas. In addition, uterine fibroids can be associated with pregnancy complications [9].

As long as fibroids do not cause any symptoms and there is no evidence of malignancy,
no treatment is necessary. For symptomatic fibroids, there are various treatment options,
including pharmacological (hormone) therapy, surgical therapies such as myomectomy
or hysterectomy, and minimally invasive therapies such as uterine artery embolization
(UAE) [7] and local ablation with high-intensity focused ultrasound (HIFU) as a non-
invasive procedure [10].

2. Pharmacological Therapy of Uterine Myomas

Several groups of pharmacological agents, such as gonadotropin-releasing hormone
agonists, oral combined contraceptives, progesterone receptor modulators, and intrauterine
progestogen coils, are available for drug therapy of symptomatic uterine fibroids [11,12].
The progesterone receptor modulator ulipristal acetate (Esmya®) was commonly used
in the past for symptom relief and fibroid volume reduction prior to pending surgery.
However, the usefulness of this drug has been out of perspective since 2018 due to observed
side effects and an unfavorable risk–benefit profile [13].

The most recent change in the pharmacological therapy of fibroids has been the
approval of Ryeqo® (Gedeon Richter) in June 2021. Ryeqo® is a combinational drug
containing relugolix, a selective GnRH-receptor antagonist, estradiol, and norethisterone
acetate. It has been shown to significantly reduce fibroid-associated symptoms in two
approval studies. The combination of these three drugs is supposed to reduce fibroid-
induced symptoms while keeping symptoms due to estrogen shortage low and preventing
a higher risk of endometrial carcinoma [14].

3. Gynecological Surgical Treatment of Uterine Fibroids

Surgical therapy remains the most direct treatment for uterine fibroids as a primary
therapeutic option. It can either be performed laparoscopically or through an abdominal
incision. Depending on the size, number, location of the fibroids, and the patient’s desire
for uterus preservation, there are different surgical approaches. For submucosal fibroids,
hysteroscopy can be usually performed. For subserosal fibroids, enucleation by laparoscopy
may be an option, and if laparoscopy is not feasible, a surgical procedure by laparotomy is
necessary. Removal of the uterus is indeed the most effective treatment, although several
factors have to be considered. If removal of the uterus is desired, a choice can be made
between open and laparoscopic procedures depending on the size of the uterus. Moreover,
in rare cases (under 0.03%), malignant sarcoma may be present [15]. Considering aspects of
oncological safety, morcellement of the uterus is avoided in our clinic.
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4. HIFU for Uterine Fibroids

High-intensity focused ultrasound (HIFU; high-intensity focused ultrasound) rep-
resents an innovative and non-invasive therapeutic option for symptomatic uterine fi-
broids [16]. This technique allows targeted thermal ablation of solid tumors accessible to
sonography [17]. The decision on the indication for HIFU treatment is made individually
for each patient in an interdisciplinary team of the HIFU center at the University Hospital
Bonn. Fibroid ablation with HIFU represents a low-risk intervention compared with other
procedures with few and, in the rarest cases, severe side effects [18].

In contrast to diagnostic ultrasound, HIFU generates much higher energies in the
target area during ablation. The ultrasound waves are focused by special transducers in
the lesion, and the focus measures only a few millimeters. This results in local heating of
the target tissue up to more than 60 ◦C, inducing coagulation necrosis.

In recent years, HIFU has been increasingly used for the local therapy of different
benign and malignant solid tumors [19]. The clinical value of HIFU treatment for uterine
fibroids has been investigated in numerous studies involving large patient populations over
the past decade. All of these studies have described the procedure as safe and effective, with
a significant clinical benefit for patients through the reduction in myoma-related symptoms.
Symptom reduction and a decrease in fibroid volume have been shown in all types of
treated fibroids [20]. Special attention should be given to submucosal fibroids, as they
may have potential negative effects on the fertility of patients in their childbearing age [8].
Therefore, a comprehensive and individual evaluation of the prospects and feasibility of
HIFU treatment is warranted in this context.

Side effects are rare and less frequent than after surgical procedures like myomectomy
and hysterectomy [16]. Moderate pain during the procedure, which is performed under
conscious sedation, may last for a few hours in some cases, and cutaneous/subcutaneous
edema of the anterior lower abdominal wall in the acoustic pathway are common side
effects [21]. However, fever, urinary tract infections, hematuria, bowel lesions, and back
pain are possible, but these are very rare nowadays.

The duration of the procedure depends on the size, number, and location of the target
fibroids and lasts normally 1–2 h but may take up to 3–4 h. The HIFU treatment can be
performed on an outpatient basis; after a rest period of four to six hours, the patient can
usually leave the clinic and resume her normal daily routine the next day. HIFU treatment
of fibroids requires good coordination between interventionalists, anesthesiologists, and
gynecologists, as previously described [22]. In the course of this prospective study, the
patients are hospitalized for one night in the local gynecology department in order to
accurately evaluate the treatment-associated side effects.

5. Rationale of the Study

The study has a prospective, monocentric, and single-arm design and is intended
to evaluate the safety and efficacy of local therapy with ultrasound-guided HIFU in pa-
tients with symptomatic uterine fibroids according to GCP standards. To the best of our
knowledge, the University Hospital Bonn is currently the only center in German-speaking
countries where an ultrasound-guided HIFU system (TTS, tumor therapeutic system,
Chongqing Haifu Medical Technology, China) is available and in use as opposed to sev-
eral other centers that use MRI-guided HIFU. The evaluation of study results is based on
clinical gynecological investigation, records, and assessment of side effects; the UFS-QOL
questionnaire on disease-related symptoms (symptom severity score) and health-related
quality of life (QOL); and changes in fibroid volume over time using MRI [19]. This present
study aims to identify patients who would benefit the most from HIFU treatment and
collect data to plan a confirmatory phase III trial assessing the efficacy of combining HIFU
with other therapies. Additionally, this study investigates the effects of HIFU treatment
on laboratory parameters, including its potential to induce an immune response. Another
exploratory endpoint is an assessment of elastographic features of uterine fibroid tissue
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before and after HIFU treatment, utilizing both sonographic share wave elastography and
MR imaging techniques.

6. Trial Design

The current investigation is a prospective, monocentric, single-arm, and open-label
study (Figures 1 and 2). The entire study duration per patient is 8 months, including
screening visits. The HIFU procedure typically lasts for 2–5 h, with a hospital stay for one
night. Each patient is monitored for a follow-up period of 6 months. The clinical trial will
be conducted in the interdisciplinary HIFU center at the University Hospital Bonn, and all
investigators meet the requirements to perform the planned study-specific examinations
and therapies.

Figure 1. Intervention scheme.

Figure 2. Trial flow.

130



J. Clin. Med. 2023, 12, 5926

7. Study Population

Twenty eligible patients will be recruited for this study. Potential participants who
present at the gynecology department will be informed about the study and given adequate
time to reflect before providing written informed consent to participate. Patients who do
not meet the inclusion criteria (outlined in Table 1) will not be included in the study.

Table 1. Selection criteria for HIFU treatment and study participation.

Inclusion Criteria Exclusion Criteria

− Age ≥ 18 years
− Written informed consent
− Ability to follow study instructions and

participate in required study visits
− Fibroid visualization on diagnostic

ultrasound
− Minimum fibroid diameter of 2 cm
− Maximum fibroid diameter ≤ 12 cm
− No evidence of malignancy
− Safe acoustic access path to the fibroid
− Distance between skin surface and

deepest fibroid regions of max. 11 cm
− Fibroid-related symptoms
− Patient’s MRI suitability

− Current pregnancy or breastfeeding
− Suspected malignancy
− Abnormal cervical cancer screening result
− Acute cystitis
− Acute infection (e.g., pneumonia)
− Pedunculated or subserosal fibroids
− Thick scar tissue on the skin or in the

acoustic pathway
− History of ileum conduit
− Simultaneous participation in a clinical

trial up to 30 days prior to participation
in this clinical trial

− Non-eligibility for conscious sedation

Fertile study patients will be informed that pregnancy or breastfeeding are contraindi-
cations to participating in the study and will be instructed to use reliable contraceptive
methods throughout the study period. Reliable contraceptive methods with a Pearl Index
below 1 include hormonal methods, barrier methods, and hormonal medication. Patients
will be required to abstain from sexual intercourse during the first month after the HIFU
procedure, and transvaginal ultrasound should be avoided during this period. Eligible pa-
tients will be mainly recruited from the outpatient clinic of the Department of Gyneco-logy,
but patients referred by external gynecologists or those who present themselves will be
also included.

The interdisciplinary uterine fibroid conference, which convenes weekly, will de-
termine whether HIFU treatment is indicated for each patient on an individual basis.
Potentially suitable patients will receive detailed information about their participation in
the study and the procedures involved by the investigator. The study has been initiated
after professional ethical consultation by the responsible ethics committee at the University
Hospital Bonn.

8. Measurements

8.1. Primary Endpoints

The primary objective of this study is to evaluate the safety and tolerability of local
HIFU treatment in patients with symptomatic uterine fibroids. This involves evaluating
incidents and product defects as well as adverse events after HIFU therapy. Adverse events
will be graded according to the Common Terminology Criteria for Adverse Events (CTCAE,
Version 5.0), with grades 1–5 indicating increasing severity.

In addition to the frequency and severity of adverse events according to CTCAE, the
expected treatment-associated adverse events will be recorded, including pain during and
immediately after the HIFU procedure (measured on a pain scale NRS/VAS 0–10, with
0 indicating no pain and 10 indicating the most severe pain), pain within the first day after
the procedure, skin edema, skin redness, skin burning, ascites, cystitis, vaginal discharge,
and vaginal bleeding.

8.2. Secondary Endpoints

The following objectives are defined as secondary endpoints:
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• Evaluation of symptom severity score (SSS) and health-related quality of life score
using UFS-QOL questionnaire (baseline scores versus scores 1 week, 3 months, and
6 months after HIFU procedure).

• Evaluation of fibroid volume using MRI measurements (baseline volume versus
volume 1 week, 3 months, and 6 months after HIFU procedure).

• Evaluation of the correlation between intervention parameters (sonication time, treat-
ment time, total energy, and energy per milliliter of fibroid volume), achieved non-
perfused volume, fibroid type according to Funaki classification, and fibroid shrinkage
over time.

• Evaluation of tissue stiffness properties of uterine fibroids using elastography mea-
surements on transabdominal ultrasound and MRI before and after HIFU procedure.

• Effects of HIFU treatment on blood parameters.

9. Data Collection

Several kinds of data will be assessed in this study at each visit (Table 2). Data related
to symptoms will be gained through communication with the patients and objectivation
via established questionnaires. In addition, blood samples will be taken and analyzed
for several parameters with emphasis on immune system-related parameters. Moreover,
changes in the physical quality of fibroid tissue before and after HIFU treatment will be
monitored through follow-up ultrasound and MRI examinations, including elastography.

Table 2. Schedule of activities at each visit.

Visit 1
−60 to −90 Days

Screening

Visit 2
−29 to −1 Days

Baseline

Visit 3
Day 0

Visit 4
+1 Day

Visit 5
+2 to +7 Days

Visit 6
+12 Weeks
(±7 Days)

Visit 7
+24 Weeks
(± 7 Days)

Selection criteria (X) X
Informed consent (X) X
Medical history X

Physical
examination X

Vital signs X
Gynecological
examination X X X

Pap test X
Laboratory
parameters X X X X X X

Urine test X X X X
MRI X X X X

Ultrasound inc.
elastography (X) X X X X X

Records of
concomitant
medications

X X X X X X

Records of
pre-treatments X

Bowel preparation X (day −1)
Premedication X

Urinary catheter X
Preparation of

abdominal wall X

HIFU treatment X
Assessment of pain

(VAS 0–10) X X X X X

Assessment of
treatment-related

AEs and SAEs
X X X X X

Assessment of
additional AEs and

SAEs
X X X X X
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Table 2. Cont.

Visit 1
−60 to −90 Days

Screening

Visit 2
−29 to −1 Days

Baseline

Visit 3
Day 0

Visit 4
+1 Day

Visit 5
+2 to +7 Days

Visit 6
+12 Weeks
(±7 Days)

Visit 7
+24 Weeks
(± 7 Days)

UFS-QOL X X X X
Imaging

assessment X (X) X X X

Intervention
parameters (J/mL) X

NPV (%) X

AE: Adverse event; Gyn. Examination: Gynecological examination; HIFU: High-intensity focused ultrasound;
MRI: Magnetic resonance imaging; NPV: Non-perfused volume; Pap test: Papanicolaou test, Papanicolaou
smear; SAE: Serious adverse event; UFS-QOL: Uterine Fibroid Symptom and Quality of Life questionnaire;
US: Ultrasound; VAS: Visual analog scale.

10. Statistical Analysis

Data from this prospective observational longitudinal study will be analyzed using
Stata (latest version, StataCorp, StataCorp LP, College Station, TX, USA) and SPSS (latest
version, SPSS Inc., Chicago, IL, USA). Evaluation of changes in fibroid volumes, symptom
severity, and quality of life scores will be performed by using a longitudinal mixed model
considering values at baseline and each follow-up as dependent variables. The influence of
various interventional parameters (total energy, sonication time, and power) and assign-
ment to corresponding Funaki types on non-perfused volumes and volume reduction over
time will be analyzed using logistic regression and a mixed model, respectively. A p-value
of < 0.05 is considered statistically significant.

11. Strengths and Limitations

The present study offers several strengths, including its prospective design and focus
on ultrasound-guided HIFU therapy in a German cohort. Notably, the University Hospital
Bonn is currently the only center in Germany-speaking countries where US-guided HIFU
technology is available and in use. For this reason, the primary endpoint of the study is
to investigate the incidence and severity of treatment-related adverse events using the
CTCAE classification. In addition to evaluating patients’ symptoms and well-being using
standardized questionnaires, this study also employs innovative diagnostic modalities
such as sonographic and MRI-based technologies to assess fibroid stiffness and provide a
more comprehensive understanding of the effects of HIFU treatment beyond just changes
in fibroid size. Moreover, the study focuses on early ablation-related laboratory changes
and potential inflammatory reactions. While the strength of the study lies in its prospective
design and the use of ultrasound-guided HIFU therapy on a German cohort, the limitation
is referred to the relatively small sample size and the inability to directly compare the
results to other treatment methods due to the single-arm study design.

12. Summary

Previous clinical research has demonstrated that high-intensity focused ultrasound
(HIFU) is a non-invasive and low-risk treatment option for symptomatic uterine fibroids,
as long as the fibroids are accessible to therapeutic ultrasound. HIFU provides effective
symptom control while avoiding the potential risks and drawbacks of surgery, which is
currently the standard treatment option. This study assesses the safety, efficacy, and clinical
outcomes of US-guided HIFU treatment in 20 patients with symptomatic fibroids. The
study aims to identify patients who would benefit most from this innovative treatment
compared to other methods and to collect data that will serve as a foundation for future
research on diagnostic and therapeutic approaches.
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Abstract: The assessment of ovarian perfusion after detorsion is crucial in the surgical management of
patients with ovarian torsion. In current routine clinical practice, the surgical decision (preservation of
the ovary versus oophorectomy) is based on the subjective impression of the surgeon. Intraoperative
indocyanine green (ICG) angiography has been shown to sufficiently reflect tissue perfusion with
a potential impact on the surgical procedure. Currently, there are only sparse data available on
the utilization of ICG in the surgical treatment of ovarian torsion. Here, we describe the successful
intraoperative use of ICG in a 17-year-old female patient with ovarian torsion who underwent
ovary-preserving surgery. Further, a systematic literature review was performed. Based on the
data available to date, the use of ICG in the surgical treatment of ovarian torsion is feasible and
safe. The extent to which this might reduce the necessity for oophorectomy has to be evaluated in
further investigations.

Keywords: ovarian torsion; oophorectomy; indocyanine green; fluorescence guides surgery; adnexal
torsion

1. Introduction

Ovarian torsion is a rarely occurring gynecological emergency leading to an impair-
ment of ovarian perfusion with consecutive hemorrhagic infarction and ovarian necrosis.
This condition requires rapid surgical treatment by means of detorquing the twisted ovary
to restore perfusion and thus to preserve ovarian function. The incidence is difficult to
estimate, but the fact that ovarian torsion is sometimes defined as the fifth most common
surgical emergency or that ovarian torsion accounts for 2.7% of all surgical emergencies [1]
confirms that it is a highly relevant illness. Patient groups associated with ovarian torsion
include women undergoing fertilization treatments [2]. Several case reports of ovarian
torsion in pregnant patients and in the pediatric population [3–6] have been published. Fur-
thermore, several studies reveal that right-sided torsions are more common [7,8]. Although
some case reports describe conservative treatments [9], the most common treatment is
surgical. Based on the location and time period of the published study, the main treatment
methods differ between a laparoscopic approach and an approach with laparotomy [10,11].
In the developed world, the laparoscopic approach is currently the most common. The
intraoperative assessment of restored ovarian perfusion is crucial for the surgical approach
(ovarian preservation versus oophorectomy); however, the intraoperative decision is based
on the subjective impression of the surgeon [12,13]. In this regard, a black or blue color
and/or an enlargement of the ovary signify interrupted blood flow, whereas a regression of
the ovarian size and—in the case of acute torsion—regained ovarian color represent signs of
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successful restoration of ovarian blood flow. These visual features of re-established ovarian
perfusion might develop—especially after prolonged torsion—with delay, thereby lead-
ing to misjudgment and consequential oophorectomy. Therefore, alternative assessment
methods are necessary to support decision making.

Laboratory findings proving the restoration of ovarian blood flow have not yet been
discovered. Radiologic features indicating ovarian torsion have been described and could
support diagnostic and therapeutic decision making, always in combination with clinical
signs such as severe pain, nausea, vomiting, and adnexal tenderness. In B-mode during an
ultrasound examination, ultrasound features of ovarian torsion [14] include evidence of
an enlarged ovary, ovarian edema, minimal free fluid, shift in the ovarian position toward
the midline, variable echogenicity as a sign of cystic or hemorrhagic degeneration in the
case of a long-standing ovarian infarction, and a follicular ring sign [15]. These signs often
coincide with the existence of risk factors, also determined using ultrasound in B-mode,
which are large cystic ovaries, such as after hyperstimulation [16], or the presence of an
ovarian mass between 5 and 10 cm [17]. However, these features take time to normalize
after the restoration of ovarian blood flow. Doppler ultrasound enables the illustration of
blood flow and thus provides an almost immediate proof after restored perfusion. The
absence of arterial flow is a sign of poor prognosis [14], and the lack of ovarian venous flow
shows a sensitivity of 100% and specificity of 97% for ovarian torsion [18]. In 13–88% of
patients with ovarian torsion, the whirlpool sign appears to be caused by the swirling blood
flow in the twisted ovarian pedicle [19–21]. This pathognomonic sign of ovarian torsion
is also seen in one third of patients on CT or MRI [10,22]. Using CT and MRI, a subacute
ovarian hematoma or an abnormal or absent ovarian enhancement are diagnosed more
easily than by using ultrasound [23], while evidence of enlarged or shifted ovaries in CT
and MRI, as signs of ovarian torsion, is seen with a similar precision as that achieved with
ultrasound. Radiographic diagnostic tools such as ultrasound, MRI and CT provide the
possibility of a conservative treatment of ovarian torsion, for example, when an ultrasound-
guided aspiration of the ovarian cyst is performed, resulting in spontaneous detorsion of
the ovary [9]. However, an intraoperative, real-time assessment tool to prove the successful
restoration of ovarian blood flow is needed.

Indocyanine green (ICG) angiography is used across various medical fields for eval-
uation of tissue perfusion [24]. In gynecology [25], ICG is applied for visualization of
the vascular perfusion of the vaginal cuff after total hysterectomy [26,27], of the ureteral
course [28], and of endometriosis [29,30], as well as for detection of the sentinel lymph
node [31–33]. The visualization of vascular perfusion of the vaginal cuff using ICG is
feasible and complication-free but with unclear clinical profit, while a more objective
analysis of its fluorescence has been established in colorectal surgery by applying the
correlation between fluorescence and leakage of the colorectal anastomosis to determine
further surgical steps [34]. This kind of correlation between vascular perfusion marked
by ICG and the vaginal cuff dehiscence may allow a reduction in dehiscence rates in the
future, which currently range between 0.64% and 1.35% [35]. The use of ICG to prevent
iatrogenic ureteral injury via real-time delineation of the ureter has the advantage that only
the tip of the ureteral catheter has to be inserted and a further intervention for the insertion
for a ureteral stent is avoided. [36]. In the case of surgical management of endometriosis,
ICG allows for a detection of the polymorphic-appearing endometriosis lesions based
on their neovascularization, but its usefulness is inconsistent, as shown in a systematic
review [37]. Furthermore, ICG is used for sentinel lymph node mapping after the preop-
erative lymphoscintigraphy in the diagnostics of breast cancer [38]. Therefore, the use of
ICG for sentinel lymph node identification is superior to the established combined use of a
radioactive tracer and a blue dye in regard to the logistical challenges between the operating
room and radiology, its excellent safety profile without radiopharmaceutical material, with
good tissue penetration, and with real-time intraoperative imaging capabilities [39,40]. Re-
cently, a higher sentinel lymph node detection rate in breast surgery though the use of ICG
compared to radio-guided surgery using radioisotope technetium, sometimes combined
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with blue dye, was shown [33]. Thus, ICG is a safe and effective alternative to technetium
in breast surgery [33,41]. The use of ICG in sentinel diagnosis is documented in further
gynecologic areas such as in the treatment of vulva cancer [32,42], in cervical cancer [32]
and in endometrial cancer [43]. While various safe application possibilities of ICG dye have
been demonstrated, its application in the treatment of ovarian torsion has not yet been
established; however, it is promising to analyze ovarian perfusion after detorsion. Here,
we describe the successful intraoperative use of ICG in a 17-year-old female patient with
ovarian torsion who underwent ovary-preserving surgery. Further, a systematic literature
review was performed.

2. Materials and Methods

The patient presented herself emergently during the night shift. She consented to the
treatment and to the publication of the case. Her parents were informed and agreed as
well. The literature search was performed using the PubMed database. Studies that were
published until October 2022 were considered. The following terms were applied: ‘Ovarian
torsion’ and ‘ICG dye’, ‘adnexal torsion’ and ‘ICG dye’ and ‘gynecology’ and ‘ICG dye’.
Duplications were removed. The title and abstract of the retrieved publications were read
to assess their relevance. Publications with promising abstracts were full-text assessed for
eligibility. Study design and language were not restricted (Figure 1).

Figure 1. Flowchart of the PubMed search. n: number.

3. Results

3.1. Case Report

A 17-year-old female patient presented with severe, sudden onset of pain in the
right lower abdomen. Furthermore, she suffered from pronounced nausea with repeated
vomiting. The patient’s history revealed the presence of a right ovarian cyst that was
diagnosed several years ago. The rest of the patient’s history was unremarkable. Blood tests
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showed no abnormalities except for mild leukocytosis (12.56 G/L, normal range: 4–10 G/L).
Serum beta HCG and C-reactive protein were in normal range. The clinical examination
revealed severe abdominal tenderness with localized tenderness in the right lower abdomen.
Transvaginal ultrasound showed a cyst on the right ovary measuring 75 × 94 mm with the
presence of ovarian stromal edema (Figure 2a,b) highly suspicious for right-sided ovarian
torsion. Hence, laparoscopic surgery was conducted, which confirmed torsion of the right
ovary (Figure 2c,d). Intraoperatively, the right ovary was livid and ischemic. The rest
of the situs was normal. Detorsion and enucleation of the ovarian cyst were performed.
Following detorsion, the ovary remained livid with no evidence of recovery. To assess
the ovarian perfusion more sufficiently, ICG dye (Diagnostic Green®, Aschheim-Dornach,
Germany) was applied intravenously (2 mL equivalent to 10 mg). ICG angiography using
an endoscopic fluorescence imaging system (Stryker®, Duisburg, Germany) demonstrated
restored ovarian perfusion (Figure 2e). Histopathological examination revealed a dermoid
cyst. No signs of necrosis were reported. The postoperative course was unremarkable. The
drainage could be removed on the first postoperative day and the patient was discharged
on the second postoperative day. At 6 months of follow-up, there was no evidence of
secondary ovarian necrosis or infection.

Figure 2. Ultrasonic (a,b) and intraoperative (c–e) presentation of the right ovary. The right ovary
shows an ovarian cyst measuring 75.2 × 94.2 mm (a) with ovarian stromal edema and edema
around the ovary (b). Intraoperatively, the right ovary appears lived and ischemic (c,d). Following
detorsion and cystectomy, ICG angiography demonstrated restored ovarian perfusion (e). The
photos were taken with the pinpoint endoscopic fluorescence imaging camera system (Stryker®,
Duisburg, Germany).
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3.2. Use of Indocyanine Green Dye

A systematic literature review (Figure 1 and Table 1) on ICG application for the
evaluation of ovarian perfusion in the context of ovarian torsion was performed.
There was no evidence for adverse events resulting from ICG application in n = 34
described cases [44–46]. Intraoperative ICG administration is reported to be feasible and
its implementation in the treatment approach of ovarian torsion is unproblematic [44,46]
given the already established use of ICG in other gynecological indications (s. above).
Furthermore, Esposito et al. (2022) indicated that the use of the dye reduces surgery time.
In five reported cases, a lack of ovarian perfusion on ICG angiography led to oophorectomy.
In one case, necrosis was detected histopathologically [44]. The visualization of ICG
perfusion was detected in a median time of 1 min [44]. The reported cases collectively
demonstrate that the intraoperative utilization of ICG is beneficial in deciding whether to
perform oophorectomy or to preserve the ovary [45,46]. In one study [46], ovary sparing
based on the intraoperative use of ICG resulted in no long-term complications, as yearly
follow-up ultrasound examinations showed normal ovaries with no evidence of pathologies.
The high cost of the equipment needed in laparoscopy to use the ICG system is referred to
as one of the main limitations [46].

Table 1. Results of the literature review.

Cases (n)
Absent
Perfusion (n)

Oophorectomy
(n)

Histologic
Confirmed
Necrosis (n)

Surgery Time
(min)

Amount of
ICG Dye

Nicholson et al.,
2022 [44] 12 2 2 1 74 n. r.

Klar et al.,
2022 [45] 1 0 0 0 n. r. 5 mg

Esposito et al.,
2022 [46] 20 n. r. 3 n. r. 39.2 n. r.

Present case 1 0 0 0 110 10 mg (2 mL)

n: number, n. r.: not reported.

4. Discussion

Ovarian torsion is commonly associated with younger age, as this case demon-
strates [47]. This stresses that the indication for oophorectomy should be considered
critically. The presented case displays the established risk factors for ovarian torsion such
as an enlarged ovary (>5 cm) and presentation with typical clinical findings such as nausea,
vomiting, and sudden onset of pain (s. above). Ultrasound findings were suggestive of
ovarian torsion (ovarian stromal edema, presence of whirlpool sign) based on the known
signs (see above, [21,48]). The right-sided bias of ovarian torsion [7,8] verified itself in
this case. In the presented case, the application of ICG with consecutive visualization of
restored ovarian perfusion prevented oophorectomy without signs of complications.

The application of ICG in the surgical treatment for ovarian torsion is documented in
n = 14 cases of ovarian torsion in adult patients [44,45] and in n = 20 cases of ovarian torsion
in children [46]. The low number of published case reports contrasts markedly with the
prevalence of ovarian torsion [1] and thus demonstrates the low establishment rate of ICG in
the treatment of ovarian torsion. In five cases, oophorectomy was performed because of the
absence of ovarian perfusion in ICG angiography [44,46]. No complications were reported
in the n = 33 cases with ovarian preservation. In only one case where oophorectomy was
performed did the histopathological results report no evidence of ovarian necrosis [44].
However, due to the limited number of cases, a final evaluation of sensitivity and specificity
cannot be carried out. Supportive data for the high sensitivity of ICG for ovarian necrosis
are provided by a study based on a murine model. In this study, fluorescence intensity
was shown to reliably predict ovarian necrosis [49]. Data on the future function of the
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ovary, such as the development of follicles or the level of anti-Müllerian hormone, are not
reported and should be implemented in further investigations.

The amount of dye used differs in the reported cases (Table 1); however, 5 to 10 mg of
ICG was applied in the majority of cases, which is in line with the recommendations by one
ICG manufacturer [50]. The effect of ICG—in the case of re-perfusion—is reported to appear
in a median time of 1 min [44] and suits the visualization of anatomic structures, such as
in the testis though ICG application between 30 and 60 s [51]. Esposito et al. argue that
ICG proves to be very useful for the assessment of the ovary’s ischemic damage and of its
re-perfusion, and thus for the decision making for or against an oophorectomy [46]. Further
intraoperative decision aids may include the regression of ultrasound-detected absence
of arterial flow, a lack of ovarian venous flow, and a whirlpool sign demonstrating the
successful reperfusion of the ovary. However, intraoperative ultrasound lacks practicability
based on the fact that the common laparoscopic approach requires the inflation of carbon
dioxide gas, which limits ultrasound quality and visibility [52]. While CT and MRI are
helpful diagnostic tools to evaluate perfusion in general, their intraoperative application to
demonstrate the restoration of ovarian blood flow is irrelevant in most cases, as CT and
MRI are rarely encountered in the surgery theater. Therefore, ICG may represent the only
diagnostic tool to show reperfusion during surgery with the potential to reduce the rate of
oophorectomy in patients with ovarian torsion. Postoperative histopathological evaluations
of removed ovaries in patients with ovarian torsion confirm the presence of ischemia in only
43% [53,54] of cases, demonstrating the urgent need for a reliable diagnostic tool to support
the sparing of the ovary. The resilience of ovaries argues for a general ovary-sparing
technique in every case. There is increasing evidence for an ongoing hormonal ovarian
function even in cases where ischemia is histologically confirmed [54]. On the contrary,
the development of acute inflammation due to secondary ovarian necrosis may be a
complication of ovarian sparing. Few case reports discuss the release of cytokines following
ovarian necrosis as a reason for the death of infants after ovarian torsion [55,56]. Therefore,
the sparing of every ovary after detorsion combined with the expectation of recovery may
be harmful for the patient and lead to further surgical procedures. In order to differentiate
these cases, the preoperative level of C-reactive protein may be useful, as it correlates
with the necrosis of the ovary [57,58]. However, its use for the perfusion evaluation after
detorsion is limited as it maintains a high level even after the successful restoration of
ovarian blood flow and due to its long plasma half-life of about 19 h [59]. In conclusion, an
intraoperative ICG-based evaluation of ovarian perfusion, in addition to a visual assessment
carried out by the surgeon, represents a potential diagnostic tool to guide the intraoperative
procedure (ovarian preservation versus no ovarian preservation). The extent to which
secondary complications (re-operation, secondary inflammation, and limited fertility) could
be diminished by the use of this technique, as opposed to general ovarian preservation,
needs to be studied prospectively in larger collectives. The high cost can be shared either
through the application of ICG in other fields of gynecological surgery [26,28–30] or in
other disciplines [34,51]. These data and this case show an interesting new field of ICG’s
application in gynecology.

5. Conclusions

Based on the data available to date, the use of ICG in the surgical treatment of ovar-
ian torsion is feasible and safe. The extent to which this might reduce the necessity for
oophorectomy has to be evaluated in further investigations.
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Abstract: Introduction: A congenital intrathoracic kidney (ITK) is a rare anomaly that is recognized to
have four causes: renal ectopia with an intact diaphragm, diaphragmatic eventration, diaphragmatic
hernia, and traumatic diaphragmatic rupture. We report a case of a prenatal-diagnosed ITK related
to a congenital diaphragmatic hernia (CDH) and conducted a systematic review of all cases of the
prenatal diagnosis of this association. Case presentation: A fetal ultrasound scan at 22 gestational
weeks showed left CDH and ITK, hyperechoic left lung parenchyma, and mediastinal shift. The
fetal echocardiography and karyotype were normal. Magnetic resonance imaging at 30 gestational
weeks confirmed the ultrasound suspicion of left CDH in association with bowel and left kidney
herniation. The fetal growth, amniotic fluid, and Doppler indices remained within the normal range
over time. The woman delivered the newborn via an at-term spontaneous vaginal delivery. The
newborn was stabilized and underwent non-urgent surgical correction; the postoperative course was
uneventful. Conclusions: CDH is the rarest cause of ITK; we found only eleven cases describing
this association. The mean gestational age at diagnosis was 29 ± 4 weeks and 4 days. There were
seven cases of right and four cases of left CDH. There were associated anomalies in only three fetuses.
All women delivered live babies, the herniated kidneys showed no functional damage after their
surgical correction, and the prognosis was favorable after surgical repair. The prenatal diagnosis and
counseling of this condition are important in planning adequate prenatal and postnatal management
in order to improve neonatal outcomes.

Keywords: ectopic kidney; congenital diaphragmatic hernia; prenatal diagnosis; congenital
malformation; case report
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1. Introduction

Congenital intrathoracic kidney (ITK) is a rare malformation representing partial or
complete protrusion of the kidney above the level of the diaphragm into the mediastinum.
This pathological abnormality represents <5% of all renal ectopias. It is more common in
the male sex than in the female sex (2:1), and it has a slight left-side predominance.

In most cases, a congenital intrathoracic kidney is asymptomatic and diagnosed
incidentally, often after birth; however, it can be misdiagnosed as pneumonia because of its
presentation on a chest X-ray as an opacity or lobar consolidation [1,2].

An ITK is recognized as having four main causes: “real” renal ectopia with an intact
diaphragm, diaphragmatic eventration, congenital or acquired diaphragmatic hernia, and
traumatic diaphragmatic rupture [3].

Congenital diaphragmatic hernia (CDH) is frequently associated with gastric, bowel,
or hepatic herniation, whereas renal protrusion is extremely rare.

We report a case of a prenatal diagnosed ITK associated with CDH.
We also conducted a systematic review of all cases of this association diagnosed

antenatally using MEDLINE, EMBASE, Scopus, ClinicalTrials.gov, OVID, and the Cochrane
Library as electronic databases from January 1970 to December 2022. We used the medical
subject heading (MeSH) term Kidney (MeSH Unique ID: D007668) in combination with
Hernias, Diaphragmatic, and Congenital (MeSH Unique ID: D065630). No restrictions
concerning language or geographic location were applied. The systematic review was
performed in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [4] (Figure 1). One author (F.A.G.) independently
screened the titles and abstracts of each citation, after which they selected relevant ones for
a full-text review. Each retrieved full-text article was independently evaluated for inclusion
by another author (G.G.I.). Any potential disagreement was solved via a discussion with
a third author (A.D.M.). After reading the abstracts and titles, 113 articles were excluded
because they were not pertinent to the field; 33 articles were excluded after reading the text
because the diagnosis of an intrathoracic left kidney was performed in the postnatal period.

 
Figure 1. Selection process for the inclusion of suitable studies for the systematic review.

146



J. Clin. Med. 2023, 12, 3608

2. Case Presentation

A 37-year-old Caucasian woman, gravida 2 para 0, with a history of a previous miscar-
riage due to an unknown cause, was referred to our second-level center at 22 gestational
weeks for a suspicious fetal intrathoracic mass and left CDH at a second-trimester ultra-
sound (US) screening. Her previous medical and family histories were unremarkable; she
was a nonsmoker, had not consumed any alcohol during the pregnancy, and had never
been exposed to drugs or toxins. The measurements of the dating examination in the first
trimester were consistent with the dates of the last menstrual period, the nuchal translu-
cency was normal, and toxoplasmosis, other agents, rubella, cytomegalovirus, and herpes
simplex (TORCH) screening was negative. Our US examination was performed via the
use of a Voluson E10 scanner (GE Healthcare Ultrasound, Milwaukee, WI, USA) equipped
with a curved linear array transabdominal transducer (2–5 MHz). The fetal heart rate was
within the normal range, fetal movements were visualized, the placenta was identified on
the anterior portion of the uterus and showed a normal insertion, and the amniotic fluid, as
well as the Doppler indices, were within normal limits. The fetal biometry was consistent
with the gestational age (GA). An intrathoracic left hypoechoic mass with a maximum
diameter of 26.8 mm was seen (Figure 2).

Figure 2. Ultrasound scan at 22 gestational weeks showing an intrathoracic left mass and hyperechoic
left lung parenchyma.

The heart was displaced to the right (mediastinal shift), in normal levocardia. Further-
more, the left renal fossa was empty. In the left parasagittal view, the left kidney appeared
lifted up toward the thorax (Figure 3).
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Figure 3. Sagittal view showed a left kidney in the thorax.

Power Doppler showed the abnormal course of the left renal artery, which started
from the abdominal aorta and ended in the thoracic kidney (Figure 4).

 
Figure 4. Power Doppler showed the course of the left renal artery, from the abdominal aorta toward
the thorax and the renal hilum.
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The scan did not show a clear herniation of the stomach, bowel, or liver. The lung-to-
head circumference ratio (LHR) was greater than 1.4, and the observed-to-expected (o/e)
LHR was 52.1%. The left lung parenchyma beside the mass was hyperechoic (Figure 2). The
left renal biometry and echogenicity were normal, and no pyelectasia was found (Figure 3).
The right kidney was normal, and no other anomalies were identified. Fetal echocardiog-
raphy verified normal conotruncal anatomy, normal left and right ventricular cavity size
as well as systolic function, and sinus rhythm with 1:1 atrioventricular conduction. Our
clinical suspicion was of a left CDH and ITK. Furthermore, we suspected an association
with a congenital cystic adenomatoid malformation. The patient underwent amniocentesis,
and the traditional karyotype as well as comparative genomic hybridization (CGH) array
showed a normal female karyotype (46, XX). Subsequently, prenatal management included
serial US examinations, including biophysical profile scoring, to monitor fetal growth and
assess the fetal heart. On subsequent scans, no changes in the US characteristics of the
ectopic kidney were found, and the fetal growth, amniotic fluid, and Doppler indices
remained within the normal range for GA. The fetus did not develop hydrothorax. The
pregnant woman was referred for fetal magnetic resonance imaging (MRI) at 30 gesta-
tional weeks, which confirmed the US suspicion of left CDH in association with bowel
and left kidney herniation. After 34 weeks of gestation, cardiotocography was performed
weekly to monitor fetal wellbeing, which remained good. The patient was referred to
a third-level center for delivery. A female infant weighing 3100 g was delivered via a
spontaneous vaginal delivery at 37 weeks of gestation; her Apgar scores at 1 and 5 min
were 8 and 9, respectively. The neonate cried immediately after birth, and she was pink
and well-perfused. Nevertheless, she developed respiratory distress in the delivery room
and required intubation. Chest radiography confirmed the prenatal suspicion of CDH,
including bowel loops and the left kidney, with a mediastinal shift of the heart. Echocardio-
graphy showed normal heart function and morphology, with no pulmonary hypertension.
Due to the hemodynamic stability, the newborn underwent non-urgent surgery on her
second day of life through a transverse laparotomy. Surgical exploration confirmed the
left kidney with the hernia sac. The organs herniated in the thoracic cavity included small
bowel loops, the colon, and the left kidney. The intrathoracic ectopic right kidney was
covered with retroperitoneum. After the hernia sac was excised, the small intestine, colon,
and ITK were reduced with no difficulties into the abdominal cavity, in a near-to-normal
site, without complication or hemodynamic changes. The defect of the diaphragm was
primarily repaired using interrupted non-absorbable sutures. A chest tube was placed
in the left hemithorax and removed on day four. The corrected kidney showed regular
function, with a slight biometric reduction. The postoperative course was uneventful; the
baby was extubated on day two and discharged from the hospital after about two months
in good condition. She has remained asymptomatic at subsequent follow-ups 1 year after
discharge, with normal physical as well as mental development and without any long-term
complications, not requiring further monitoring.

3. Discussion

A congenital ectopic kidney is a rare malformation, caused by the malposition of the
kidney during embryogenesis. Most ectopic kidneys are found in the pelvic and lumbar
regions secondary to failure to ascend during fetal life. ITK is extremely rare, with a
prevalence ranging from 0.5 to 5% and an incidence of 1 in every 10.000 cases of an ectopic
kidney [1,2]. Males (63%) are affected more frequently than females (37%) [5]. It is found
more frequently on the left than on the right side, and it is rarely bilateral [5]. It is considered
a sporadic malformation and is not associated with an increased risk of recurrence. ITK
may be differentiated from other intrathoracic and mediastinal masses using various
diagnostic methods, including contrast-enhanced computed tomography scans and MRI.
Differential diagnoses should include esophageal duplication cysts, bronchogenic cysts,
microcystic adenomatoid malformation, bronchopulmonary sequestration, mediastinal
teratoma, and aneurysm of the descending aorta [6]. ITK is recognized as having four
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main causes: “real” renal ectopia with an intact diaphragm, diaphragmatic eventration,
congenital or acquired diaphragmatic hernia, and traumatic diaphragmatic rupture [3].
The “real” variant represents less than 5% of ectopic kidneys [7]. It possesses the following
characteristics: rotation anomaly, elongated ureter, and vascularization from the thoracic
aorta. Generally, it is asymptomatic, and, if not detected during the antenatal period, may
remain silent for many years [8] and require no treatment [9]. Diaphragmatic eventration is
a congenital anomaly related to a phrenic nerve injury that causes half or total diaphragm
elevation, with an apparent ascent of abdominal viscera into the thorax and no diaphragm
defect [10]. The incidence of diaphragmatic eventration is less than 0.05% [11].

CDH is a rare anomaly that affects 2.3–2.8 per 10,000 live births, with a male predom-
inance [12]. The development of the musculotendinous diaphragm, which occurs from
the 4th to 12th week of development, involves four embryologic structures: the septum
trasversum, the pleuroperitoneal membranes, the mediastinum (dorsal mesentery of the
esophagus), and body wall muscles. The gradual fusion of the pleuroperitoneal mem-
branes and septum transversum starts during the fourth week of development [13]. At
approximately the eighth week, the closure of the pleuroperitoneal canals occurs when the
septum transversum fuses with the structures surrounding the esophagus, the esophageal
mesentery, and connects to the pleuroperitoneal membranes [14]. The right and left pleu-
roperitoneal membranes close the communication between the pleural and peritoneal
cavities. A delayed closure or the maldevelopment of the septum transversum and the two
pleuroperitoneal folds leads to a diaphragmatic defect, with herniation of abdominal viscera
into the thorax [9]. An alternative hypothesis is that lung hypoplasia may be the primary
causal factor in the development of CDH [15,16]; it has also been reported in association
with the maternal administration of medications such as thalidomide or antiepileptics [17].
The most frequent is a Bochdalek hernia, with a postero-lateral defect, described in 70–95%
of CDH cases [10]. Right-sided CDHs are less common [18], due to either the presence
of the liver on the right as a physical thoraco-abdominal barrier or the early fusion of the
pleura-peritoneal channel on the right side [19]. CDH is usually diagnosed antenatally, the
overall prenatal detection rate is 46–52% [20], and the average GA at diagnosis ranges from
24 to 25 weeks [21]. The prenatal diagnosis of CDH is quite straightforward, with echogenic
contents seen in the thorax and a mediastinal shift; however, when the kidney is the only
herniating organ it can be misdiagnosed as renal agenesis [14]. These signs are also typical
of pulmonary sequestration [22]. Using the color Doppler to trace the aberrant renal artery
arising from the aorta and coursing upward can help reach the correct diagnosis. In 10–30%
of cases, there are associated chromosomal anomalies. The most common include trisomy
12, 18, and 21, Turner syndrome, partial trisomy 5, partial trisomy 20, tetraploidy 21, and
tetrasomy 12p [23]. Fetal syndromes, such as Apert, Beckwith–Wiedemann, Coffin-Siris,
and Pierre Robin, as well as many others, can be associated with CDH [24,25]. Structural
defects are found in 25–57% of all cases [23], and cardiac defects worsen the prognosis most
frequently among them (11–15%) [24]. Proof of this degraded prognosis was confirmed
through research conducted by Graziano et al. [25], in which 2636 pediatric CDH patients
from 82 centers were followed. The survival rate among CDH patients without any heart
defect was 70%, whereas those patients with diagnosed heart defects had a significantly
lower survival rate of 41.1%. These data were validated by Menon et al. [26], who found
the survival rate of infants born with CDH and no heart defects to be 69%; for those with a
heart defect, the survival rate was 36%.

Renal herniation related to CDH is rare, with eleven cases [27–37] described in the
literature (Table 1).
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The mean maternal age was 30 ± 4 years. The mean GA at diagnosis was 29 ± 4 weeks
and 4 days. The incidence of renal herniation in CDH was higher on the right side, with
seven cases of right [28–31,35–37] and four cases of left CDH [27,32–34] reported. A kary-
otype with CGH array should be offered because of the association with chromosomal and
genetic anomalies. None of the cases previously reported and the present one had any
chromosomal abnormalities or associated genetic syndromes, although the fetal karyotype
has only been determined in three previous cases [28,32,33]. Ultrasound is a fundamental
diagnostic tool for the diagnosis of numerous obstetric and gynecological conditions [38–42],
and in this case as well, an accurate fetal anatomy study must be offered to exclude as-
sociated anomalies. Fetal echocardiography is essential in assessing fetal heart function
and structure, as well as in aiding in the detection of pulmonary hypertension and/or
pulmonary hypoplasia, and it plays a vital role in prognosis prediction [18]. Associated
anomalies have previously been described in three fetuses: one bronchopulmonary seques-
tration [30], one bicuspid aortic valve [34], and one hepatic pulmonary fusion [35]. Another
feature of the present case is the presence of hyperechoic pulmonary parenchyma beside
the herniated mass. These findings cannot exclude a concurrent congenital lung cystic
adenomatoid malformation. The postnatal surgical evaluation confirmed a compressive
effect. This suggests that, in the case of a huge CDH, pulmonary hyperechogenicity is more
likely related to a compressive effect, rather than a congenital lung cystic adenomatoid
malformation. A fetal MRI was never performed in any of the previous cases, despite its
ability to provide further insights into numerous obstetric conditions [43]; this fact aside, it
can be useful for the quantitative evaluation of fetal lungs and, in association with the US,
can help to predict the neonatal outcomes of prenatally diagnosed CDH, such as total fetal
lung volume (TFLV) estimation [44]. As with any case of antenatally diagnosed CDH, the
o/e LHR offers the best positive predictive values for postnatal survival [45]. All women
included in the systematic review delivered a live baby. The mean GA at delivery was
38 ± 2 weeks. Most cases of ITK reported in the literature have been incidental diagnoses in
asymptomatic individuals who may not require any treatment [14]. When isolated, it is an
innocuous condition that does not need further extensive investigation [46]; however, the
presence of CDH and the associated herniation of abdominal viscera can cause respiratory
distress, necessitating surgical repair [14]. According to the previous literature, the present
case shows that the herniation of the kidney does not represent the worst prognosis factor
for CDH. Indeed, the kidney is not usually damaged from the herniation, preserving its
physiological functions, and the prognosis is favorable after surgical repair, as seen in
our case.

Improvements in surgical techniques and perioperative care have led to better out-
comes for patients with these conditions. For example, minimally invasive surgical ap-
proaches, such as laparoscopy and thoracoscopy, have reduced the morbidity associated
with open surgery and improved patient recovery times. Similarly, advances in neona-
tal respiratory support, including extracorporeal membrane oxygenation (ECMO), have
increased survival rates for infants with severe CDH. Overall, the implications of these
advancements for clinical practice and patient outcomes are significant. Early and accurate
diagnosis, as well as effective surgical and perioperative care, can greatly improve the
prognosis for patients with an intrathoracic kidney and CDH. As such, continued research
and innovation in this field are essential for further improving the outcomes and quality of
life of affected individuals.

4. Conclusions

ITK associated with CDH is a rare malformation. An accurate study of fetal anatomy is
necessary to exclude associated anomalies, and a fetal invasive karyotype must be offered.
Fetal MRI can be complementary to the US for prognostic evaluation and differential
diagnosis. Renal function is usually preserved, and the prognosis is favorable after surgical
repair. In line with prior research, this case report underscores the favorable prognosis for
fetuses with kidney herniation, offering guidance to obstetricians for the counseling of this
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uncommon anomaly. The differential diagnosis of the reported case is a highly involved
undertaking that requires a broad spectrum of specialized healthcare professionals. Prenatal
counseling should involve a multidisciplinary team involving maternal-fetal medicine,
pediatric surgery, genetics, and neonatology. The long-term outlook varies considerably and
is based on associated anomalies, preterm delivery, hernia position, and fetal lung volume.
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Abstract: The objectives of the study were (1) to perform a systematic review of the available umbilical
vein blood flow volume (UV-Q) reference ranges in uncomplicated pregnancies; and (2) to compare
the findings of the systematic review with UV-Q values obtained from a local cohort. Available
literature in the English language on this topic was identified following the PRISMA guidelines.
Selected original articles were further grouped based on the UV sampling sites and the formulae
used to compute UV-Q. The 50th percentiles, the means, or the best-fitting curves were derived
from the formulae or the reported tables presented by authors. A prospective observational study of
uncomplicated singleton pregnancies from 20+0 to 40+6 weeks of gestation was conducted to compare
UV-Q with the results of this systematic review. Fifteen sets of data (fourteen sets belonging to
manuscripts identified by the research strategy and one obtained from our cohort) were compared.
Overall, there was a substantial heterogeneity among the reported UV-Q central values, although
when using the same sampling methodology and formulae, the values overlap. Our data suggest
that when adhering to the same methodology, the UV-Q assessment is accurate and reproducible,
thus encouraging further investigation on the possible clinical applications of this measurement in
clinical practice.

Keywords: umbilical vein blood flow volume; reproducibility; Doppler ultrasound; reference ranges;
umbilical cord; fetus; nutrition; oxygenation

1. Introduction

The umbilical vein blood flow volume (UV-Q) reflects the amount of metabolites and
oxygen delivered to the fetus [1]. An adequate UV-Q is essential to guarantee fetal needs
for oxidative metabolism and growth [2]. The UV-Q increases progressively and exponen-
tially throughout pregnancy, from 63 mL/min at 20 weeks to 373 mL/min at 38 weeks [3].
However, UV-Q normalized for estimated fetal weight (UV-Q/EFW) shows a progressive
reduction in relation to the increasing fetal mass [4]. This suggests a progressive mismatch
between fetal demands and placental availability, suggesting a possible role for UV-Q in
clinical settings [5]. In fact, studies have shown a reduced UV-Q and UV-Q/EFW in fetal
growth restriction (FGR) [6,7]. Lower UV-Q values have also been found in normally grown
fetuses that experienced intrapartum distress [8,9], suggesting a potential role for UV-Q as
an admission test [10]. The first reports regarding UV-Q measurement in human fetuses go
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back to the early 1980s [11,12]. Despite a great interest over the past four decades in the
possibility of assessing the blood flow delivery to the fetus, this biophysical assessment
has not gained ground, and it is still used only in research settings [13,14]. One of the
main reasons is related to the questions raised regarding the accuracy, reproducibility, and
technical aspects of the UV-Q measurement [15,16]. Over time, doubts about quantita-
tive inaccuracies have been challenged [17,18], thanks to the improvement of ultrasound
machines and the introduction of high-resolution ultrasound probes. Although UV-Q
calculation has shown moderate to good intra- and inter-observer reproducibility [19],
arguments against the accuracy and reproducibility of UV-Q measurement are still limiting
its possible clinical use. On this ground, we performed a systematic review of the available
reference ranges of UV-Q in the human fetus. We also prospectively recruited a cohort
of uncomplicated singleton pregnancies between 20+0 and 40+6 weeks of gestation and
performed UV-Q measurements with the aim to compare the obtained values with the
results of this systematic review.

2. Materials and Methods

2.1. Systematic Review of the Available UV-Q Reference Ranges

A comprehensive systematic review was performed to identify studies that eval-
uated UV-Q in low-risk pregnancies. The study was registered with the International
Prospective Register of Systematic Reviews database (PROSPERO registration number:
CRD42021276868) [20]. The Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) guidelines [21] were followed in the review report.

2.1.1. Study Identification and Selection

A systematic literature search in the English language was conducted from inception
until December 2021 in PubMed (Medline) and Scopus. The search strategy consisted of
relevant Medical Subject Headings (MeSH) terms and keywords, including “umbilical vein
blood flow”/“umbilical venous blood flow” and “volume”. Inclusion criteria were studies
focusing on UV-Q values in singleton pregnancies without congenital abnormalities that
were conducted in hospital settings. Study protocols, case reports, animal experimental
studies, in vitro studies, review articles, editorials, letters to the editor, and conference
proceedings/posters that did not appear as full-text papers were excluded. We aimed to
identify studies that reported the algorithm for the calculation of the central values for
UV-Q and/or UV-Q/EFW. Methods to plot the 50th percentile or the best-fitting curves
were derived from the formulae presented in the manuscripts or from the reported tables
of percentiles, when available. An absence of a central value for each week of gestation dis-
qualified a study from further assessment. The following data were extracted: authors, year
of publication, study type, number of participants, gestational age, type of population, sam-
pling site of the UV, equation, and percentiles and mean values of UV-Q and UV-Q/EFW.
Relevant articles were searched manually to identify manuscripts not obtained from the
research strategy. The assessment of study eligibility, methodological quality, and data
extraction of the included studies were completed by two independent investigators. Data
from each eligible study were extracted without modification of the original information
onto custom-made data collection forms. Disagreements were resolved by consensus with
a third reviewer.

A distinction between uncomplicated pregnancies and unselected or mixed high- and
low-risk populations was performed. To improve the synthesis and understanding of the
different issues on this topic, selected original articles were further grouped based on:

- The sampling site: (a) studies investigating UV-Q on the intra-abdominal (IA) portion
of the UV; and (b) studies investigating UV-Q at the free-floating (FF) portion of
the UV;

- The formula used to compute the UV-Q.
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2.1.2. Quality Assessment

The quality assessment of each included study was performed using the Quality
Assessment of Diagnostic Accuracy Studies (QUADAS-2) criteria [22] in four domains
related to the risk of bias: patient selection; index test; reference standard; and flow and
timing. Each domain was categorized as “low risk”, “high risk”, or “some concerns”
of bias if the data regarding the domain were “reported and adequate”, “reported but
inadequate”, or “not reported”, respectively. The first three domains were assessed in
respect to applicability. The overall judgement was then established based on the rating of
individual domains. The robvis tool web app [23] was then used to visualize the risk-of-bias
after applying the separate quality criteria.

2.2. Prospective Cohort Study on UV-Q, UV-Q/AC, and UV-Q/EFW

A prospective cross-sectional monocentric observational study of singleton low-risk
uncomplicated pregnancies from 20+0 to 40+6 weeks of gestation was conducted to ob-
tain reference ranges for UV-Q, UV-Q/AC, and UV-Q/EFW. The study protocol was
approved by the local Ethics Committee (CEUR-2019-EM-225). Criteria for inclusion were
first-trimester dating based on crown-rump length measurement, low-risk singleton uncom-
plicated pregnancy, and compliance with the study protocol. Exclusion criteria were twin
pregnancies, premature rupture of membranes, signs of pathological obstetric condition,
pregnancies complicated by the fetal structure, chromosomal abnormalities, or intrauterine
infections. Eligible women were consecutively allocated to an additional ultrasound ex-
amination > 20 weeks of gestation for UV-Q, UV-Q/AC, and UV-Q/EFW measurements,
together with fetal biometry and Doppler velocimetry. UV-Q, UV-Q/EFW, and UV-Q/AC
were calculated as already reported [24]. We planned to recruit at least 20 women for each
gestational age group. Each woman was considered once and allocated to a biweekly
gestational age group (20–21; 22–23; etc.). Fetal biometry and Doppler velocimetry were
performed following the International Society of Ultrasound in Obstetrics and Gynecology
guidelines [25,26]. The EFW was calculated by using the Hadlock formula [27]. UV-Q,
UV-Q/AC, and UV-Q/EFW were calculated, blinded to the physician, and plotted and
compared to the UV-Q and UV-Q/EFW values from other manuscripts considered eligible
for this systematic review.

Statistical Analysis

For each variable of interest and for each gestational week, data points > Q3 + 3 × IQR
(Interquartile Range) were identified as outliers and removed from the analysis. Centile
curves were constructed using Generalized Additive Models for Location, Scale and Shape
(GAMLSS) with the Box–Cox power exponential distribution (BCPE) or the Box–Cox
Cole and Green distribution (BCCG) specified for the considered variables. Cubic or
penalized splines with different degrees of freedom were used to model the scale and shape
parameters. Different models were estimated for each variable using a combination of
distributions and splines and the best model was selected, i.e., the model with the lowest
value of the Akaike’s Information Criterion (AIC). UV-Q was modelled using penalized
splines with 1 d.f. for σ, 1 d.f. for τ, and 2 d.f. for η. For UV-Q/EFW, cubic splines were
used to model the scale and shape parameters, with 2 d.f. for σ, 1 d.f. for τ, and 2 d.f. for η.
Cubic splines were also used in the model for UV-Q/AC, with 1 d.f. for σ, 1 d.f. for τ, and
1 d.f. for η. The distances between the estimated central curves were calculated in terms of
z-scores, as proposed by DeVore et al. [28], where:

z =
value f rom published study − predicted value f rom current study

predicted SD f rom current study
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Z-score values between −1 and 1 were considered not significantly different [29]. The
statistical analyses were conducted using the software R Core Team (2020) [30].

A calculator that allows UV-Q and UV-Q/EFW computation as well as the respective
z-score and percentile for a specific gestational week age, by using our data as the reference
point, is provided at the following webpage https://giuliazamagni.shinyapps.io/UV_
Calculator/ (accessed on 7 August 2022).

3. Results

3.1. Systematic Review of the Available UV-Q Reference Ranges

The research identified 587 publications (Table S1). After the removal of duplicates,
a total of 397 studies were obtained. Figure 1 shows the PRISMA flow diagram of the
study selection.

Figure 1. PRISMA flow diagram of the study selection. * Not identified through Pubmed or Scopus
search strategy but cited in other articles similar to this systematic review or found by evaluating the
bibliography of studies obtained from the research strategy. In red, the articles not found through the
search strategy; in green, the articles selected for this systematic review.
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Reviews, animal studies, and in vitro studies were excluded, as well as all articles
that were not suitable for study type (i.e., conference proceedings, book chapters) or not
suitable for the topic (not related to the research). This left 10 articles that were assessed
to be eligible. A full-text review of the 10 articles excluded two additional manuscripts
that were considered not suitable for the population type (Widnes et al. [31] investigated
gestational age-specific serial changes in UV-Q, establishing sex-specific reference ranges)
or because percentiles and/or equations were not provided by the authors (Lees et al. [32]).
The evaluation of the bibliographies of the included studies further added six articles that
were considered suitable for evaluation. Thus, fourteen manuscripts were included in
the systematic review: eight articles [18,33–39] found with the research strategy and six
articles [3,28,40–43] found by evaluating the bibliographies of studies obtained from the
research strategy.

3.1.1. Risk of Bias within Studies According to QUADAS Criteria

Figure S1 shows the assessment of the included studies by QUADAS-2 criteria. In the
“patient selection” domain, two studies [37,38] were classified as having a high risk of bias
because fetuses with growth impairments or women with high-risk pregnancies were also
included. The remaining 12 studies were considered to have a low risk of bias. In the “index
domain”, five studies [34,39,41–43] were classified as having ‘some concerns’ because it
was not explicit if any action had been taken to test the inter- and intra-observer variability.
The remaining nine studies were considered as low-risk. In the “reference range” domain,
one study [3] was classified as having a high risk of bias because the exponential curve
formula of the UV-Q reported by the authors did not correspond to the reported values.
The remaining 13 studies were considered as low-risk. In the “flow and timing” domain,
one study [36] was classified as having a high risk of bias because of its small sample size
(32 low-risk pregnant women). The remaining 13 studies were considered as having a low
risk of bias.

3.1.2. Description of the Included Studies

The main characteristics and results of the 14 studies are summarized in Table 1. One
study [38] recruited women retrospectively, while all others were prospective. Eleven
studies [3,18,34,36–43] published reference algorithms for the central values of UV-Q. For
the remaining three articles [28,33,35], UV-Q values were derived from the percentile data.
Six studies [3,18,28,33,36,37] investigated UV-Q at the FF portion of the umbilical vein, six
studies [34,35,38,40,41,43] at the IA portion, and two studies [39,42] both at the FF and IA
portions of the UV. For one study [3], the formula for the UV-Q exponential curve reported
by authors did not correspond to the exponential values. For this reason, we decided to
exclude the study from the comparison. On the contrary, the UV-Q/EFW values were
considered plausible and therefore were included in the analysis. UV-Q and UV-Q/EFW
central values were not reported homogeneously. In three studies [34,36,38], the central
values of UV-Q and UV-Q/EFW of the entire observational period were reported. In six
studies [28,39–43], the central UV-Q and UV-Q/EFW values were not reported, while
Sutton et al. [18] reported only UV-Q/EFW values. The remaining studies [3,33,35,37]
provided UV-Q and UV-Q/EFW values, considering the gestational period at the enrolment
and at the end of observation separately. Gestational time intervals and the mean values
are reported in Table 1.

3.2. Prospective Cohort Study on UV-Q

We recruited 277 women, and of those, 12 were excluded due to an onset of pregnancy
complications. This left a total of 255 low-risk women from 20+0 to 40+6 gestational weeks
for UV-Q, UV-Q/EFW, and UV-Q/AC calculation. Demographic, obstetric, and neonatal
characteristics of the cohort are shown in Table 2.
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Table 2. Demographic, obstetric, and neonatal characteristics of the cohort. Data are represented as
number and percentage, mean ± standard deviation, or median with interquartile range, as appropriate.

Population (n = 255)

Maternal age (years) 33 (29–36)

Non-Caucasian ethnicity 3 (1.2%)

Maternal pre-pregnancy BMI (kg/m2) 22 (20–24)

Nulliparous 122 (47.7%)

EFW percentile 50 (36–63)

GA at delivery 40+3 (39+1–40+5)

Birthweight (g) 3420 (3175–3645)

Male fetuses 133 (52.2%)
BMI, body mass index; EFW, estimated fetal weight; GA, gestational age.

Based on this cohort, we established the 5th, 10th, 50th, 90th, and 95th percentiles for
UV-Q, UV-Q/EFW, and UV-Q/AC for each gestational week, both combined (Table 3) and
sex-specific (Table S2).

Table 3. The 5th, 10th, 50th, 90th, and 95th percentiles for UV-Q, UV-Q/EFW, and UV-Q/CA at each
gestational week are represented. Sex-combined percentiles are represented.

UV-Q UV-Q/EFW UV-Q/AC

GA
(Weeks)

5th 10th 50th 90th 95th 5th 10th 50th 90th 95th 5th 10th 50th 90th 95th

20 28 31 45 60 64 92 101 137 174 51 0.19 0.21 0.30 0.41 0.44

21 36 40 57 75 80 95 103 139 178 66 0.21 0.24 0.35 0.47 0.51

22 45 50 69 92 98 97 105 140 181 95 0.24 0.27 0.39 0.53 0.57

23 55 60 83 109 117 99 106 141 183 112 0.27 0.30 0.43 0.59 0.63

24 65 71 97 128 136 99 106 141 184 132 0.29 0.33 0.48 0.64 0.70

25 76 82 112 147 156 98 105 139 182 154 0.32 0.36 0.52 0.70 0.75

26 85 93 129 165 175 96 103 136 177 176 0.34 0.38 0.55 0.75 0.81

27 95 103 140 182 194 93 99 131 171 198 0.36 0.41 0.59 0.80 0.86

28 104 113 154 200 212 89 95 126 163 220 0.38 0.43 0.62 0.84 0.91

29 112 122 167 217 230 84 91 121 154 241 0.40 0.45 0.65 0.88 0.96

30 120 131 181 234 248 80 87 116 147 261 0.42 0.47 0.68 0.92 1.00

31 127 140 194 252 267 76 83 111 140 281 0.44 0.49 0.71 0.96 1.04

32 135 149 208 270 286 73 80 108 135 300 0.45 0.51 0.73 0.99 1.07

33 142 158 222 289 307 70 77 104 131 319 0.47 0.53 0.76 1.03 1.11

34 148 166 235 307 328 67 74 101 127 337 0.48 0.54 0.78 1.05 1.14

35 153 173 247 326 349 64 71 98 124 355 0.49 0.55 0.80 1.08 1.17

36 157 178 258 344 369 60 67 94 121 371 0.50 0.57 0.81 1.1 1.19

37 159 182 267 360 389 55 62 91 119 385 0.51 0.58 0.83 1.12 1.21

38 158 184 274 376 409 50 57 87 117 397 0.52 0.59 0.84 1.14 1.23

39 156 183 279 389 428 45 53 83 115 406 0.53 0.60 0.86 1.16 1.25

40 150 181 282 402 446 39 48 80 113 415 0.54 0.60 0.87 1.17 1.27

41 143 176 283 412 464 34 43 76 111 422 0.54 0.61 0.88 1.19 1.29
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Overall, there was an increase in UV-Q and UV-Q/AC, while UV-Q/EFW showed a
decreasing trend (Figure 2).

Figure 2. The figure represents the percentiles for (a) umbilical vein blood flow volume (UV-Q);
(b) UV-Q normalized for estimated fetal weight (UV-Q/EFW); and (c) UV-Q normalized for abdominal
circumference (UV-Q/AC).

Comparison between Reference Range Values for UV-Q and UV-Q/EFW

A comparison was performed for the 14 manuscripts included in the systematic review
(Table 1) and the 15th set of data represented by our local cohort. Because the examined
gestational age interval was heterogeneous among the studies (Table 1), we decided to
consider a gestational age interval common to all studies (i.e., from 22+0 to 39+0 gestational
weeks). Since neither crude data nor confidence intervals were available to perform a
statistical comparison, all estimated curves were superimposed on a single plot in order to
detect graphical differences in relation to the gestational age (Figure 3).

Figure 3. The figure represents (a) absolute and (b) normalized-for-estimated-fetal-weight (EFW)
umbilical vein blood flow central values (UV-Q) from studies included in systematic review and
our set of data. Straight lines (−): studies investigating UV-Q at the intra-abdominal portion of the
umbilical cord; dashed lines (- -): studies investigating UV-Q at the free-floating portion of the umbilical
cord. Different colors represent the first author’s name and the year of publication [18,28,33–43].

The comparison among UV-Q and UV-Q/EFW central curves, including low-risk and
unselected populations both on IA and FF, is represented in Figures S2 and S3, while each
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author’s UV-Q and UV-Q/EFW central values are reported in relation to the gestational
age in Tables S3 and S4, respectively.

Figures 4 and 5 represent UV-Q and UV-Q/EFW central values only in low-risk
populations according to the UV sample site.

Figure 4. This figure represents umbilical vein blood flow volume (UV-Q) central values in low-risk
populations in studies that investigated UV-Q in the intra-abdominal (IA) portion of the umbilical
vein: (a) UV-Q absolute value; and (b) normalized for estimated fetal weight (UV-Q/EFW). Different
colors represent the first author’s name and the year of publication [34,35,39–43].

Figure 5. This figure represents umbilical vein blood flow volume (UV-Q) central values in low-risk
populations in studies that investigated UV-Q on the free-floating (FF) portion of the umbilical cord:
(a) UV-Q absolute value; and (b) normalized for estimated fetal weight (UV-Q/EFW). Different colors
represent the first author’s name and the year of publication [18,28,33,36,37,39,42].

In order to detect the deviations among available curves, we used our cohort as the
reference, and we computed z-scores for all UV-Q and UV-Q/EFW computed with the
same methodology (i.e., sampled at an FF portion of the UV and computed with the same
formulae) (Table 4). Figure 6 represents UV-Q and UV-Q/EFW central values in low-risk
populations sampled on an FF umbilical vein and computed with our same formula for
UV-Q [3,28,33].

Table 4. Standardized scores for umbilical vein blood flow volume (UV-Q) and UV-Q normalized for
estimated fetal weight (UV-Q/EFW) on free-floating umbilical vein calculated using our cohort as
the reference. Values in bold italics represent z-scores in the interval [−1, 1].

UV-Q UV-Q/EFW

GA
(Weeks)

Sutton
1990

Bellotti
2000

Boito
2003

Flo
2010

DeVore
2021

Wang
2021

GA
(Weeks)

Sutton
1990

Barbera
1999

Bellotti
2000

Flo
2010

DeVore
2021

22 −0.56 −1.92 −0.67 −0.25 −0.33 −0.34 22 0.32 −0.65 −0.79 −0.28 −0.56

23 −0.60 −1.36 −0.50 −0.18 −0.09 0.04 23 0.13 −0.45 −0.56 −0.25 −0.25

24 −0.68 −1.32 −0.50 −0.14 −0.04 0.21 24 0.07 −0.45 −0.52 −0.27 −0.17

25 −1.18 −2.10 −0.83 −0.24 0.00 0.48 25 0.13 −0.63 −0.74 −0.41 −0.18
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Table 4. Cont.

UV-Q UV-Q/EFW

GA
(Weeks)

Sutton
1990

Bellotti
2000

Boito
2003

Flo
2010

DeVore
2021

Wang
2021

GA
(Weeks)

Sutton
1990

Barbera
1999

Bellotti
2000

Flo
2010

DeVore
2021

26 −1.05 −1.85 −0.75 −0.19 0.07 0.56 26 0.21 −0.63 −0.79 −0.42 −0.17

27 −1.02 −1.80 −0.76 −0.13 0.13 0.67 27 0.39 −0.55 −0.69 −0.32 −0.05

28 −0.86 −1.57 −0.70 −0.08 0.14 0.68 28 0.40 −0.27 −0.37 −0.17 0.03

29 −0.69 −1.39 −0.63 −0.02 0.16 0.70 29 0.64 −0.21 −0.29 −0.12 0.08

30 −0.61 −1.39 −0.66 0.00 0.17 0.78 30 0.76 −0.04 −0.12 0.00 0.12

31 −0.53 −1.49 −0.75 0.05 0.19 0.98 31 1.07 0.14 0.05 0.10 0.14

32 −0.39 −1.55 −0.83 0.07 0.17 1.12 32 1.67 0.28 0.21 0.14 0.14

33 −0.14 −1.18 −0.68 0.07 0.07 0.95 33 1.09 0.29 0.25 0.12 0.04

34 0.10 −1.36 −0.84 0.13 0.04 1.23 34 1.55 0.50 0.44 0.11 0.00

35 0.43 −1.20 −0.80 0.18 0.00 1.30 35 1.72 0.58 0.64 0.12 −0.12

36 0.53 −0.69 −0.50 0.15 −0.03 0.91 36 1.33 0.54 0.58 0.08 −0.08

37 1.00 −0.68 −0.55 0.26 −0.04 1.20 37 1.42 0.64 0.68 0.08 −0.13

38 1.79 −0.63 −0.59 0.44 −0.07 1.67 38 1.89 0.89 1.00 0.11 −0.16

39 1.75 −0.27 −0.34 0.42 −0.04 1.35 39 1.67 0.87 1.00 0.09 −0.13

Figure 6. (a,b) Umbilical vein blood flow (UV-Q) 5th, 50th, and 95th percentiles, both (a) absolute
and (b) normalized for estimated fetal weight (UV-Q/EFW) computed with the same methodology
(i.e., on a free-floating loop of umbilical vein, in low-risk population, and with the same formula).
Different colors represent the first author’s name and the year of publication [3,28,33].
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4. Discussion

4.1. The Main Findings of the Study

We found a substantial heterogeneity among UV-Q and UV-Q/EFW central values
reported from 1990 to the present, selected by the robust standard procedures required
for systematic reviews. We report our reference ranges for UV-Q, UV-Q/EFW, and UV-
Q/AC, combined and sex-specific sampled at an FF UV portion. Part of the heterogeneity
seems to be attributable to the sampling site used to compute UV-Q. In fact, the reported
central values for the UV-Q sampled at FF UV portions were overall lower than those
sampled on IA portions. When UV-Q central values computed with the same methodology
as ours [28,33] were compared, there was an impressive overlap. Particularly, when
comparing exclusively studies in which UV-Q calculations were performed using the
same methodology [3,28,33] both in terms of population, sampling site, and formulae, we
found an impressive overlap in central values. At 22 and 39 weeks, UV-Q corresponded
to 66.6 ± 2.1 and 289.3 ± 20.5 mL/min, while UV-Q/EFW corresponded to 132.0 ± 6.2
to 87.7 ± 10.3 mL/min/kg, with an overall %err of 7%. These findings suggest that the
assessment of UV-Q, assessed with the same methodology, may be reproducible and
accurate, which opens a window of possible clinical applications.

4.2. Comment

Heterogeneity among reference ranges used in perinatology is not a novelty [44], and it
has been reported for fetal biometry, Doppler velocimetry, and birthweight [44–46]. Reasons
behind this heterogeneity are numerous and are beyond the scope of this manuscript.
Despite the reported heterogeneity, most of these are used for clinical management in
everyday practice.

Our systematic review highlights substantial differences among available reference
charts for UV-Q and UV-Q/EFW that might be referred to various technological and
methodological discrepancies. Some of the heterogeneity may be also related to the study
design; most studies are cross-sectional [3,18,28,34,36–43], while relatively fewer are lon-
gitudinal studies [33,35]. Moreover, part of the heterogeneity seems to be related to the
sampling site. UV-Q sampled at the IA portion of the UV showed greater values than
those sampled at the FF portion and a greater dispersion among the reported values. The
values reported in the low-risk population for UV-Q and UV-Q/EFW sampled at the
IA portion are 80 ± 31 mL/min and 330 ± 112 mL/min at 22 weeks of gestation, and
125 ± 55 mL/min/kg and 73 ± 22 mL/min/kg at 39 weeks of gestation (%err of 36%),
respectively [34,35,39–43]. These values sampled at the FF portion, at 22 and 39 weeks of
gestation, are 62 ± 8 mL/min and 304 ± 63 mL/min for UV-Q and 130 ± 10 mL/min/kg
and 93 ± 18 mL/min/kg for UV-Q/EFW (%err of 15%), respectively [18,28,33,36,37,39,42].
Part of the heterogeneity might also be attributed to the different sample sizes of the studies
and different statistical procedures used to assess the central values and their percentiles.

4.2.1. Methodology

Theoretically, the blood flow measured through the UV should be parabolic, regardless
of the measurement site. However, in practice, this concept does not apply, while it has
been shown that the velocity distribution coefficient changes according to the sampling
site [47], affecting the evaluation of UV-Q. Thus, the choice of the sampling site is important
and should be made a priori in order to make the results comparable. The preference of IA
over the FF sampling site, and vice versa, has some argumentations. The main advantage
of using the IA portion is its fixed location, thus making the reproducibility of the sampling
site apparently easier. The angle of insonation is of crucial importance for the accurate
measurement of UV-Q, and it should be maintained close to 0◦ for precise flow velocity
evaluation. Fixed fetal position, bone shadowing, and other technical aspects, especially
toward term, might represent an important obstacle of IA evaluation. In addition, flow
velocity at the umbilical inlet is affected by possible turbulences caused by the umbilical
ring and the change of diameter along the amniotic portion to the intra-hepatic portion of
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the vein. These are easily overcome by UV-Q assessment at the FF portion. On the other
side, due to its length and mobility, doubts have been raised regarding the reliability of
repeated measurements from the FF portion [48].

Despite the difficulties in standardizing the sampling site, measurements obtained
at the FF portion proved to be reproducible, especially when performed far from the
placental insertion [2,3]. The use of the FF portion of the umbilical cord for UV-Q mea-
surement has been validated by Galan et al. [49] in an animal model and more recently
by Figueras et al. [19], thus being a candidate for methodological recommendation. Sam-
pling at the UV FF portion has another advantage. UV-Q is a measure based on the
formula: UV-Q = CSA × mean velocity × 60, where flow is expressed in mL/min, the
CSA is the cross-sectional area expressed in mm2, and the mean velocity is computed
as mm/s. When UV-Q is evaluated at the FF portion, it is also possible to evaluate the
CSA directly [32,37] or indirectly from the measurement of the diameters [3,6] through
the formula: CSA = π × (diameter/2)2. The radius-squared itself represents a source of
inaccuracy, as any error in its measurement is squared and amplified. To minimize this
error, it is recommended to use an average of 3 to 5 successive measurements on a straight
segment of the UV [50].

Moreover, ultrasound software extracts the mean velocity from the instantaneous
Doppler shift analysis as an intensity-weighted mean velocity (IVmean). This creates a
second source of inaccuracy, especially when peak velocities are relatively slow (14–18 cm/s
from 20 to 38 weeks of gestation). The ideal flow model is a perfect parabolic flow uniformly
distributed in the lumen of vessel. The mean velocity can be calculated by adding a
correction coefficient which considers the ideal flow shape in the CSA, thus using the
following formula:

mean velocity = TAMXV × 0.5

Consequently, it is not only the sampling site that is relevant but the whole method-
ology that allows the calculation of the blood flow volume, which also depends on the
ultrasound equipment.

4.2.2. Experimental Research

In vivo models have been used for assessing the accuracy of umbilical vein blood flow.
Doppler measurements of umbilical venous blood flow have been found to be accurate
when compared with several gold standards for in vivo flow calculation. The simple
“diameter-peak velocity × 0.5” methodology was applied to two veins of fetal lambs versus
historical measurements of flow obtained with invasive techniques [3]. Gestational ages and
fetal weights were not different between the animals studied (129.6 ± 2.8 days, 2.75 ± 0.26 kg,
respectively) and the steady-state data (131.6 ± 4.1 days, 2.94 ± 0.68, respectively). A study
by Galan et al. [48] was then performed in an ovine model [48]. Their results showed that
umbilical venous blood flow volume determined by triplex-mode ultrasonography differed
by less than 1% from the true flow measurement obtained by the steady-state diffusion
technique (207 ± 9 vs. 208 ± 7 mL/min/kg).

4.3. Strengths and Limitations of the Study

We used the best available methodology and predefined protocol to perform this
systematic review, allowing for an objective quality evaluation of the studies. We aimed
to perform an objective comparison and to quantify the differences among the reported
reference ranges, but the lack of some crucial statistical data made this evaluation not
feasible. This is the rationale behind the decision to use our data as a reference point and to
express the distance between the curves in terms of z-scores instead of performing only
a visive, subjective evaluation. It has to be acknowledged that the calculation involved
values derived from different estimation methods for the construction of the curves (i.e.,
best fits, median, or mean). For these reasons, these z-scores should be carefully evaluated.
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The fact that we used our cohort as the reference point made the comparison with UV
reference ranges obtained on the IA portion impossible. Thus, our conclusions are mainly
related to the UV-Q assessment on the UV FF portion.

Similarly to other authors [3,28,33], we provided an automatic UV-Q and UV-Q/EFW
calculator as well as respective z-scores and percentiles for specific gestational weeks.

5. Conclusions

The measurement of UV-Q defines the blood flow volume delivered from the placenta
to the fetus. The clinical value of UV-Q in understanding fetal adaptation to poor oxygena-
tion and hypo-nutrition seems intuitive. However, its application, both in research and
clinical settings, is still underestimated, mainly due to the concerns and criticisms regarding
the measurement accuracy and reproducibility [16]. Our data suggest that when the same
methodology is used for the UV-Q calculation, reproducible values may be obtained in line
with other studies [19,32,37]. These findings should encourage further investigation on the
potential role of UV-Q.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12093132/s1. Figure S1. Risk of bias author’s judgement
review based on Quality Assessment of Diagnostic Accuracy Studies Tool (QUADAS). (a) Risk
of bias in each domain are presented as percentages across included studies. Green, low risk of
bias; red, high risk of bias; yellow, some concerns of bias; blue, unclear risk of bias. (b) Concerns
regarding applicability. Figure S2: The Figure represents umbilical vein blood flow volume (UV-Q)
central values in low-risk and general population in studies that investigated UV-Q in an intra-
abdominal (IA) portion of the umbilical vein: (a) UV-Q absolute value; and (b) normalized for
estimated fetal weight (UV-Q/EFW). Different colors represent the first author’s name and the year
of publication [34,35,38–43]. Figure S3: The Figure represents umbilical vein blood flow volume
(UV-Q) central values in low-risk and general population in studies that investigated UV-Q on a
free-floating (FF) portion of the umbilical cord: (a) UV-Q absolute value; and (b) normalized for
estimated fetal weight (UV-Q/EFW). Different colors represent the first author’s name and the year
of publication [3,18,28,33,36,37,39,42]. Table S1. Literature search strategy in Pubmed and Scopus.
Table S2. The Table represents the 5th, 10th, 50th, 90th and 95th sex-specific percentiles for umbilical
vein blood flow volume (UV-Q), UV-Q normalized for estimated fetal weight (UV-Q/EFW) and
UV-Q normalized for the abdominal circumference (UV-Q/AC) from our local cohort. Table S3. The
Table represents the central values for umbilical vein blood flow volume (UV-Q) of each manuscript
included in this systematic review. Table S4. The Table represents the central values for umbilical vein
blood flow volume normalized for estimated fetal weight (UV-Q/EFW) of each manuscript included
in this systematic review.
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Abstract: Introduction: Body stalk anomaly is a severe defect of the abdominal wall, characterized
by the evisceration of abdominal organs and, in more severe cases, thoracic organs as well. The
most serious condition in a body stalk anomaly may be complicated by ectopia cordis, an abnormal
location of the heart outside the thorax. The aim of this scientific work is to describe our experience
with the prenatal diagnosis of ectopia cordis as part of the first-trimester sonographic screening for
aneuploidy. Methods: We report two cases of body stalk anomalies complicated by ectopia cordis.
The first case was identified during a first ultrasound examination at 9 weeks of gestation. The
second was identified during an ultrasound examination at 13 weeks of gestation. Both of these
cases were diagnosed using high-quality 2- and 3-dimensional ultrasonographic images obtained
by the Realistic Vue and Crystal Vue techniques. The chorionic villus sampling showed that the
fetal karyotype and CGH-array were both normal. Results: In our clinical case reports, the patients,
immediately after the diagnosis of a body stalk anomaly complicated by ectopia cordis, opted for
the termination of pregnancies. Conclusion: Performing an early diagnosis of a body stalk anomaly
that is complicated by ectopia cordis is desirable, considering their poor prognoses. Most of the
reported cases in the literature suggest that an early diagnosis can be made between 10 and 14 weeks
of gestation. A combination of 2- and 3-dimensional sonography could allow an early diagnosis
of body stalk anomalies complicated by ectopia cordis, particularly using new ultrasonographic
techniques, the Realistic Vue and the Crystal Vue.

Keywords: body stalk anomaly; malformation; ultrasound; ectopia cordis

1. Introduction

Body stalk anomaly is a congenital abnormality of the abdominal wall, depending
on the evisceration of abdominal organs and, in more complicated clinical cases, thoracic
organs. This anomaly is usually characterized also by kyphoscoliosis and by a defect of
the umbilical cord, which is usually short or not present [1]. This pathological condition
could also be related to neural tube anomalies, genital and urinary abnormalities, chest
wall defects, bowel atresia, and craniofacial defects. The most serious condition in a body
stalk anomaly may be complicated by ectopia cordis, an abnormal location of the heart
outside the thorax. The wide number of phenotypes reported in the scientific literature
has allowed the use of different medical terms to define this congenital pathology, such as
“amniotic band syndrome” or “short umbilical cord syndrome” [2].

The possible causes of a body stalk anomaly include early amnion rupture with direct
mechanical pressure and amniotic bands, vascular disruption of the early embryo, or an
abnormality in the germinal disk.

Body stalk anomaly is a rare congenital defect with an incidence rate of 1 in 14,000 to 1
in 31,000 pregnancies, according to large epidemiologic data. In a scientific work published
in the last few years, based on the evaluation of 106,727 fetuses between 10 and 14 weeks
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of gestational age, the rate is approximately 1/7500 pregnancies, considering the elevated
incidence of miscarriages related to this condition [3,4].

Although in the scientific literature there are many works on body stalk anomalies with
a diagnosis performed in an advanced stage of pregnancy, studies about diagnosis between
10 and 14 weeks of gestational age are still few [5,6]. This study was based on the evaluation
of the sonographic characteristics of this infrequent abnormality in the first three months of
pregnancy using 2-dimensional (2D) and 3-dimensional (3D) sonography. We present the
prenatal diagnosis and management of two cases of body stalk anomaly complicated by
ectopia cordis, large abdominal wall defects, limb deformities, kyphoscoliosis, spina bifida,
and acrania in the first trimester: the first case at 10 weeks of gestation and the second at
13 weeks of gestation.

The purpose of this scientific work is to describe our clinical experience with the
prenatal diagnosis of ectopia cordis in routine sonographic screening performed in the first
three months of pregnancy for the risk of chromosomal abnormalities. The description of
the case reports was performed following the CARE criteria (https://www.care-statement.
org/checklist (accessed on 30 December 2022). The study protocol was approved by the
Ethics Committee of the ARNAS Garibaldi Hospital and conformed to the ethical guidelines
of the Helsinki Declaration. The women signed informed consent before entering the study,
and their anonymity was preserved.

The ultrasonographic images and video were obtained by a Samsung Hera W10
ultrasound, and the high-quality 2D and 3D images were obtained by Realistic Vue and
Crystal Vue techniques.

REALISTIC VUE allows a high-resolution 3D visualization of anatomical details with
extremely realistic depth perception. The direction of the light source can be selected
by the operator, creating graduated shadows that allow better definition of the different
anatomical structures.

CRYSTAL VUE is a 3D rendering software that helps locate fetal morphological anoma-
lies through intuitive visualization of internal and external structures. Its diffusion is due to
the progress made in terms of the quality of images, technologies, and ease of use. Crystal
Vue is one of the most modern volumetric rendering technologies that retains the context
and surface information of 3D ultrasound. This new method facilitates differentiation
between soft tissue contours and anatomical structures with automatic settings in order
to obtain optimal images in complex situations. Crystal Vue also displays the internal
and external structures and provides additional information to enable detailed anatomical
evaluation and the diagnosis of anomalies. It can also be activated in combination with the
color doppler mode.

2. Cases Description

2.1. Case Report 1

A 25-year-old woman was referred for an ultrasound scan at 9 weeks of gestation.
There was no relevant medical history, and she was taking no medication. There

were no teratogenic risk factors in the clinical history of the woman. It was her second
pregnancy, and her first pregnancy was uneventful. The ultrasound scan showed a normal
fetal crown-rump length and a not-normal site of the inferior part of the embryo in the
coelomic cavity, and there were multiple fetal abnormalities. The abnormal findings were
an anterior thoracoabdominal wall defect containing liver and bowel, ectopia cordis, severe
kyphoscoliosis, deformed lower limbs, a spina bifida, and an acrania with exencephaly.
All these findings were compatible with the diagnosis of a body stalk anomaly compli-
cated by ectopia cordis. The umbilical cord was also located extra-amniotically but had a
normal length.

Realistic Vue and Crystal Vue ultrasonographic techniques allow an early diagnosis
of this pathological condition at 9 weeks of gestation, but to confirm this diagnosis, the
woman was scheduled for a second ultrasound scan at 11 weeks of gestation (Figure 1).
Unfortunately, we do not have any images of the first ultrasound scan, performed at
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9 weeks of gestation, but only images of the second ultrasound scan. The ultrasound
findings at 11 weeks of gestation confirmed the abnormal aspects evaluated at 9 weeks.
The Realistic Vue and Crystal Vue ultrasonographic techniques were extremely useful to
achieve this diagnostic objective because they allowed an accurate visualization of internal
and external structures of the thoracoabdominal wall.

 

Figure 1. 3D Image of case report 1 at 11 weeks.

Chorionic villus sampling showed that the fetal karyotype and CGH-array were both
normal. Considering that this malformation was not compatible with life, the patient
decided to plan the termination of her pregnancy.

After the procedure, the embryo and the placenta were sent to the department of
pathology, which showed these morphologic characteristics: a non-normal cephalic ex-
tremity with acrania and rachischisis, regular upper limbs, no presence of the right leg,
the left leg bent toward the chest, and an abnormal omphalocele in which there was the
presence of the bowels and liver. The placenta measured 5 × 4 cm. The umbilical cord was
positioned anteriorly, characterized by a central insertion and a short length of 2 cm and
0.3 cm diameter, wrapped by amniotic membranes that trapped the fetus. The fetus was
affected by a severe malformation and showed the presence of ectopia cordis, with a heart
outside the thorax. There was an important anomaly of the anterior and lower thoracic
walls and the abdominal wall, with an external presence of the bowel, spleen, and liver
(Figure 2).

2.2. Case Report 2

A 43-year-old woman was referred for routine sonographic screening for chromosomic
abnormalities at 13 weeks of gestational age. It was her third pregnancy, and her previous
pregnancies were uneventful. There was no relevant medical history, and she was taking
no other medication.

The ultrasonographic findings by Realistic Vue image (Figures 3 and 4) and Crystal
Vue image (Figure 5) at 13 weeks (Supplementary File: Video S1) showed a regular crown-
rump length (CRL) of 4 cm and multiple fetal abnormalities. The combination of defects
was represented by a large skull and brain defect, an anterior thoracoabdominal wall defect,
a heart pulsating outside the thorax, severe kyphoscoliosis and deformed lower limbs,
a liver directly attached to the placenta without an interposed umbilical cord, increased
distortion of the spine, a separation between the celomatic and amniotic cavities, and a
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short umbilical cord. All these abnormalities were compatible with the diagnosis of a body
stalk anomaly.

 

Figure 2. Macroscopic pathological examination of case report 1 at 11 weeks.

 

Figure 3. Realistic Vue image of case report 2 at 13 weeks.
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Figure 4. Realistic Vue image of case report 2 at 13 weeks.

 
Figure 5. Crystal Vue image of case report 2 at 13 weeks.

The chorionic villus sampling showed that the fetal karyotype and CGH-array were
both normal.

Considering that this diagnosis was considered to be incompatible with life, the patient
decided to proceed with a termination of pregnancy.

The embryo and the placenta were sent to pathology; the embryo showed exencephaly,
severe kyphoscoliosis, increased distortion of the spine, defects of the neural tube, ectopia
cordis, and deformed lower and upper limbs (Figure 6).
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Figure 6. Macroscopic pathological examination of case report 2 at 13 weeks.

3. Discussion

In our scientific work, we described our experience with two cases of prenatal diagno-
sis of a body stalk anomaly complicated by ectopia cordis during a routine sonographic
screening for chromosomic abnormalities in the first trimester. A body stalk anomaly is
defined as a pathological congenital condition of multiple abnormalities, which are, in most
of the reported scientific cases, not compatible with life. As described above, this condition
should be suspected when a large abdominal defect is observed and is associated with
other abnormalities in the axial skeleton, such as kyphosis or scoliosis, or a short or absent
umbilical cord. Body stalk defects could be detected by ultrasound at the end of the first
trimester of pregnancy.

This congenital syndrome has an incidence rate of 1/14,000 to 1/31,000 pregnancies.
In a recent multicenter scientific study performed by Daskalakis et al. [3] there was a rate
of 1/7500 pregnancies. This big difference in the incidence rates could be related to the
high rate of miscarriages associated with body stalk anomalies, which could not allow a
diagnosis during the first trimester of pregnancy; therefore, the exact incidence rate might
be underestimated [6–12].

Van Allen et al. described this syndrome for the first time in 1987 [1], and they
mentioned three essential features:

- Exencephaly, or facial clefts, or encephalocele;
- Thoraco or abdominoschisis;
- Limb defects.

In the study of Van Allen et al. “body stalk anomaly” is defined as a defect of
embryonic blood flow in the first phases of embryonic development, between 4 and 6
gestational weeks. This condition determines a defect in the ventral wall’s closure and
maintains the coelomic cavity’s persistence. The clinical evaluation that found cocaine
abuse could raise the risk of a body stalk anomaly confirms this etiopathogenetic theory of
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vascular impairment [13]. Furthermore, another study proposed as an etiopathogenetic
defect an early failure of fetal folding along the cephalic, lateral, and caudal axes [4]. In
the scientific literature, body stalk anomaly is represented as two distinct phenotypes: the
“placenta-cranial” phenotype, where cranial abnormalities and cranio-placental attachment
are the main signs, and the “placenta-abdominal” phenotype, where the lower part of
the fetus is sited within the not-obliterated extraembryonic cavity [14]. Our case reports
describe placenta-abdominal phenotypes.

The actual mechanism, however, remains unclear. In most of the described cases, the
karyotypes of the affected fetuses have been completely normal, and only in two cases have
there been chromosomal abnormalities associated with uniparental disomy of chromosome
16 and with a trisomy of chromosome 2 [15]. This is probably due to confined placental
mosaicism. Hence, what is known about the defects of the body stalk is that environmental
and genetic factors play an important role in the pathophysiology of this complex and
poorly understood condition.

In a review of 11 cases of body stalk anomaly by Smrcek et al. [4], four cases (36%) were
complicated by ectopia cordis. On the other hand, two (50%) of four cases of ectopia cordis
were associated with a body stalk anomaly, as was seen in a review by Sepulveda et al. [5].
Ectopia cordis is another pathological congenital condition with a complete or partial shift
of the heart outside the thorax. The etiopathology of ectopia cordis is represented by a stop
in the heart’s infolding, which normally occurs after four weeks of pregnancy [14]. Ectopia
cordis is subdivided into four types following the site of the heart [14]:

- Cervical (3% of cases);
- Thoracic (60% of cases);
- Thoracoabdominal (7% of cases);
- Abdominal (30% of cases).

The outcome of this condition is unfavorable due to intracardiac and extracardiac
structural anomalies. Although usually the diagnosis is easy and clear and could be made
at 10 weeks of gestational age, cases of thoraco-abdominal ectopia cordis could be difficult
to diagnose if only the apex of the heart is extra-thoracic, and visualization is hindered by
extruded abdominal organs [16–20].

Considering the increasing quality of first trimester ultrasonographic evaluation as a
screening tool for aneuploidy in current clinical practice, it is reasonable to expect that most
cases of ectopia cordis will be diagnosed at an early gestational age. For this reason, several
cases describing the diagnosis before 14 weeks of gestational age have been reported in the
scientific literature, but most of them are only isolated case reports [21–25].

An appropriate ultrasound scan of the first trimester with the right measurement of
the crown-rump length should make a diagnosis of all cases of body stalk anomaly between
11 and 13 weeks of pregnancy [22]. A final diagnosis should exclude the following differ-
ential congenital pathological conditions: omphalocele, gastroschisis, vesical exstrophy,
Cantrell pentalogy, amniotic band syndrome, Beckwith-Wiedemann syndrome, and the
OEIS complex.

In our scientific work, we did not find any signs that could be related to environmental
exposure to teratogens. However, in some case series described in scientific literature, it
has been demonstrated that 50% of pregnant women with a fetal diagnosis of a body stalk
anomaly smoke cigarettes or drink alcohol, and 30% of them smoke marijuana [24]. In our
clinical cases, we also found that the fetal karyotype and CGH-18 array were both normal;
these findings confirmed that the pathogenetic basis of these syndromes is not genetically
based but rather a disruption.

The advantages of 3D ultrasound are its multiplanar and surface-rendering modalities.
The multiplanar view helps the sonographer better correlate the anomaly in the three
orthogonal planes simultaneously, providing more details. Then, the surface mode could
provide a “sculpture-like” picture that could be rotated in all directions, allowing inspection
from different angles. In this study, 2D ultrasound combined with 3D ultrasound showed
more detailed features than 2D ultrasound alone.
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The strength of our work is the description of two rare cases of body stalk anomaly
complicated by ectopia cordis using new ultrasonographic techniques, the REALISTIC VUE
and the CRYSTAL VUE, which could allow diagnosis of these malformations in an early
stage of pregnancy with high accuracy. The knowledge of body stalk anomaly aetiology
may guide the sonographer to carry out a diagnosis at an early stage and to eventually
prevent a recurrence.

The main limitation of our work is related to the descriptions of only two case reports;
in the scientific literature, the main limitation of this pathological condition is represented
by the heterogeneity of the description of its features, based mainly on the report of single
case reports. Further research on this topic is needed.

4. Conclusions

Body stalk anomaly is a congenital pathological condition with uncertain etiopathogen-
esis, uncertain pathophysiology, and an uncertain incidence rate. In the scientific literature,
most of the reported clinical cases described an early diagnosis performed between 10 and
14 weeks of gestation; in our first case report, the diagnosis of a body stalk anomaly compli-
cated by ectopia cordis was suspected earlier, at nine weeks of pregnancy, thanks to the
use of 2- and 3-dimensional Sonography, particularly by new ultrasonographic techniques,
the Realistic Vue and the Crystal Vue. This could represent an important turning point in
the diagnosis of this pathological congenital syndrome because it could allow knowing
the fetus’s condition early and giving appropriate counseling to the parents and prompt
management to the physicians.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12051896/s1, Video S1. (Body stalk anomaly by Crystal Vue
sonographic imaging).
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