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Preface

The field of obstetrics and gynecology stands at a pivotal moment, where the convergence of basic

scientific research and clinical innovation is unlocking new opportunities to transform women’s health.

“Obstetrics and Gynecology Medicine: From Bench to Bedside” arises from a growing recognition of

the need to bridge the divide between laboratory discoveries and clinical application. This volume

reflects the dynamic evolution of reproductive healthcare and our collective commitment to translating

scientific insights into meaningful patient outcomes.

In recent decades, remarkable progress has been made in understanding the intricate biology

underlying reproductive function, pregnancy, and gynecologic disorders. Advances in molecular

genetics, immunology, and biotechnology have deepened our understanding of complex conditions

such as endometriosis, polycystic ovarian syndrome, infertility, and pregnancy-related complications.

Yet, despite these strides, many challenges remain. The isease mechanisms are not fully understood,

outcome predictions are often imprecise, and truly personalized treatment strategies remain an

aspirational goal.

This reprint brings together a diverse and distinguished group of contributors, researchers and

clinicians, who are leading the way in innovating obstetrics and gynecology. The chapters cover a

broad spectrum of topics, ranging from foundational research to clinical trials and emerging therapies.

Our aim is to present not only the current state of knowledge but also the ongoing challenges and

future directions in the field.

By emphasizing both scientific rigor and clinical applicability, we hope to inspire a more integrated

approach to research and care. We also hope that this volume will be a valuable resource for clinicians,

researchers, and students who share a commitment to advancing women’s health.

We extend our heartfelt thanks to all the contributors for their insights and dedication, and to

our readers for joining us on this journey toward a more evidence-based, patient-centered future in

obstetrics and gynecology.

Stefano Canosa and Anna Maria Nuzzo

Guest Editors
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Editorial

Obstetrics and Gynecology Medicine: Go from Bench to
Bedside
Stefano Canosa 1,* and Anna Maria Nuzzo 2

1 IVIRMA Global Research Alliance, LIVET, 10126 Turin, Italy
2 Department of Surgical Sciences, Gynecology and Obstetrics 2, City of Health and Science-S. Anna University

Hospital, University of Turin, 10126 Turin, Italy; a.nuzzo@unito.it
* Correspondence: s.canosa88@gmail.com

1. Recalling the Special Issue Aims and Scope
As we reach the conclusion of this Special Issue, Obstetrics and Gynecology Medicine:

Go From Bench to Bedside, it is evident that the dynamic intersection between basic science
and clinical practice continues to drive the evolution of care in women’s health. Over
the last few decades, we have witnessed remarkable advancements in the understanding
of reproductive biology, pregnancy complications, and gynecologic disorders. From the
molecular mechanisms underlying endometriosis to breakthroughs in fertility preserva-
tion, these developments have reshaped the landscape of obstetrics and gynecology. Yet,
despite significant strides, there remain critical gaps in our knowledge. We continue to
face challenges in understanding the full etiology of many common conditions and how
to treat them. Consequently, translating discoveries from the laboratory into widespread
clinical applications remains a persistent obstacle, hindering the development of personal-
ized treatments for patients. This Special Issue has sought to address some of these gaps
by highlighting cutting-edge research that bridges the divide between basic science and
clinical application. Through a curated collection of studies, we have explored innova-
tive approaches in areas such as diagnoses, obstetrics, gynecological cancers, placental
pathology, pregnancy loss, and assisted reproduction. These contributions underscore the
importance of collaborative, interdisciplinary research in shaping the future of obstetrics
and gynecology.

2. An Overview of Published Articles
The contributions to this Special Issue are listed in the section List of Contributions and

are hereafter briefly overviewed.
The first contribution, from Elekes T et al. (Contribution 1), assessed the learning

curve and the effectiveness of first-trimester fetal cardiovascular ultrasound screenings,
providing that the curve may reach as high as 90% in terms of major congenital heart
defects from an unselected pregnant population.

The second contribution, from Guerra de Melo I et al. (Contribution 2), investigated
the impact of endothelial dysfunction (ED)-related genes and single-nucleotide polymor-
phisms (SNPs) on ovarian cancer (OC)-related venous thromboembolism (VTE) and patient
thrombogenesis-independent prognosis. The authors observed that NOS3 upregulation
was linked to lower VTE incidence, while SELP upregulation was associated with shorter
overall survival. Dismissing patients with VTE before OC diagnosis, SELP rs6136 T allele
carriers presented lower progression-free survival.

The third contribution, from Rolfo A et al. (Contribution 3), investigated the impact
of COVID-19 vaccination on third-trimester placental antioxidant defense markers. They

Life 2025, 15, 233 https://doi.org/10.3390/life15020233
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observed that SARS-CoV-2 infection induced placental oxidative stress (OxS), which is
countered by a placental adaptive antioxidant response. Vaccination during pregnancy
enhanced the placental defense, further supporting the safety and benefits of the COVID-19
vaccination in preventing complications and protecting fetal development.

The fourth contribution, from Cimadomo D et al. (Contribution 4), applied artificial
intelligence to time-lapse microscopy to picture the association between embryo and inner-
cell-mass (ICM) area, the ICM/Trophectoderm ratio, and the zona pellucida thickness at
sequential blastocyst expansion stages, with (i) euploidy and (ii) live-birth per transfer. A
quantitative standardized expansion assay (qSEA) was developed, outlining that faster
and more consistent zp thinning processes can be observed among euploid blastocysts
implanted versus not implanted blastocysts. qSEA can represent a promising objective,
quantitative, and user-friendly strategy to predict embryo competence.

A fifth contribution, from Coca R et al. (Contribution 5), evaluated the status of HER2
overexpression among new cases of breast neoplasia with an impact on the natural history
of breast cancer disease and therapeutic personalization according to staging. Anti-HER2
therapy in any therapeutic stage has shown increased efficiency in blocking tyrosine kinase
receptors, evidenced by the high percentage of complete pathological responses, as well as
the considerable percentage of complete remissions and stationary disease, in relation to
the HER2-positive patient group.

A sixth contribution, from Cheng C et al. (Contribution 6), aimed to determine whether
diabetes mellitus (DM) increases the risk of pregnancy loss and to identify other potential
risk factors. The study concluded that DM together with older age, gynecological disorders,
and inflammation disorders represent factors for greater risk of experiencing pregnancy
loss. Healthcare providers should proactively manage and educate diabetic patients to
reduce their risk of pregnancy loss.

A seventh contribution, from Delgado-Miguel C et al. (Contribution 7), aimed to deter-
mine the diagnostic value of clinical, ultrasound, and inflammatory laboratory markers in
pediatric ovarian torsion (OT). It was established that the neutrophil-to-lymphocyte ratio
(NLR) can be considered as a useful predictor of pediatric OT in cases with clinical and
ultrasound suspicion. Values above 2.57 may help to anticipate urgent surgical treatment
in these patients.

An eighth contribution, from Vrachnis D et al. (Contribution 8), investigated the asso-
ciations of the amniotic fluid angiotensinogen of the renin–angiotensin system with fetal
growth abnormalities. Multiple regression analysis revealed a statistically significant nega-
tive correlation between the angiotensinogen levels and gestational age and a statistically
significant positive correlation between the birth weight and angiotensinogen levels. These
findings suggest that fetal growth abnormalities did not correlate with differences in the
amniotic fluid levels of angiotensinogen in early second-trimester pregnancies. However,
increased angiotensinogen levels were found to be consistent with a smaller gestational
age at birth and increased BMI of neonates.

A ninth contribution, from Xue Y et al. (Contribution 9), aimed to establish an early-
onset pre-eclampsia prediction model by clinical characteristics, risk factors, and routine
laboratory indicators from pregnant women at 6 to 10 gestational weeks. They observed that
the performance of 12 clinical risk factors alone (among them, rates of diabetes, antiphos-
pholipid syndrome (APS), kidney disease, obstructive sleep apnea (OSAHS), primipara,
history of pre-eclampsia, and assisted reproductive technology (ART)) in predicting early-
onset PE is poor, and the performance significantly improved when combing risk factors
with the other 38 routine laboratory indicators. The support vector machine (SVM) model
showed the best AUCROC, specificity, and sensitivity compared with a logistic regression
model and decision tree model.
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A tenth contribution, from Subramaniam V et al. (Contribution 10), aimed to determine
the adverse maternal and fetal outcomes due to COVID-19 infection. Comparing early vs.
severe stages of COVID-19 infection, it was shown that the severe-stage disease increased
the risk of preterm birth and preterm birth before 34 weeks. The severe-stage disease also
increased the Neonatal Intensive Care Unit (NICU) admission with lower birth weight.
Moreover, the unvaccinated mothers had an increased risk of preterm birth before 34 weeks.

An eleventh contribution, from Dicu-Andreescu I et al. (Contribution 11), reviewed
cases of abdominal parietal metastasis in recent decades, including a new case of a 4.5 cm
abdominal parietal metastasis at the site of the scar of the former drain tube 28 months
after the diagnosis of stage IIB cervical cancer (adenosquamous carcinoma), treated by
external radiotherapy with concurrent chemotherapy and intracavitary brachytherapy and
subsequent surgery (type B radical hysterectomy). The discussion explored the potential
pathways for parietal metastasis and the impact of incomplete surgical procedures on the
development of metastases.

A twelfth contribution, from Jung L et al. (Contribution 12), performed a literature
search on cervical carcinoma and its relation to HPV infection. The diagnosis, the presence
of HPV, and its role in cancer screening, together with the detection of new therapeutic
options, were assessed across the history to continuously optimize cervical carcinoma
diagnosis and treatment.

A thirteenth contribution, from Enache I et al. (Contribution 13), aimed to review the
most relevant studies based on deep learning in ultrasound anomaly scan evaluation of the
most complex fetal systems (heart and brain), which enclose the most frequent anomalies.
AI can provide a more accurate and efficient method for identifying and diagnosing fetal
anomalies, offering a promising avenue for future improvements in fetal healthcare.

A fourteenth contribution, from Flore A et al. (Contribution 14), describes the different
types of hydatidiform moles and their subsequent mechanisms, which is useful to calculate
the recurrence risk and estimate the method of progression to a malign form. This review
synthesizes the heterogeneous mechanisms and their implications in genetic counseling.

A fifteenth contribution from Bartolacci A et al. (Contribution 15), provides a com-
prehensive review and proposed literature score of the effects of chemical and physical
parameters on embryo developmental competence. Particularly, a prevalence of studies
suggested a favor of the embryo culture performed at 37 ◦C and 5% oxygen.

A sixteenth contribution from Kovács BP et al. (Contribution 16), developed a 70 min
full body “reproductive gymnastics”, including strengthening, stretching, and relaxation
exercises combined with yoga-inspired moves and diaphragmatic breathing with med-
itation elements to activate the parasympathetic pathway and stress relief. In this way,
fertility can be improved through the combination of natural supplements and our targeted,
moderate physiotherapy program in women with an age-related decline of ovarian reserve.

A seventeenth contribution, from Vida B et al. (Contribution 17), represents a system-
atic review and meta-analysis protocol aiming to provide insights into the optimal sentinel
lymph node (SLN) detection method with potential implications for clinical practice guide-
lines in vulvar cancer management.

An eighteenth contribution, from Psomiadou V et al. (Contribution 18), is a systematic
review suggesting that solitary mediastinal metastasis from ovarian cancer is a very rare
condition. Physicians should pay close attention when routinely evaluating thoracic scans
from patients with ovarian malignancy as well as individualizing the management in such
patients, since surgical resection can also be performed.

3
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3. Discussion
Recent advances in translational research in obstetrics and gynecology have sig-

nificantly impacted clinical practice, improved patient care, and introduced innovative
approaches in the treatment of various conditions. Translational research plays a crucial
role in bridging the gap between laboratory discoveries and their practical application in
clinical settings. The rapid development of new diagnostic tools, therapeutic strategies,
and improved clinical outcomes in this field can be attributed to the synergy between
academic research and clinical practice, often supported by collaborations between public
and private institutions.

3.1. Recent Developments

Research has led to a better understanding and treatment of gynecological cancers,
including ovarian, cervical, and endometrial cancers. New therapies that target specific
molecular pathways are improving treatment outcomes and minimizing side effects. The
integration of targeted therapies and immunotherapies has been a notable achievement,
especially for advanced cancers. Personalized medicine, based on genetic profiling, is
another example where research has been translated into more effective, individualized
treatment plans [1]. Research into the molecular mechanisms behind conditions linked
to placental pathology has provided insights into potential diagnostic biomarkers and
novel therapeutic approaches. For instance, the identification of specific biomarkers that
could predict the onset of pre-eclampsia earlier allows for timely interventions that im-
prove maternal and fetal outcomes [2]. The discovery of new biomarkers for diagnosing
and predicting outcomes in obstetrics and gynecology is transforming patient care. In
ovarian cancer, for example, novel biomarkers are being explored to improve early de-
tection and prognosis [3]. The automation of assisted reproductive technologies, such as
in vitro fertilization (IVF), has made great strides, thanks to translational research. New
automated systems for embryo culture, genetic screening, and embryo selection based on
genetic and phenotypic characteristics are improving success rates and reducing human
error. Furthermore, artificial intelligence (AI) and machine learning models are now being
used to predict the success of IVF treatments more accurately, offering patient-tailored
treatment plans based on a deeper understanding of their individual circumstances [4].
Consequently, personalized medicine is emerging as a powerful tool in obstetrics and
gynecology, with translational research uncovering genetic, epigenetic, and environmental
factors that influence disease progression and treatment responses.

3.2. Gap in Knowledge

The process of transforming research innovations into new health products, as well as
diagnostic and therapeutic strategies, remains a major issue of contemporary biomedical
medicine due to several interconnected challenges. While significant advancements in
scientific research have led to a deeper understanding of disease mechanisms and potential
treatments, translating these findings into tangible, clinically effective products often takes
years, if not decades. Addressing these hurdles—ranging from regulatory and financial
obstacles to collaboration and accessibility issues—requires coordinated efforts among
researchers, policymakers, industry leaders, and healthcare professionals.

3.3. Special Issue Results

The contributions included in this Special Issue provided significant findings across
oncology, prenatal care, and reproductive health.

The care of cancer patients is an extremely important issue in modern medicine.
Optimizing diagnostic and treatment protocols will ensure a better prognosis and quality of
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life for these patients. Recent advances in ovarian and breast cancer research have brought
new hope for improved treatments and early detection. In ovarian cancer, researchers are
making progress in identifying new genetic and molecular markers that will allow for
earlier diagnoses and more precise targeting of therapies [5]. In this context, Guerra de
Melo I et al. found that endothelial dysfunction-related genes and SNPs, in particular NOS3
and SELP, significantly influenced the incidence of venous thromboembolism and overall
survival in ovarian cancer patients, with the upregulation of certain genes correlating with
better or worse outcomes (Contribution 2), In addition, Psomiadou V et al. highlighted
the rarity of solitary mediastinal metastases in ovarian cancer, emphasizing the need for
individualized treatment due to the unique challenges of this disease (Contribution 18).
In breast cancer, ongoing research is focused on refining targeted therapies, particularly
for specific subtypes such as HER2-positive and triple-negative breast cancer. New drug
combinations, as well as innovations in immunotherapy and hormone therapy, are showing
potential to improve outcomes and reduce resistance to treatment [6]. In our Special Issue,
HER2 overexpression in breast cancer was shown to be a critical factor in determining
therapeutic strategies, with anti-HER2 therapies showing high efficacy in reducing tumor
progression (Contribution 5), Research into cervical cancer is currently focusing on the role
of HPV (human papillomavirus) in the pathogenesis of the disease. On the treatment front,
research is exploring new therapies, including targeted treatments and immunotherapies,
to more effectively combat advanced cervical cancer [7]. The review published by Dicu-
Andreescu I et al. discussed abdominal parietal metastasis in cervical cancer, noting that
incomplete surgery may contribute to metastatic spread (Contribution 11), while Jung L
et al. highlighted the importance of HPV in cervical cancer, advancing diagnostic and
therapeutic strategies to optimize outcomes (Contribution 12). Vulvar cancer was another
topic, as sentinel lymph node detection methods were reviewed with the aim of refining
clinical guidelines for more accurate diagnoses and treatments (Contribution 17). Finally,
Delgado-Miguel C et al. demonstrated that the neutrophil-to-lymphocyte ratio (NLR) could
serve as an effective predictor of pediatric ovarian torsion, aiding in early diagnosis and
intervention (Contribution 7).

Advances in prenatal screening are an example of translational medicine efforts, as the
use of first-trimester fetal cardiovascular ultrasound screenings has been shown to detect
up to 90% of major congenital heart defects (Contribution 1). In addition, the use of AI has
demonstrated its potential in the detection of fetal anomalies, particularly heart and brain
anomalies (Contribution 13). Biochemical markers such as amniotic fluid angiotensinogen
levels also showed a significant correlation with both birth weight and gestational age,
suggesting its potential role in understanding fetal growth (Contribution 8).

Placental pathology is the study of diseases or abnormalities that affect the placenta
during pregnancy. The placenta is a vital organ that provides nutrients and oxygen to the
developing fetus, removes waste products and plays a key role in hormone production.
If the placenta is diseased or damaged, it can lead to complications for both mother and
baby [8]. The protective effects of the COVID-19 vaccination during pregnancy were
evaluated by Rolfo A et al. (Contribution 3), who showed that it enhanced placental
antioxidant defenses and supported fetal development by counteracting oxidative stress
induced by SARS-CoV-2. In line with these findings, Subramaniam V et al. found that
severe COVID-19 infection during pregnancy was associated with an increased risk of
preterm birth and neonatal intensive care unit admission, while the vaccination reduced
these risks (Contribution 10),. In contrast, Xue Y et al. developed a predictive model for
early-onset pre-eclampsia that significantly improved predictive accuracy when clinical
risk factors were combined with laboratory indicators (Contribution 9).
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Human embryo culture is a critical component of successful in vitro fertilization
(IVF) in the field of assisted reproductive technology (ART). The process of human pre-
implantation development is complex and requires a highly controlled environment to
ensure success. During embryo culture, both chemical and physical factors are essential
to support proper embryo growth and maintain viability [9]. Bartolacci A et al. identified
optimal culture conditions for embryo development, suggesting that embryo culture at
37 ◦C and 5% oxygen improves outcomes (Contribution 15). In another area of research,
the application of artificial intelligence (AI) to reproductive medicine has revolutionized
the way healthcare professionals approach fertility, pregnancy, and related conditions. AI
has been particularly influential in areas such as in vitro fertilization (IVF), where it helps
to select and prioritize embryos, predict pregnancy success, and optimize the decision-
making process. Cimadomo D et al. developed the qSEA AI tool, which can predict
embryo implantation success based on specific characteristics such as zona pellucida
thinning, providing a more reliable method for selecting competent embryos (Contribution
4). On another topic related to infertility, Kovács BP et al. proposed a 70 min exercise
program combining physiotherapy and relaxation techniques to improve fertility, especially
in women with age-related decline in ovarian reserve (Contribution 16). Cheng C et al.
identified diabetes, advanced age, and gynecological and inflammatory disorders as major
risk factors for pregnancy loss and emphasized the importance of managing these factors
to reduce the risk (Contribution 6). Finally, Flore A et al. synthesized the mechanisms
behind hydatidiform moles, providing important insights into recurrence risk and genetic
counseling (Contribution 14).

These findings collectively contribute to advancements in diagnostic tools, therapies,
and personalized care across a range of medical fields.

3.4. Future Work

Looking ahead, the path to further progress will require a focused effort in several
key research areas. One priority is the need for more robust longitudinal studies to better
understand how environmental and genetic factors interact across the lifespan to influence
conditions such as endometriosis, infertility, and pre-eclampsia. Further investment is
also needed in precision medicine, where individualized treatments based on genetic
profiles and other biomarkers could significantly improve outcomes for women. Research
in maternal–fetal medicine, particularly in areas such as immune modulation during
pregnancy and placental function, offers exciting potential to advance treatment strategies.
In addition, as we move from bench to bedside, the integration of technology—such as
artificial intelligence and machine learning—into obstetrics and gynecology will offer new
opportunities for early detection, diagnosis and personalized care. Ensuring equitable
access to these innovations, especially for underserved populations, will be critical to
addressing disparities in maternal and reproductive health outcomes.

4. Conclusions
Translational research is transforming obstetrics and gynecology, making it an excit-

ing and rapidly evolving field. From new cancer treatments to stem cell therapies and
automated IVF, basic science is being translated into practical applications that improve
patient outcomes. The collaboration between academia, clinical practice, and industry is
essential to ensure that these innovations reach the bedside efficiently, ultimately improving
patient care and quality of life for women worldwide. In conclusion, while we have made
significant progress in the field of obstetrics and gynecology, the journey from bench to
bedside is still a work in progress. The future of women’s health will be shaped by contin-
ued interdisciplinary collaboration, innovation, and a commitment to translating scientific
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discoveries into tangible, life-changing clinical applications. As researchers, clinicians, and
policymakers, we must prioritize these areas to ensure that every woman benefits from the
advances that lie ahead.
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Abstract: Our ability to accurately predict the delivery date of term pregnancies is limited
by shortcomings of modern-day clinical tools and due date estimation methods. The
pregnancy clock is a series of coordinated and harmonized signals between mother,
fetus, and placenta that regulate the length of gestation. Clock proteins are thought to
be important mediators of these signals, yet few studies have investigated their potential
utility as predictors of term delivery date. In this study, we performed a cross-sectional
proteome analysis of 2648 serum samples collected between 18 and 28 weeks of gestation
from mothers who delivered at term. The cohort included pregnancies both with and
without complications. A total of 15 proteins of diverse functionalities were shown to have
a direct association with time to birth (TTB), 11 of which have not been previously linked
to gestational age. The protein A Distintegrin and Metalloproteinase 12 (ADA12) was one
of the 15 proteins shown to have an association with TTB. Mothers who expressed the
highest levels of ADA12 in the cohort (90th percentile) gave birth earlier than mothers
who expressed the lowest levels of ADA12 (10th percentile) at a statistically significant
rate (median gestational age at birth 390/7 weeks vs. 393/7 weeks, p < 0.001). Altogether,
these findings suggest that ADA12, as well as potentially other clock proteins, have the
potential to serve as clinical predictors of term delivery date in uncomplicated pregnancies
and represent an important step towards characterizing the role(s) of clock proteins in
mediating pregnancy length.

Keywords: clock proteins; term delivery date; time to birth; prediction; gestational age;
a distintegrin and metalloproteinase 12

1. Introduction
Having the capability to predict the date of term delivery (>37 weeks gestation)

with certainty is an unmet need in obstetrics. Knowing precisely when labor will begin
could avoid preterm birth from the mistimed scheduling of cesarian section or labor
induction [1–3]. It could also mitigate delivery complications by allowing women who live
in rural settings or maternity care deserts adequate time to reach hospital facilities [4–6].
Outside of a clinical setting, better estimation of when a baby will deliver has lifestyle
applications since planning for this milestone affects a long list of preparative activities for
the mother, their family, friends, and employer, to name a few.

In accordance with clinical guidelines, delivery date is estimated as 280 days after the
woman’s last menstrual period. However, only 5% of births occur on this estimated delivery
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date (EDD), and 30% of births occur more than 10 days outside the EDD [7,8]. The accuracy
of the EDD can be improved by a few days if it is calculated based on the fetal crown-rump
length as measured by ultrasound between 8 and 12 weeks of gestation [9]. Even in
developed countries, many women either lack access to ultrasounds in the first trimester
or miss this crucial timing window when ultrasounds can inform gestational age [10],
showing that clinical tools other than ultrasounds are needed to improve the accuracy of
term delivery date prediction.

The pregnancy clock refers to a biological phenomenon in which harmonized and
chronologic signals from the fetus, fetal membrane, placenta, decidua, and myometrium
modulate the length of gestation [11–14]. It includes various biomarkers that comprise
an immune clock, a proteomic clock, and temporal changes to the transcriptome and
metabolome that correlate to gestational age based on ultrasound [14–18]. Some studies
have shown that various biomarker components of the pregnancy clock, including protein
activators of the Janus kinase and signal transducer pathways [16], lipid and steroid hormone
metabolites [17], and cell-free DNA corresponding to placental genes [18], could potentially
distinguish pregnancies of normal gestational length from those delivering preterm or late
term and may have the capability to identify fetal maladaptations before symptoms appear.

It is recognized that maternal, paternal, and fetal factors also influence gestational
length in normal pregnancies. Maternal age > 35 years and late-term birth in previous
pregnancies correlate with longer gestation [19,20]. The length of pregnancy is also
influenced by the body mass index (BMI) of the mother and father [21–23] and by the
weight of the fetus in the first trimester [18]. Additionally, conceptions that take longer than
24 h to implant or that have a rapid, rather than gradual, progesterone rise during corpus
luteum rescue are also associated with a longer gestational period [22].

Despite our present-day understanding of the pregnancy clock and other factors that
influence gestational length, there has been little investigation into its potential utility as a
clinical tool to improve the accuracy of delivery date prediction. The goal of this discovery
study was to test the hypothesis that clock proteins are associated with the time to birth
(TTB) and may have the capability to serve as predictors of term delivery date.

2. Materials and Methods
2.1. Materials and Reagents

Trypsin was purchased from Promega (#V5280) (Madison, WI, USA). Custom stable
isotope standards were purchased from Biosynth (Staad, Switzerland). Human 14 multiple
affinity removal columns (MARS-14) were purchased from Agilent (#5190-7995) (Santa
Clara, CA, USA).

2.2. Study Design and Participants

We retrospectively analyzed 2648 banked serum samples and associated clinical and
demographic data collected for an institutional-review-board-approved 11-site study in the
United States (NCT01371019), which took place from April 2011 to April 2015. Inclusion
and exclusion criteria for participation in the study and sample selection are shown in
Table 1.

The original study aimed to characterize proteome differences in women with
asymptomatic singleton pregnancies who deliver at term (>37 weeks) versus those who
experience spontaneous preterm birth [24]. Prior to sample collection, enrolled individuals
provided written informed consent to participate in the study and for their samples and
clinical information to be used in future studies. A list of the institutions with subjects
consenting to biobanking is shown in Supplementary Table S1. The samples used in the
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current study included term births only and were collected from 180/7 through 286/7 weeks
of gestation at a single time point for each participant.

Table 1. Study inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

• Subject is 18 years or older
• Subject has a singleton pregnancy
• Subject can provide consent
• Subject consented to use of their

specimens and data for future
research

• Subject is pregnant with more than
one fetus

• There is a known or suspected fetal
anomaly

• Early discontinued (consent errors,
duplicate enrollment, unable to complete
blood draw, gestational age (GA) window
violation, inclusion/exclusion violations,
sample handling errors, etc.)

• Early withdraw, lost to follow-up
• Insufficient sample amount

2.3. Proteomic Analysis

Whole blood samples were processed to serum at the study sites within 2.5 h of
collection. Then, 0.5 mL serum aliquots were frozen at −80 ◦C, shipped to Sera Prognostics,
Inc. on dry ice, and stored at −80 ◦C until analyzed. Maternal serum samples were analyzed
in Sera Prognostics’ Clinical Laboratory Improvement Amendment (CLIA)-certified and
College of American Pathologists (CAP)-accredited laboratory according to a prespecified
laboratory analysis plan and standard operating protocols [25,26]. Serum samples were
randomized and allocated into batches that contained both study samples and quality
controls and processed, as described in [25]. Briefly, after thawing samples on ice, equal
volumes of serum from each subject were depleted of high-abundance proteins on MARS-14
columns run on an Agilent 1260 liquid chromatography system. Depleted serum samples
were reduced, alkylated, and digested with trypsin. They were then spiked with stable isotope
standard (SIS) peptides corresponding to each measured endogenous peptide, and then
desalted and analyzed by coupled liquid chromatography–multiple-reaction- monitoring mass
spectrometry (LC-MRM-MS) on an Agilent 1290 UHPLC system coupled to an Agilent 6490
triple quadrupole mass spectrometer. We used a multiple-reaction- monitoring (MRM) assay
to measure 150 peptides from 110 proteins that were either (1) of placental origin, (2) maternal
serum proteins with reported roles in pregnancy, or (3) used as quality controls. Peptides
were quantified as the peak area of the endogenous peptide divided by the peak area of its
corresponding SIS peptide counterpart, generating a response ratio (RR). Pooled serum from
either non-pregnant or pregnant women served as quality control samples and were used
to monitor batch quality throughout the depletion and LC/MS/MS process, as described
in [25]. Quality control samples were not used to normalize samples.

2.4. Statistical Analyses

A Wilcoxon test was performed to identify proteotypic peptides with mean response
ratios that changed significantly between 18 and 20 weeks and 26 and 28 weeks of
gestation. The results were visualized using a volcano plot. Significant difference was
defined as p < 0.05 and a minimum log2 fold change of +/−0.25 in relative abundance. A
subset of these proteins were smoothed using a generalized additive model and plotted
relative to gestational age at blood draw (GABD). Confidence intervals were included to
show 95% overall population values across GABD for each model. Separately, we performed
a protein association study using Mendelian randomization (MR), a statistical approach to
identifying causal genes that has also been applied to proteomic data [26–29]. We applied an
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MR-based machine learning algorithm (MRPC) with 50 iterations of bootstrapping [27,28]
to identify proteins that have an association with time to birth (TTB) among individuals
delivering at term. MRPC conducts a series of statistical tests for marginal and conditional
independence between pairs of nodes. If the null hypothesis (i.e., no association between
two nodes) of the marginal independence test fails to reject, then the corresponding
edge (i.e., association between two nodes) is removed. Otherwise, the edge is retained
for subsequent conditional independence test to determine if the association persists
after accounting for other nodes. We used a 10% level of significance threshold (type
I error rate) for each test. Finally, we compared differences in gestational age at birth
(GAB) in participants having the highest (90th percentile) and lowest (10th percentile)
amounts of the placental protein a distintegrin and metalloproteinase 12 (ADA12). Prior to
comparing the GAB distributions, the relative abundances of ADA12 were normalized for
GABD by regressing ADA12 levels against GABD and then removing any trend. The
significance of the GAB mean difference was assessed using the Welch two sample
t-test. This analysis was limited to term pregnancies with vaginal deliveries (n = 1839). We
eliminated cesarean section deliveries because those are often scheduled prior to the
natural onset of labor. It is unclear how many of the vaginal deliveries in the analysis were
scheduled inductions, as induction data were only captured for preterm deliveries. In
addition, a subset analysis of the 1839 subjects was performed to compare GAB in
the highest and lowest percentiles of ADA12 levels in complicated and uncomplicated
pregnancies separately. Complicated pregnancies were defined as pregnancies with
diabetes (gestational or preexisting), preeclampsia, pregnancy-induced or pre-existing
hypertension, incompetent cervix, polyhydramnios, chorioamnionitis, and non-reassuring
fetal status. Uncomplicated pregnancies excluded the conditions listed above. All analyses
and visualizations were performed using the statistical program R, version 4.4.2 [30].

3. Results
3.1. Patient Characteristics

In this retrospective study, all 2648 banked serum samples from term pregnancies were
selected based on inclusion and exclusion criteria for NCT01371019 and sample selection
(Table 1). Demographics of the study population were collected at the same time as blood
samples and are shown in Table 2. The population was characterized by diverse clinical and
demographic characteristics and pregnancy histories. While only term pregnancies were
analyzed, the diverse population and the presence of pregnancy complications, including
gestational diabetes, preeclampsia, and pregnancy-induced hypertension, among others,
support the generalizability of these study results.

Table 2. Demographics of study participants.

Demographic/Clinical Variable Value All Subjects (n = 2648)

Maternal Age Median (IQR) 28 years (23–32)

Maternal Pre-pregnancy BMI Median (IQR) 25.90 (22.3–31.4) *

Gravida
Primigravida 710 (26.8 %)

Multigravida 1938 (73.2 %)

Race

Black 414 (15.6%)

White 1998 (75.5%)

Other 236 (8.9%)

Ethnicity
Hispanic 942 (35.6%)

Not Hispanic 1706 (64.4%)
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Table 2. Cont.

Demographic/Clinical Variable Value All Subjects (n = 2648)

Gestational age at blood draw
(GABD) Median (IQR) 166 days (141–184)

Gestational age at birth (GAB) Median (IQR) 274 days (270–280)

Diabetes **

Gestational 183 (6.9%)

Type I 19 (0.7%)

Type II 55 (2.1%)

None 2391 (90.3%)

Pre-eclampsia
No 2516 (95.0%)

Yes 132 (5.0%)

Pregnancy-Induced Hypertension
No 2580 (97.4%)

Yes 68 (2.6%)

Other Complications ***
No 2455 (92.7%)

Yes 193 (7.3%)

Delivery

Cesarean Section:
Primary 405 (15.3%)

Cesarean Section:
Repeat 404 (15.3%)

Vaginal 1839 (69.4%)
* A total of 45 values for maternal pre-pregnancy BMI were missing from the dataset. ** Type I and type II diabetes
indicate study participants who were diagnosed with diabetes before pregnancy. *** Other complications include
incompetent cervix, polyhydramnios, chorioamnionitis, and non-reassuring fetal status.

3.2. Clock Protein Expression

To identify proteins with levels that change during pregnancy, we first compared
maternal serum protein expression at 18–20 weeks’ gestation to that at 26–28 weeks’
gestation. Changes were considered significant if protein levels satisfied both a minimum
change of log2FC = 0.25 and achieved a p-value < 0.05. Several growth factors, glycoproteins,
adhesion proteins, and immune regulators known to play a role in fetal growth and
development demonstrated significant changes in expression (Figure 1A) that largely agree
with reported findings. Both linear and non-linear expression changes were seen among
samples taken between 18 and 20 weeks and 26–28 weeks of gestation. Representative
changes are shown in Figure 1B, and a full listing of proteins shown in Figure 1A is provided
in Supplementary Table S2.

3.3. Association Between Proteins and Time to Birth

The time to birth is defined as TTB = (GAB − GABD), where GAB is gestational
age at birth and GABD is gestational age at blood draw. To characterize associations
between the proteins analyzed and TTB, we applied an MRPC [27,28] to the full protein
dataset. Of the proteins analyzed (Supplementary Table S2), 15 were shown to have a
direct association with TTB (Figure 2). Among these were growth hormones, adhesion
molecules, glycoproteins, enzymes, and lipid-binding proteins that are involved in
proliferation, migration, adhesion, fetal and placental growth, immune modulation during
pregnancy, pattern recognition, and lipid metabolism (Table 3). Growth hormone 2 (SOM2),
chorionic somatomammotropin (CSH), chorionic gonadotropin subunit β1 (CGB1), and
sushi, von Willebrand Factor type A, EGF, and pentraxin domain-containing protein
(SVEP1), are known markers of gestational age [16,31–34]. Several others, including cell
adhesion molecule L1 (CHL1), lymphocyte adhesion molecule 1 (LYAM1, i.e., L-selectin),
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a distintegrin and metalloproteinase 12 (ADA12), ectonucleotide pyrophosphatase/
phosphodiesterase 2 (ENPP2, i.e., autotaxin), apolipoprotein C-III (APOC3), and pregnancy-
specific β1 glycoprotein 1 (PSG1) have been proposed as markers of certain fetal
abnormalities and/or pregnancy complications [35–45] but have not been linked to
TTB. The remaining proteins have not been previously associated with either pregnancy
complications or TTB. Overall, these results identify both known and novel biomarkers
that may have practical applications in predicting the probability of delivery by week in
the term period.
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Figure 1. Changes in protein expression between 18 and 20 weeks of gestation and 26 to 28 weeks
of gestation. (A) Volcano plot showing significantly upregulated (red) and downregulated (blue)
proteins. Gray proteins demonstrated no significant change. Significance is represented on the
y-axis as the −log10 p-value, while the magnitude of change is shown on the x-axis is the log2

fold-change. When a protein is depicted more than once (denoted by _1 and _2), it was measured using
two distinct peptides. (B) Smoothing plots showing expression changes in representative proteins that
were significantly upregulated (ADA12 and PSG1), downregulated (PAEP and KIT), or demonstrated
no significant change (CNTN1 and FGFR1). The 95% CI between expression (response ratio (RR))
and gestational age at blood draw (GABD) is represented by the width of the gray-shaded area.

Table 3. Summary of proteins shown to have a direct association with TTB. NS = not significant.

Protein (UniProt
ID)

Expression
Change Between
18 and 20 Weeks
of Gestation and
26 and 28 Weeks

of Gestation,
Wilcoxon Test

Placentally
Expressed [46] Protein Type Role in Pregnancy

Previously
Reported

Associations with
TTB or Pregnancy

Complications

Peptidoglycan
Recognition Protein

2 (PGRP2)

Downregulated
NS Yes Hydrolase enzyme Pattern recognition

protein None

Cell Adhesion
Molecule L1 Like

(CHL1)

Downregulated
NS No Cell adhesion

molecule
Negative regulator

of proliferation

Brain
malformation and
neurodevelopmental

delay [37,38,42]

14



Life 2025, 15, 224

Table 3. Cont.

Protein (UniProt
ID)

Expression
Change Between
18 and 20 Weeks
of Gestation and
26 and 28 Weeks

of Gestation,
Wilcoxon Test

Placentally
Expressed [46] Protein Type Role in Pregnancy

Previously
Reported

Associations with
TTB or Pregnancy

Complications

Lymphocyte
Adhesion Molecule 1

(LYAM1)

Downregulated
NS No Cell adhesion

molecule
Cell adhesion and

migration Preeclampsia [35]

Dipeptidase 2
(DPEP2) Upregulated Yes Hydrolase enzyme Cell differentiation None

Growth Hormone 2
(SOM2) Upregulated Yes Growth hormone Cell differentiation

and proliferation
Marker of

gestational age [31]

Chorionic
somatomammotropin

(CSH) *
Upregulated Yes Growth hormone

Stimulates
lactation and fetal

growth

Marker of
gestational age [16]

Progestogen-associated
endometrial protein

(PAEP)
Downregulated Yes Glycoprotein

Regulates uterine
environment/immune

cell inhibitor
None

Chorionic
Gonadotropin
Subunit Beta 1

(CGB1)

Downregulated Yes
β-subunit of

human chorionic
gonadotropin

Stimulates uterine
and fetal

growth/immune
modulator

Marker of
gestational age [33]

Pregnancy-Specific
β1 Glycoprotein 11

(PSG11)
Upregulated Yes Placental

glycoprotein

Immune cell and
angiogenesis

modulator
None

Disintegrin and
metalloproteinase

domain-containing
protein 12 (ADA12)

Upregulated Yes Placental
glycoprotein

Placental growth
and differentiation

Preterm birth, fetal
growth restriction,

preeclampsia,
Down Syndrome,

small for
gestational age

[36,41,47]

Pregnancy-Specific
β1 Glycoprotein 2

(PSG2)
Upregulated Yes Placental

glycoprotein

Immune cell and
angiogenesis

modulator
None

Sushi, von
Willebrand Factor
type A, EGF, and

pentraxin
domain-containing

protein (SVEP1)

Upregulated Yes Cell adhesion
molecule

Facilitates cell
alignment and

migration

Marker of
gestational age [32]

Pregnancy-Specific
β1 Glycoprotein 1

(PSG1)

Upregulated
NS Yes Placental

glycoprotein

Immune cell and
angiogenesis

modulator
Preeclampsia [48]

Ectonucleotide
Pyrophosphatase/

Phosphodiesterase 2
(ENPP2)

Upregulated Yes Phosphodiesterase
and phospholipase

Cell proliferation
and migration

Preeclampsia
[39,40]

Apolipoprotein C-III
(APOC3) Upregulated No Lipid binding

protein
Modulator of lipid

metabolism

Gestational
Diabetes Mellitus

[44]

* Since their protein sequences differ by only one amino acid, our methods cannot distinguish CSH1 from CSH2.
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Figure 2. An MRPC analysis showing statistical directional relationships between proteins and
TTB. Colors represent groups of proteins that are clustered based on hierarchical clustering. The
outcome (TTB) is indicated by the center purple circle. Single direction arrowheads indicate
statistically causal relationships where the protein or outcome being touched by the arrowhead
is statistically dependent on the protein being touched by the blunt end of the arrow. Bidirectional
arrows indicate indeterminant statistical causality. When a protein is depicted more than once
(denoted by _1 and _2), it was measured on two distinct peptides. Proteins with a direct association
to TTB are bold.

3.4. Biological Association of Biomarkers with TTB

We next sought to visualize the impact of biomarker levels on the distribution of
births. To this end, we performed a proof-of-concept analysis based on the expression of
ADA12. We chose ADA12 because it had one of the largest fold changes in any protein
we analyzed in this study (Figure 1A) and a near-linear association with GABD with
tight confidence intervals (Figure 1B). We compared the gestational age at birth (GAB)
distributions of women with the highest ADA12 levels (90th percentile) and lowest ADA12
levels (10th percentile) in all term vaginal deliveries, after normalizing for GABD, to
determine if there was a difference in delivery dates. Subjects in the bottom decile of
ADA12 levels had a right-skewed GAB distribution, while those in the top decile were
left-skewed (Figure 3, top and middle panels). This skew was further demonstrated by
significantly different mean GABs between the two groups. In the 10th percentile, the mean
GAB was 393/7 weeks, whereas the mean GAB in the 90th percentile was 390/7 weeks,
p < 0.001 (Figure 3, bottom panel).
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cated pregnancies alone (n = 597), the mean GAB of both highest and lowest ADA12 ex-
pressors were both 390/7 weeks. Altogether, this suggests that ADA12, and potentially 
other clock proteins, could aid in the prediction of TTB in uncomplicated term pregnan-
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clock is understood to be a series of chronological and harmonized signals among the 
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Figure 3. Association between GAB and ADA12 expression in all term vaginal deliveries. Graphs
showing the distribution of GAB in mothers who expressed the lowest levels of ADA12 (top) and
highest levels of ADA12 (middle). The combined number of births in both groups (bottom, green
shading), shows how many more births from each group (yellow = 90th percentile, blue = 10th
percentile) occurred in each week relative to the other. The solid lines indicate the mean GABs for
each group: yellow = 90th percentile, blue = 10th percentile.

To better understand how pregnancy complications might impact the predictive
capability of clock proteins, we analyzed complicated and uncomplicated pregnancies
separately. All complicated pregnancies, defined as those with diabetes (pre-existing or
gestational), preeclampsia, pre-existing or pregnancy-induced hypertension, incompetent
cervix, polyhydramnios, chorioamnionitis, or non-reassuring fetal status, were analyzed
as a single group to both better power the study, and because some participants reported
more than one complication. In uncomplicated pregnancies alone (n = 1242), defined as
pregnancies without the above outcomes, the mean GAB of the lowest (10th percentile)
ADA12 expressors was 395/7 weeks compared to the mean GAB of 390/7 weeks in the
highest (90th percentile) ADA12 expressors. The separation of GABs in uncomplicated
pregnancies alone was increased by 2 days relative to all term vaginal deliveries. In
complicated pregnancies alone (n = 597), the mean GAB of both highest and lowest ADA12
expressors were both 390/7 weeks. Altogether, this suggests that ADA12, and potentially
other clock proteins, could aid in the prediction of TTB in uncomplicated term pregnancies.
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4. Discussion
Having a means to accurately predict the date of term delivery could improve

pregnancy outcomes by avoiding the mistimed scheduling of labor induction or cesarian
section and by allowing mothers adequate time to reach hospital facilities. The pregnancy
clock is understood to be a series of chronological and harmonized signals among
the mother, fetus, and placenta that regulate the length of gestation. Although our
understanding of the pregnancy clock proteome has advanced in recent years, the potential
clinical utility of clock proteins as predictors of delivery date has not been thoroughly
evaluated.

Most of the information that leads to the prediction of the timing of the normal onset
of labor and delivery at term comes from dating of the mother’s last menstrual period
and/or early examination and ultrasound. Often such information is unavailable, poorly
remembered, or unreliable, so any surrogate means of predicting the time of delivery has
great clinical and socioeconomic value. To date, most efforts to improve gestational age
dating have used ultrasound, but this approach has technical limitations, and often women
are unable to seek care early enough in pregnancy to provide the accurate measurements
that make this tool reliable [10]. Further, our physiologic understanding of the processes
leading to the timing of normal onset of labor at term is incomplete [49,50]. For these
reasons, having additional means to predict when normal term labor and delivery will
occur is highly important..

In this retrospective, cross-sectional study, we discovered proteins that demonstrated
significant changes in expression between two gestational age windows, separated by only
five weeks (Figure 1). Using MRPC analysis, we identified 15 proteins that had a direct
association to the TTB, 11 of which have not been previously linked to gestational age
(Figure 2). We investigated the potential clinical utility of ADA12 as a term delivery date
predictor by comparing the mean and distribution of GAB between the cohort’s highest
(90th percentile) and lowest (10th percentile) expressors of ADA12 at blood draw. Results
showed the mean GAB to be significantly earlier in the highest ADA12 expressors compared
to the lowest expressors (Figure 3). Separate analyses of complicated and uncomplicated
pregnancies demonstrated an even greater separation in GAB between the highest and
lowest ADA12 expressors among mothers with uncomplicated pregnancies. No separation
in GAB was observed in complicated pregnancies.

Our findings on ADA12 suggest that uncomplicated pregnancies characterized by
higher levels of this protein (i.e., the highest expressors in the cohort analyzed in this study)
are farther advanced (shorter TTB) than those with lower levels (the lowest expressors in the
study cohort). A pregnancy that is more advanced based on higher ADA12 levels and short
TTB could reflect more rapid fetal development compared to pregnancies characterized by
lower ADA12 levels and longer TTB. Alternatively, biomarker differences and their ability
to indicate the actual TTB of pregnancy, could be a reflection of pregnancy misdating due
to inaccurate recollection of when the last menstrual period occurred, limitations in fetal
ultrasound measures, or lack of these measures entirely [51,52].

Regardless, based on its functional roles in pregnancy and association between its
expression levels and various pregnancy complications, ADA12 may serve as an accurate
predictor of term delivery date. ADA12 plays a key role in regulating trophoblast migration
and invasion during early pregnancy and helps anchor trophoblast columns in the placenta
during the first trimester [53]. It also cleaves insulin-like growth factor (IGF)-binding
proteins that regulate the concentration of IGF, which is important for fetal growth [54]. The
decreased expression of ADA12 during the first or second trimester of pregnancy has
been linked to preterm birth, fetal growth restriction, preeclampsia, Down syndrome, and
an increased likelihood of the fetus being small for gestational age at birth [36,41,47,55].

18



Life 2025, 15, 224

These observations suggest that ADA12 expression is carefully regulated in normal
pregnancies and that deviation from normal levels at certain points during gestation
may reflect abnormal or delayed fetal development and pregnancy complications. The
direct association that we found between ADA12 and TTB and the difference in the mean
GAB between the highest and lowest ADA12 expressors in our study cohort supports a
role for this protein as a delivery date predictor in uncomplicated term pregnancies.

In agreement with previous studies, our findings showed a direct association between
TTB and CSH, SOM2, CGB1, and SVEP1. Maternal circulating CSH increases as pregnancy
progresses and correlates with STAT-5 signaling activity in CD4 T cells, an event that
strongly predicts gestational age [16]. SOM2, a placentally derived hormone, is a key driver
of fetal growth and placental development. It steadily increases through pregnancy, peaking
around week 37 of gestation. The gestational age at peak placental SOM2 levels is associated
with pregnancy length and, thus, is also an indicator of delivery date [31]. CGB1 is the
subunit that gives human chorionic gonadotropin (hCG) its functional specificity. hCG is
critical for fetal viability as it plays a central role in thickening the uterine lining, stimulating
progesterone production, stopping menstruation, and enhancing embryo implantation and
survival [56]. Quantitative measurements of hCG are currently used in clinical practice
to calculate gestational age [33]. In addition, one study showed that, when the CGB
transcript was included in a model that contained measurements of eight cfRNAs, it was
predictive of delivery within 14 days of the actual date with an accuracy ranging from
23 to 45% depending on trimester, roughly comparable to ultrasound with an accuracy
of 48% [18]. SVEP1, which is also upregulated in pregnancy, has been shown to correlate
with gestational age of chorionic villi [32]. Each of these proteins is placentally derived,
and placental–fetal signaling plays a crucial role in the pregnancy clock and triggering
of parturition.

Many of the 15 proteins shown to have a direct association with TTB have
placental expression, including pregnancy-specific β1 glycoprotein 1 (PSG1). PSG1 binds
to heparin sulfate proteoglycans, the latency-associated peptide of TGF-β1, and the
platelet integrin αIIβ3 [57,58]. Through interactions with these ligands, PSG1 helps
mediate the shift away from innate immunity in pregnancy [59,60] and dampens platelet
aggregation and thrombosis to counterbalance the prothrombotic maternal environment of
pregnancy [58]. PSG1 expression gradually increases throughout pregnancy, reaching its
peak around 36 weeks of gestation [61]. In our study, PSG1 expression increased during the
8–10-week timeframe studied but not to statistical significance. Since the smoothing plot
shows a linear association with GABD and small confidence intervals, this was likely due to
the gestational timeframe for blood draw being too narrow to reach significance. Other PSG
proteins measured in our study had similar linear associations with GABD. Interestingly,
the transcript for PSG7 was included in the 8-cfRNA model described above.

Another placental protein identified here, PAEP, helps modulate the immune system
in pregnancy. During the second trimester, a tightly regulated suppression of the immune
system occurs to prevent the mother from rejecting the fetus. This suppression is
characterized by a shift towards a Th2 immune response, which decreases the number
of several types of innate immune cells including natural killer (NK) cells [62,63]. PAEP
has been shown to facilitate this natural immune shift by mediating apoptosis of NK
cells [64,65]. Our findings suggest that PAEP and other proteins involved in the immune
system shift may also serve as a type of signaling molecule to indicate the progress of
gestation.

The abnormal expression or disrupted function of several of the other identified
proteins has been associated with pregnancy complications and/or fetal abnormalities,
but, to our knowledge, none of these have previously been associated with TTB. For
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instance, CHL1 is an adhesion molecule that is expressed on the surface of neurons and
plays a role in their migration and organization. Mutations in the CHL1 gene result in
brain malformation and neurodevelopmental delay [42], and neurological phenotypes
attributed to fetal alcohol syndrome have been partially attributed to disruption of functions
mediated by CHL1 [37,38,66]. CHL1 is highly expressed in the developing fetal spinal
cord and in extracellular vesicles, suggesting that during pregnancy it serves as an
extracellular signaling molecule to support axon outgrowth. [67]. Our study suggests
that CHL1-mediated activity may also serve as a clock signal that influences TTB.

LYAM1 (L-selectin) is an adhesion molecule expressed on the surface of leukocytes,
blastocysts and in cytotrophoblast aggregates. This protein facilitates blastocyst adhesion
to the endometrium during pregnancy to enable embryo implantation and is essential for
the proper anchoring of the fetus to the decidua [68,69]. LYAM1 is highly expressed at the
beginning of pregnancy, then tapers during the second trimester [70]. Its levels may remain
elevated in preeclampsia, likely because of increased leukocyte activation stemming from
inflammatory signaling [35]. The novel association between LYAM1 and TTB reported in
this study aligns with its role as a mediator of implantation and protector of fetal placement
during pregnancy.

One protein identified in our study has not been associated with normal pregnancy
processes, pregnancy complications, or gestational age. PGRP2 is a pattern recognition
molecule, expressed mainly in gut epithelial cells, that recognizes and hydrolyzes bacterial
peptidoglycan (PGN) [71,72]. Bacterial PGN derived from the gut microbiota has been
shown to influence brain development [73], and PGRP2 has been implicated as a mediator
of this phenomenon, owing to its influence on expression of brain-derived neurotropic
factor and the autism risk gene c-Met [74]. Our findings suggest a novel role for this protein
as an indicator of pregnancy timing.

Although these findings are intriguing, we acknowledge this study’s limitations. Since
only 110 proteins were measured in the MRM assay, it is possible that the direct associations
we report between certain proteins and TTB may include protein intermediates, which
could be identified in a larger analysis. This study was not based on longitudinal sampling;
therefore, we could not make direct associations between changes in protein expression
and outcome in the same study participant. However, since the proteins shown to be
associated with TTB were identified in a large cross-sectional cohort, the associations we
found are likely applicable to the general population. This study did not investigate the
contribution of clinical variables to the prediction of TTB. For example, in our cohort,
there was a significant difference in GAB between primigravida vs. multigravida women
(276.1 vs. 274.0 days, respectively, p < 0.001). The cohort was not well annotated regarding
reasons for labor induction/augmentation so some gestational ages at delivery may have
been a result of scheduled delivery. Additionally, although medications were noted in the
Case Report Form, there was not sufficient granularity to know which medications were
present at the time of blood draw. The observation that the mean GABs were not different
between the highest and lowest ADA12 expressors in complicated pregnancies, suggests
that pregnancy complications may impact the predictive capability of ADA12 or other clock
proteins. However, our ability to evaluate the impact of these variables is unfortunately
limited because clinical decision-making and the response and adherence to treatment
for study participants who experienced complicated pregnancies are unknown. Further
investigation is needed to better characterize the relationship(s) between pregnancy
complications and gestational length. In the future, any algorithm utilizing clock proteins
to predict TTB may need to include the existence of certain demographic or clinical factors,
such as maternal BMI or age, or require updating predictions as complications develop in
the index pregnancy.
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5. Conclusions
This study demonstrated proof-of-concept for ADA12 as a potential biomarker for

predicting the delivery date of uncomplicated term pregnancy and identified a direct
association between TTB and 15 proteins, 11 of which have not been previously linked
to delivery date prediction or gestational age. Overall, this discovery work represents an
important first step towards characterizing the relationship between clock protein behavior
and the duration of pregnancy and determining their clinical utility as predictors of delivery
date in term pregnancies.
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Abbreviations
The following abbreviations are used in this manuscript:
ADA12 Disintegrin and metalloproteinase domain-containing protein 12
AFAM Afamin
ANGT Angiotensinogen
AOC1 Amiloride-sensitive amine oxidase [copper-containing]
APOC3 Apolipoprotein C-III
APOH Beta-2-glycoprotein 1
ATL4 ADAMTS-like protein 4
ATS13 A disintegrin and metalloproteinase with thrombospondin motifs 13
BGH3 Transforming growth factor-beta-induced protein ig-h3
BMI Body mass index
C163A Scavenger receptor cysteine-rich type 1 protein M130
C1QC Complement C1q subcomponent subunit C
CAMP Cathelicidin antimicrobial peptide
CAP College of American Pathologists
CATD Cathepsin D
CGB1 Choriogonadotropin subunit beta variant 1
CHL1 Neural cell adhesion molecule L1-like protein
CLIA Clinical Laboratory Improvement Amendment
CNTN1 Contactin-1
CO6 Complement component C6
CRIS3 Cysteine-rich secretory protein 3
CSH Chorionic somatomammotropin hormone 1
CSH Chorionic somatomammotropin hormone 2
DEF1 Neutrophil defensin 1
DPEP2 Dipeptidase 2
EDD Estimated delivery date
EGLN Endoglin
ENPP2 Ectonucleotide pyrophosphatase/phosphodiesterase family member 2
FBLN1 Fibulin-1
FETUA Alpha-2-HS-glycoprotein
HABP2 Hyaluronan-binding protein 2
GAB Gestational age at birth
GABD Gestational age at blood draw
IBP2 Insulin-like growth factor-binding protein 2
IBP4 Insulin-like growth factor-binding protein 4
IGF1 Insulin-like growth factor I
IL1R Interleukin-1 receptor type 1
INHBC Inhibin beta C chain
ISM2 Isthmin-2
ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4
KIT Mast/stem cell growth factor receptor Kit
KNG1 Kininogen-1
LC-MRM-MS Liquid chromatography–multiple reaction monitoring–mass spectrometry
LEP Leptin
LYAM1 L-selectin
MARS Multiple affinity removal system
MR Mendelian randomization
MRPC Mendelian randomization-based machine learning algorithm
MRM Multiple reaction monitoring
MUC18 Cell surface glycoprotein MUC18
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PAEP Glycodelin
PAPP1 Pappalysin-1
PAPP2 Pappalysin-2
PEDF Pigment epithelium-derived factor
PGRP2 n-acetylmuramoyl-L-alanine amidase
PRG2 Bone marrow proteoglycan
PRL Prolactin
PROS Vitamin K-dependent protein S
PSG1 Pregnancy-specific beta-1-glycoprotein 1
PSG11 Pregnancy-specific beta-1-glycoprotein 11
PSG2 Pregnancy-specific beta-1-glycoprotein 2
PSG3 Pregnancy-specific beta-1-glycoprotein 3
PSG9 Pregnancy-specific beta-1-glycoprotein 9
RET4 Retinol-binding protein 4
RR Response ratio
SEPP1 Selenoprotein P
SHBG Sex hormone-binding globulin
SOM2 Growth hormone variant
SPRL1 SPARC-like protein 1
SIS Stable isotope standard
SVEP1 Sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1
TENX Tenascin-X
TTB Time to birth
UHPLC Ultra-high-performance liquid chromatography
VTNC Vitronectin
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Abstract: According to World Health Organization (WHO) data, 16% of people are affected
by infertility across the globe. One underlying factor is the age-related decline of ovarian
reserve (DOR), which can lead to a higher chance of infertility and has no widely accepted
treatment currently. Specific supplements and moderate exercise have been shown to
improve fertility; however, there is no consensus to date on the type of exercise providing
the best results. Our goal is to develop a novel exercise program combined with natural
supplements for the improvement of fertility. We also propose a single-centered, ran-
domized, open-label clinical trial using our newly developed exercise in the intervention
group, compared to walking and no exercise in the other groups, to investigate the benefits
of this exercise program in the future. In this study, we developed a structured, novel
combination of exercises focusing on the pelvic and ovarian regions, core strengthening
and improvement of blood circulation in this region. The 70 min full body “reproductive
gymnastics”, includes strengthening, stretching, and relaxation exercises combined with
yoga-inspired moves and diaphragmatic breathing with meditation elements to activate the
parasympathetic pathway and stress relief. We believe we can improve fertility through the
combination of natural supplements and our targeted, moderate physiotherapy program
in women with DOR.

Keywords: infertility treatment; physiotherapy; targeted exercise; DOR; fertility improvement;
FSH; AMH; randomized controlled clinical trial; combined supplements; ovarian rejuvenation

1. Introduction
Infertility is a growing concern worldwide, marked by the inability to achieve clinical

pregnancy after a year of regular, unprotected intercourse [1]. Its global prevalence is
significantly increasing, concurrently with the rising trend of delayed parenthood, and it
affects an estimated 186 million people [2,3]. With increased maternal age, patients have
to confront the decline in age-related ovarian reserve (DOR), which is well defined by the
current determination of Anti-Müllerian Hormone (AMH), Antral Follicle Count (AFC),
and basal FSH levels [4]. According to the American Society for Reproductive Medicine,
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the use of AMH and AFC as screening tests is most suitable for detecting poor ovarian
response [5]. Since no single measure of ovarian reserve has 100% specificity in diagnosing
DOR, a combination of biochemical and transvaginal ultrasound measurements (including
FSH, LH, E2, AMH, and AFC) is utilized in this study to evaluate changes in ovarian
reserve. Diminished ovarian reserve (DOR) is characterized by poor fertility indicators,
even with the application of assisted reproductive techniques (ARTs), posing a significant
challenge in reproductive medicine [6].

It has been shown that supplements have a high impact on the restoration of fertility.
Myo-inositol has been demonstrated to improve ovarian function and increase the quality
of oocytes, particularly in women with polycystic ovary syndrome (PCOS), leading to
higher pregnancy rates [7,8]. In particular, several clinical trials demonstrate that its
administration can have therapeutic effects in infertile women, and that it can also be useful
as a preventive treatment during pregnancy [9].

Folic acid is essential for DNA synthesis and repair, and its supplementation is crucial
for proper fetal development and reducing the risk of neural tube defects [10]. Melatonin
not only regulates sleep but also acts as a potent antioxidant, protecting oocytes from
oxidative damage and improving their quality [11–13]. Vitamins C and E, both powerful
antioxidants, have been shown to reduce oxidative stress in the reproductive organs,
thereby enhancing fertility, not only in woman [14,15]. Vitamin D3 plays a critical role
in the modulation of the immune system and the regulation of reproductive processes,
with deficiencies linked to adverse fertility outcomes [16]. Coenzyme Q10 is vital for
mitochondrial function and energy production in oocytes, with studies indicating that
its supplementation improves ovarian response and embryo quality [17,18]. Collectively,
these supplements contribute to a comprehensive approach to restoring and enhancing
fertility, addressing both physiological and biochemical factors involved in reproductive
health.

The World Health Organization (WHO), and the American College of Obstetricians
and Gynecologists (ACOG) suggests that women planning pregnancy should engage in at
least 150 min of moderate physical activity per week, to reduce reproductive risks [19,20].
Not only does engaging in regular exercise improve fertility outcomes, but the specific type
of physical activity plays a major role in enhancing reproductive health.

The coordinated, optimal functioning of the muscles involved in pelvic-lumbar (core)
stabilization (diaphragm, pelvic floor muscles, transversus abdominis muscle (TVA), multi-
fidus muscles) is of paramount importance for spinal protection, efficient breathing and
movement, injury prevention, force transmission, optimal function and support of the
pelvic floor and pelvic organs (ovaries, uterus), and proper regulation of sexual function.
Pelvic-lumbar (core) stabilization is developed by strengthening the deep stabilization
system of the spine, in coordination with the correct breathing pattern [21]. The proper
muscle function of the TVA is of paramount importance for pelvic and lumbar stability, the
restoration of physiological breathing patterns, and the efficient functioning of the pelvic
floor muscles that work in co-contraction with it. Rehabilitation of the pelvic region and
pelvic floor is essential to improving fertility. Exercises that improve pelvic-lumbar (core)
stabilization have been shown to improve the function of the pelvic floor muscles, which
play a crucial role in supporting the reproductive organs and improving blood supply to the
ovaries and uterus [22]. Several authors agree that through breathing exercises, the complex
trunk stabilization system can be directly affected [23–25]. Normal breathing mechanics
play a key role in posture, optimal pelvic floor muscle function, and spinal stabilization.

Prolonged mental and physical stress, postural and lifestyle habits, and improper
breathing patterns all contribute to diaphragmatic dysfunction. These factors also stimulate
the sympathetic nervous system and stimulate the secretion of the stress hormone (cortisol),
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which also has a negative impact on fertility [26]. Additionally, diaphragmatic breathing
has been shown to reduce stress, which is crucial for enhancing fertility, as chronic stress
can disrupt hormone balance and menstrual cycles [27]. Yoga and diaphragmatic breathing,
in particular, have demonstrated stress-reducing benefits, activating the parasympathetic
nervous system and promoting a state of relaxation conducive to reproductive health [28,29].

These professional aspects should be combined in a targeted and comprehensive
multidimensional exercise program.

Despite these promising findings, further research is needed to confirm these effects
due to the limited number and sample size of previous studies and the current ambiguity
in exercise recommendations for improving fertility outcomes.

In this study, we present a novel and innovative therapeutic exercise protocol specif-
ically designed for pelvic region rehabilitation and ovarian rejuvenation. The therapeu-
tic exercises focus on improving fertility, rehabilitation of the pelvic region (including
re-education of the pelvic floor muscles), teaching correct posture, improving the pelvic-
lumbar core stabilization system, restoring optimal muscular function of the diaphragm,
and activating the parasympathetic nervous system through learning stress-relieving
breathing and relaxation. These exercises are expected to enhance pelvic circulation and
improve muscle function, which are crucial for reproductive health, especially in patients
with diminished ovarian reserve (DOR).

The primary objective of this study is to assess the ovarian rejuvenating effect of this
specific exercise program before IVF/ICSI cycles or spontaneous pregnancy, confirming
the reproductive efficacy of this regimen. We also aim to improve stimulation and oocyte
quality in patients who meet the inclusion criteria, partly by improving pelvic and ovarian
circulation (ovarian rejuvenation exercise, the subject of this study) and partly by enhancing
cumulus corona radiata and granulosa cell function (per os rejuvenation therapy).

It is expected that our results will show that AMH will be increased, basal FSH levels
will be decreased, cycle length will be optimized (getting closer to 28–30 days), fertility
rates and stimulation will be improved, and spontaneous pregnancy will be detected at
the end of the process. If this investigation confirms the efficacy of the specific exercise
program in DOR patients, this could make a useful contribution to fertility treatment in
this poorly manageable patient population.

2. Experimental Design
This protocol was written in accordance with the Standard Protocol Items: Recommen-

dations for Interventional Trials (SPIRIT) reporting template [30]. This was a single-center,
randomized (1:1:1), open-label clinical trial, with three treatment groups: per os therapy
(Group A), per os therapy and walking (Group B), per os therapy and special exercise
(Group C). The purpose of randomization is to eliminate selection bias. The study proto-
col was approved and registered by the Human Reproduction Committee of Hungarian
Medical Research Council (25489-8/2021/EÜIG).

2.1. Study Setting

This study will involve women aged 20–42 diagnosed with diminished ovarian re-
serve (DOR) who meet the following criteria: (1) AMH levels < 1.1 ng/mL at the begin-
ning of the cycle, (2) BMI between 18.5 and 30 kg/m2, (3) regular and normal menstru-
ation, and (4) specified hormone levels (TSH < 2.5 mIU/mL, vitamin D3 > 75 nmol/L,
Prolactin < 24 ng/mL). We plan to enroll 120 patients between January 2025 and Decem-
ber 2025.
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2.2. Eligibility Criteria
2.2.1. Inclusion Criteria

Participants who meet the following inclusion criteria will be included: (1) fe-
male of reproductive age 20–42 years; (2) BMI: 18.5–30 kg/m2; (3) regular menstruation;
(4) anti-Müllerian hormone (AMH) < 1.1 ng/mL; (5) hormone levels: TSH < 2.5 mIU/mL,
vitamin D3: >75 nmol/L, Prolactin: <24 ng/mL; (6) understanding the study design, risks,
and benefits, and providing informed consent; and (7) the ability to comply with the
study protocol.

2.2.2. Exclusion Criteria

Participants meeting any of the following criteria will be excluded: (1) age > 42 years
old; (2) antral follicle count (AFC) < 3 measured on day 2 of the cycle; (3) multiple
unsuccessful stimulation cycles ending with cancellation; (4) allergy to medications used
for ovarian rejuvenation; (5) three or more ovarian surgeries result in significant ovarian
reserve depletion (iatrogenic POI, iatrogenic DOR); (6) secondary amenorrhea; (7) uterine
developmental abnormalities; and (8) inability to engage in physical activity.

2.3. Objectives

The primary objective of this study is to assess the efficacy of specific exercise rou-
tine on ovarian function compared with a standard of care and low intensity walking
in patients with diminished ovarian reserve, by optimizing hormone levels for better
stimulation possibilities.

2.3.1. Primary Outcome

The primary outcome is the change in FSH and AMH levels compared with the levels
before. Spontaneous pregnancy during the study period will be recorded as a primary
outcome measure.

2.3.2. Secondary Outcomes

The secondary outcomes include: optimization of E2 and LH levels; optimization of
menstrual cycle length; change in BMI level; improvement in quality of life using the FSFI
questionnaire; and comparing the effectiveness between the 3 study groups.

2.4. Sample Size

A parallel, 3-group design will be used. We determined the sample size using G*Power
3.1.9.7 software. We employed one-way analysis of variance (ANOVA) due to consideration
of three different therapies. The effect size was estimated at 0.4. We set alpha to 0.05 and
power to 0.95. Consequently, the software provided an estimated total sample size of 102,
resulting in 34 cases per group. To account for a potential dropout rate of 15%, we increased
the sample size to 40 participants per group. Therefore, the total sample size needed for
the study is 120 participants [31].

2.5. Statistical Methods

Descriptively, we intend to calculate the mean, standard deviation, minimum, maxi-
mum, and range of data, while the occurrence of spontaneous pregnancy will be presented
as a percentage. For the evaluation of results, after conducting the Shapiro–Wilk normality
test, paired T-tests or Wilcoxon tests will be used to compare baseline and three-month
laboratory results within each group, and one-way analysis of variance (ANOVA) or
Kruskal–Wallis’s test, along with Tukey’s post hoc test, will be used for comparison among
the three groups. Chi-square tests or Fisher’s exact tests are planned to be applied for
comparing the numbers or percentages between groups.
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2.6. Recruitment

Patients meeting the eligibility criteria will be recruited from the Assisted Reproduc-
tion Center of Semmelweis University, Hungary. Detailed information about the study will
be provided verbally and in writing by the examining physician. Research subjects are
informed that in this clinical trial we intend to compare three groups of infertile women.
The group receiving only per os complementary therapy, the group receiving per os com-
plementary therapy and walking, and the group receiving per os complementary therapy
and a specific exercise program will be tested. We will also inform prospective participants
that participation in the research is voluntary and that the anonymized data obtained will
be summarized and subjected to statistical analysis. Participation in the study will take
approximately 12 weeks.

2.7. Implementation

The principal investigator or a designated sub-investigator will input the required
data into a web-based allocation system for eligible patients. Subsequently, the system
will allocate participants to the three investigated groups. The required data include
personal data, demographic data, medical and family history, body composition assessment
(weight, height, BMI), menstrual cycle (length and days of menstruation), hormone levels
(AMH, FSH, LH, E2, PRL, TSH, vitamin 25-OH-D3), progesterone levels, and the FSFI
questionnaire, as shown in Table 1.

Table 1. Study Assessments and Procedures.

Screening

Baseline
(2–4. Day of
Menstrual

Cycle)

Baseline
(21–22. Day of

the Same
Cycle)

3 Months
(2–4. Day of

Cycle)

3 Months
(21–22. Day of

the Same
Cycle)

Assessment

Investigator
meetings X

Informed consent X
Demographics,
medical, and

family history
X

Body composition
assessment (Weigh,

Height, BMI)
X X

Menstrual cycle X X
Hormone levels
(AMH, FSH, LH,

E2, PRL, TSH,
25-OH-D3 vitamin)

X X

Progesteron X X X
FSFI questionnaire X X

Spontaneous
pregnancy X

3. Materials and Equipment
The per os therapy consists of the following supplementation and amounts: daily

3 mg of melatonin (Pharma Nord, Vejle, Denmark) before bedtime in addition to daily
intake of 1000 mg of vitamin C (slow release), 400 mg of vitamin E, 2500 IU/day of vitamin
D3, and 200 mg of Coenzyme Q10 (Pharma Nord, Vejle, Denmark); and twice daily a
preparation containing 2000 mg of myo-inositol, 50 mg of alpha-lactalbumin, and 200 µg of
folic acid (Inofolic premium, Exeltis Hungary, Budapest, Hungary). For the rejuvenation
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exercise, there is no mandatory equipment, although an exercise mat and a pillow or ball
are recommended.

4. Detailed Procedures
4.1. Intervention

The standard dietary supplement/vitamin oral therapy for all three groups includes
the intake of a preparation containing myo-inositol + folic acid orally twice a day. Partici-
pants in the study are asked to take 3 mg of melatonin before bedtime in addition to daily
intake of 1000 mg of vitamin C (slow release), 400 mg of vitamin E, 2500 IU/day of vitamin
D3, and 200 mg of Coenzyme Q10.

Combined with the supplement therapy, patients in Arm B will be asked to perform
low intensity walking 3 times per week for 1 h each session.

For Arm C (per os therapy and special exercise), our special 70 min moderate-intensity
exercise program is available 3 times a week for at least 3 months. This therapeutic exercise
program is designed to combine several professional aspects in all exercises including
postural correction, pelvic-lumbar stabilization, rehabilitation of the pelvic region, re-
education of the pelvic floor muscles, restoration of optimal diaphragm function, dynamic
mobilization and stretching exercises, use of the relaxation and therapeutic effects of
costo-diaphragmatic breathing, optimization of joint range of motion, and development
of balance and coordination. There is a large emphasis on the combination of exercises
with relaxation-type exercises of costo-diaphragmatic breathing. The constant attention
on breathing helps the patients relax, activates the parasympathetic nervous system, and
ensures the strengthening of multiple muscle groups by contraction and relaxation.

The therapeutic movement program begins with a 15 min warm-up focused on teach-
ing active elongation and correct posture, diaphragmatic breathing, hip joint–shoulder
joint–thoracic spine mobilization exercises and activating the gluteal group to prepare the
pelvic region and the whole body for exercise. The warm-up is followed by a 15 min active
core strengthening session, designed to develop the pelvic-lumbar stabilization system
and optimize hip joint range of motion, in coordination with proper breathing technique.
Proper mobility of the lumbar–pelvic–hip complex and optimal functioning of the core
muscles are also necessary for optimal functioning of the pelvic organs (ovaries, uterus).
In this session, exercises use coordinated activation of the TVA and pelvic floor muscles
along with breathing. The third 15 in section focuses on costo-diaphragmatic breathing
in various yoga postures to activate the parasympathetic nervous system, promoting re-
laxation and stress relief and improving fertility. The other aim of this phase is to restore
muscle balance around the pelvis through stretching exercises and to relax the PF through
relaxation breathing techniques. The next 15 min session before the cool-down presents the
therapeutic objectives of the previous sessions in a complex way, including postural correc-
tion, dynamic stretching, and core stabilization exercises, together with correct breathing
techniques. Our goal is to compensate for mobility problems due to a sedentary lifestyle,
relieve pelvic floor muscles, improve pelvic organ circulation, and correct fertility problems
due to restricted hip movements. The final 10 min session is an active pelvic mobilization
through dance movements in a vertical position. The aim of this phase is to optimize the
movements of the hypomobile lumbar–pelvic–hip complex (LPHC). This is achieved by hip
rotations, pelvic tilts, and a combination of these movements. If there is not adequate range
of motion in the lumbar spine–pelvic–hip joint, sexual function is significantly affected and
limited, and this also has a negative impact on fertility. The stress-relieving effects of music
and dance are used to release female energy and mobilize the pelvic girdle.
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The workout can be tailored to specific needs by offering multiple levels and in-
corporating weights. All the exercises will be conducted by a women’s reproductive
health physiotherapist.

4.2. Randomization

Patients will be randomly assigned to Arm A (per os therapy), Arm B (per os ther-
apy and walking), or Arm C (per os therapy and special exercise) in a 1:1:1 ratio by an
internet-based distant third-party statistician blinded to the study and participant details.
The recruiting physician will be trained and provided with detailed instructions on the
recruitment protocol. The objective of randomization is to eliminate selection bias. The
trial design is summarized in Figure 1.
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4.3. Treatments of Adverse Events

Local investigators will handle any adverse events in accordance with current good
clinical practice guidelines. Each adverse event will be documented in a case report form,
detailing its nature, onset and resolution times, severity, treatment, and outcome. Follow-up
examinations will be conducted as needed to ensure patient safety.

Should the monitoring physician observe any harm to a participant or signs of ineffec-
tiveness during the trial, the participant will be removed from the study.

4.4. Criteria for Discontinuation of Trial Treatment

The criteria for the discontinuation of a trial are as follows:
(1) The participant refuses further participation or withdraws consent; (2) termination

of the entire study; (3) occurrence of a spontaneous pregnancy; (4) failure to adhere to the
study rules; (5) attendance of fewer than 75% of the exercise sessions by the participant
in the intervention group; (6) occurrence of any other intervention or surgery during
the study period that may alter the study outcome; (7) undesirable events related to the
treatment, such as acute pain, musculoskeletal complaints, or acute mental or physical
trauma preventing continuation of the study; (8) presence of a newly diagnosed malignancy;
(9) any situation where oral therapy or physiotherapy is deemed unfit to continue according
to the decision of the physician and physiotherapist.

4.5. Discontinuation of the Study

The study will be terminated early if the Institutional Review Board (IRB) identifies
any of the following: serious adverse drug effects; a newly diagnosed malignancy; or
participants encountering unexpected, significant, or unacceptable risks (such as death).
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4.6. Baseline Assessments

Baseline assessments will adhere to the trial’s standard operating procedure (SOP).
During the first visit, between days 2 and 4 of the cycle, a laboratory examination will be
conducted, including hormone levels of AMH, FSH, LH, E2, PRL, TSH, 25-OH-D3 vitamin,
and progesterone. Baseline progesterone will be measured between days 21 and 22 of the
same cycle. The FSFI questionnaire will also commence during this phase.

4.7. Efficacy Assessments

The efficacy of the trial treatment will be evaluated using a comprehensive set of
parameters measured at the 3-month follow-up. Participants’ weight, height, and BMI
will be recorded. This will help in assessing any changes in body composition resulting
from the intervention. The regularity and characteristics of participants’ menstrual cycles
will be monitored from the start to the end of the study. This continuous observation aims
to identify any improvements or alterations in menstrual health. Hormonal evaluations,
including levels of AMH, FSH, LH, E2, PRL, TSH, and 25-OH-D3 vitamin, will be conducted
at the conclusion of the study as well. As a primary outcome, the change in FSH and AMH
levels will be administered. The measurement of progesterone will help evaluate the
sufficiency of the luteal phase, which is critical for reproductive health. These measures
will provide insights into the hormonal balance and ovarian function of the participants.
The FSFI questionnaire will be administered to assess changes in sexual function. This
self-reported measure will provide valuable data on the impact of the intervention on
participants’ sexual health. The occurrence of spontaneous pregnancy during the study
period will be recorded as a primary outcome measure. This will directly indicate the
effectiveness of the intervention in improving fertility. These comprehensive assessments
will collectively provide a thorough evaluation of the intervention’s efficacy.

4.8. Data Monitoring Committee

An oversight committee comprising clinical trial experts, including a biostatistician,
will be established. The oversight committee will analyze unblinded outcome data to
assess safety and efficacy, determining whether there are indications of unsafe treatments
warranting the discontinuation of the trial. Additionally, the committee will alert the Trial
Steering Committee to any instances of unethical treatment or serious adverse events.

To manage the data for this study, the IBM Clinical Development Management System
(IBM Corporation, Somers, NY, USA), utilizing an Electronic Data Capture (EDC) system,
will be employed.

5. Expected Results
This clinical trial aims to explore whether our therapeutic exercise program designed

to rejuvenate the ovaries and rehabilitate the pelvic region is effective in improving ovarian
reserve in women with DOR. The exercise aims to show the effects of increased pelvic
region circulation on ovarian reserve. We are not aware of any other studies aiming to
discover the effects of pelvic-specific physical therapy on the fertility of women with
DOR. Our study is the first to investigate the multifaceted impact of specially combined
physical activity compared with walking and no physical activity at all on female fertility
in patients with infertility diagnosed with diminished ovarian reserve (DOR). Improving
assisted reproductive outcomes has become a critical issue for both infertile couples and
clinicians. Considering the strong desire of patients and the urgent need for treatment, per
os rejuvenation therapy combined with walking and per os rejuvenation therapy “without
exercise” were selected as a control method rather than placebo. Targeted exercise of the
pelvic region and the relaxation and therapeutic effects of costo-diaphragmatic breathing
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may be an important factor besides lifestyle changes and nutritional factors, which are
among the most valuable and promising interventions in preserving and restoring human
health and fertility, representing an area of medical research that remains to be fully
explored [32].

Data on the association between physical activity and female fertility are subject to
debates. Several studies have previously investigated the therapeutic effects of exercise on
fertility, but no clear consensus has emerged. In many studies, researchers have reported
mixed results, which is probably one of the reasons why the factors affecting fertility are
multifactorial. Several studies show that regular, moderate physical activity can help achieve
optimal hormonal balance and regular ovulation, thereby improving fertility [33,34]. Some
clinical and experimental studies have also revealed that regular moderate intensity exer-
cise is beneficial for maintaining and improving ovarian reserve and positively influences
the ovarian reserve profile [35,36]. There is also evidence available that physical activity
combined with other psychosocial and metabolic stressors can trigger a stress response,
inhibiting ovulation and the production of key hormones for conception [34]. Frequent
high-intensity physical activity (PA) increases subfertility and infertility, especially ovula-
tory infertility [37]. Athletes have been observed to have a higher incidence of reproductive
dysfunction and ovulatory infertility than non-athletes [38,39]. However, there are also
studies showing the opposite effect, i.e., that vigorous PA may be associated with improved
fertility, although this has only been shown in women with low physical activity, over-
weight, and obesity [33,40]. There is also no consensus among researchers on the effect of
physical activity before ART on pregnancy outcomes [41–43]. In a systematic review of
34 studies published in 2023, researchers concluded that there was insufficient evidence
to determine the relationship between physical activity and male and female fertility [44].
This review also examined the association between daily walking duration and female
fertility. Conflicting results were found when examining this relationship.

The recommendation of the World Health Organization (WHO) and the American
College of Obstetricians and Gynecologists (ACOG) that women planning a pregnancy
should do at least 150 min of moderate physical activity per week to reduce reproductive
risk [19] is in accordance with our study recommendations. Despite a large number of
studies on the curative relationship between physical activity and fertility, in fact, we still
know very little about the optimal duration, intensity, and form of PA in reducing infertility
risk. The goal of our study is to optimize and rigorously test the effect of a reproductive,
targeted exercise on ovarian function in a controlled environment, and possibly include
specific exercises in the treatment options for DOR and infertility.

In conclusion, our study addresses the type of physical activity in enhancing various
aspects of female fertility, including body composition, hormonal balance, menstrual
regularity, sexual function, and spontaneous pregnancy rates. These findings advocate
for the integration of regular therapeutic exercise into fertility treatment plans to optimize
reproductive health outcomes. Our preliminary three volunteer patients had a promising
change in their FSH and AMH levels after 3 months of exercise, further supporting the
possible success of the study. Our study results may provide high-quality evidence for
evaluating the effectiveness of reproductive physiotherapy in the treatment of DOR patients
and in the evaluation of outcomes following IVF-ET. This study will contribute to providing
a therapeutic option for DOR patients.
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Abstract: Ovarian cancer (OC) presents daunting lethality rates worldwide, with frequent late-stage
diagnosis and chemoresistance, highlighting the need for improved prognostic approaches. Venous
thromboembolism (VTE), a major cancer mortality factor, is partially driven by endothelial dysfunc-
tion (ED). ED’s pro-inflammatory state fosters tumour progression, suggesting a VTE-independent
link between ED and cancer. Given this triad’s interplay, ED markers may influence OC behaviour
and patients’ prognosis. Thus, the impact of ED-related genes and single-nucleotide polymorphisms
(SNPs) on OC-related VTE and patient thrombogenesis-independent prognosis was investigated.
NOS3 upregulation was linked to lower VTE incidence (χ2, p = 0.013), while SELP upregulation was
associated with shorter overall survival (log-rank test, p = 0.048). Dismissing patients with VTE
before OC diagnosis, SELP rs6136 T allele carriers presented lower progression-free survival (log-rank
test, p = 0.038). Nevertheless, due to the SNP minor allele underrepresentation, further investigation
is required. Taken together, ED markers seem to exhibit roles that depend on the clinical context,
such as tumour-related thrombogenesis or cancer prognosis. Validation with larger cohorts and
more in-depth functional studies are needed for data clarification and potential therapeutic strategies
exploitation to tackle cancer progression and thrombosis in OC patients.

Keywords: ovarian neoplasms; venous thrombosis; polymorphism; endothelium; nitric oxide; von
Willebrand factor; P-selectin; prognosis

1. Introduction

Tumour heterogeneity and therapy resistance remain the major obstacles to effective
treatment of malignant diseases [1]. This is particularly evident in ovarian cancer (OC),
displaying five-year survival rates below 50% in most countries, particularly when con-
sidering advanced stages [2,3]. Indeed, late-stage diagnosis combined with the common
acquisition of chemoresistance makes OC the most lethal gynaecological tumour on a
global scale [2,4–6]. The histological subtype primarily accountable for gynaecological
cancer-related deaths is serous carcinoma (SC), particularly high-grade tumours [7,8].

Life 2024, 14, 1630. https://doi.org/10.3390/life14121630 https://www.mdpi.com/journal/life39



Life 2024, 14, 1630

Beyond the International Federation of Gynaecology and Obstetrics (FIGO) staging,
histological and grade classification, prognosis assessment also relies on baseline serum
cancer antigen 125 (CA-125) levels, the extent of debulking surgery and chemotherapy
regimens, as independent key factors [2,9]. However, these prognostic determinants alone
are not sufficient to fully capture the complexity of the disease [10,11]. Thus, more reliable
biomarkers are crucial for improving prognostic accuracy, treatment strategies and disease
monitoring, enabling a more personalised and effective OC management.

Venous thromboembolism (VTE), including deep vein thrombosis (DVT) and pul-
monary embolism (PE), is a common cardiovascular complication among patients with
cancer, also representing their second leading cause of death [6,12,13]. These patients
face a fourfold to ninefold heightened vulnerability to venous thrombogenesis compared
with the general population, which can be explained by factors related to the patient (e.g.,
patient’s advanced age), tumour (e.g., cancer primary site) and antineoplastic treatments
(e.g., chemotherapy) [13–16]. Among OC patients, beyond patient and cancer-related
factors, platinum-based chemotherapy, antiangiogenic treatment, and pelvic surgery, sig-
nificantly increase the incidence of VTE, ranking this malignancy among those with the
highest thrombotic risk [17,18]. Indeed, the connection between cancer pathophysiology
and VTE has garnered significant attention. In a bidirectional relationship, malignancy and
cancer-associated thrombosis (CAT) serve as a mutual risk factor for each other and exert a
significant impact on each other’s mortality rates [19,20]. Given the negative effect of CAT,
a better comprehension of its pathogenesis is crucial.

Whether in the general population or in cancer patients, VTE development can be
elucidated by the Virchow Triad, which encompasses three key factors: stasis of blood
flow, blood hypercoagulability and endothelial dysfunction (ED). The latter, defined as
an alteration in the normal function of the endothelial cells (ECs) lining the interior of
blood vessels, is pivotal in VTE onset [15,21]. The core of ED is an imbalance between
endothelium-derived relaxing factors (EDRFs) and constricting factors (EDCFs). Among
various EDRFs, nitric oxide (NO) plays the most critical role in ED [21,22]. In addition to
endothelial permeability, decreased NO bioavailability induces the expression of important
cell adhesion molecules (CAMs), namely P-selectin, E-selectin, von Willebrand factor
(vWF), intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1), which facilitate cell-to-cell interaction, promoting the migration and adhesion
of leucocytes [23]. Also, the TGF-β co-receptor endoglin (ENG) is upregulated, further
contributing to a pro-inflammatory state that precedes VTE [24–27].

Beyond VTE, ED is a critical factor in the pathogenesis of a vast spectrum of other
metabolic and cardiovascular diseases (CVD) [22,24,28]. A relevant bridge to cancer is also
formed as the pro-inflammatory state of ED promotes tumour growth and progression.
Additionally, the inhibition of vasodilation supports cell proliferation and anti-apoptotic
responses, reinforcing the association between ED and cancer [29,30]. Collectively, the
triad formed by ED, VTE and cancer could open potential avenues for OC management,
particularly from a genetic perspective. Indeed, ED is thought to have a genetic basis,
with single-nucleotide polymorphisms (SNPs) being particularly valuable [31,32]. Given
their frequency and relevance at a population level, investigating SNPs implicated in ED
susceptibility may support CAT’s prediction and early diagnosis, improve OC prognosis
assessments and enable more personalised and targeted tumour treatments. In this context,
this study aimed to explore the implications of ED biomarkers on the occurrence of OC-
related VTE and the prognosis of OC patients, independent of thrombosis.

2. Materials and Methods
2.1. Population Description

A retrospective hospital-based cohort study was carried out enrolling epithelial OC
(EOC) patients of European ancestry admitted for first-line treatment from March 2017 to
December 2023 at the Department of Gynaecology and Oncology of IPO Porto. Patients
were excluded when underage, only admitted for a second opinion or with follow-up
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completed at other institutions. Ultimately, 98 EOC patients (cohort A) with available
biological material were recruited. All participants signed a consent form according to the
principles of the Helsinki Declaration before their enrolment in the research.

All EOC cases were staged using the FIGO staging system [33]. Adding to this, the
Response Evaluation Criteria in Solid Tumours (RECIST) version 1.1 was considered when
evaluating the tumour response to chemotherapy [34]. Follow-up records, as well as
demographic and clinicopathological information, were retrieved by consulting all patients’
medical data files.

In summary, the mean age of the patients was 63.2 years, and most of them were
post-menopausal (n = 79, 80.6%) and had received their diagnosis at advanced cancer
stages (FIGO III/IV; n = 74, 75.5%). A total of 82 (83.7%) patients were diagnosed with
serous tumours. Most (n = 41, 41.8%) received standard treatment (cytoreductive surgery
followed by chemotherapy with carboplatin/cisplatin combined with paclitaxel). Complete
or optimal surgical resection was achieved for 45 (45.9%) patients. The median follow-up
time in the study was 25.5 months.

CAT was defined as a VTE event occurring six months before to two years after OC
detection [35]. Therefore, analyses involving VTE included only patients with a minimum
follow-up of two years, with those who died during this period also considered. Notably,
active screening is not an established clinical protocol at IPO Porto and thus it was not
performed. Among the 80 OC patients with sufficient follow-up time, 17 (21.3%) developed
OC-related VTE, with 6 cases occurring before and 11 after OC diagnosis. The median time
interval between VTE and OC diagnosis was 3.5 months for thrombotic cases preceding
OC diagnosis and 9.0 months for post-diagnosis cases. Regarding the type of VTE, ten
events (58.8%) were DVT, five (29.4%) were PE, one involved both DVT and PE and one
occurred in an unusual location.

This study had previously received approval from the ethics committee at IPO Porto
(CES IPO: 69/021; 11 March 2021).

2.2. Sample Collection, Genomic DNA and RNA Extraction

Using a standard phlebotomy approach, venous peripheral blood samples of patients
were collected into EDTA collection tubes prior to their first-line chemotherapy.

Following the manufacturer’s instructions, the QIAamp DNA Blood Mini Kit (Cat.
No. 51106, Qiagen, Hilden, Germany) was used to isolate genomic deoxyribonucleic acid
(DNA) from the blood samples of each patient for SNP genotyping.

The isolation of peripheral blood components (PBCs) was conducted as described
elsewhere [10]. Total ribonucleic acid (RNA) for messenger RNA (mRNA) analyses was
extracted from the cellular fraction of the peripheral blood samples using the GRS RNA
kit—Blood & cultured cells (#GK08.0100, Grisp Research Resolutions®, Porto, Portugal) as
per the manufacturer’s instructions.

The concentration and purity of the DNA and RNA samples were verified using the
NanoDrop Lite spectrophotometer by Thermo Fisher Scientific® (Waltham, MA, USA).
Only RNA samples with A260/280 ≥ 1.90 were admitted. Once extracted and quantified,
all DNA samples were stored at −20 ◦C, while the RNA samples were stored at −80 ◦C
until use.

2.3. Polymorphism Selection and Genotyping

Several criteria were used to guide the identification of relevant SNPs associated with
ED. The genetic variants were selected if they: (1) were located within genes implicated in
ED, (2) had a demonstrated impact on the expression or activity of the respective encoded
proteins, (3) had a role in CVD and metabolic diseases and/or cancer and (4) had available
TaqMan genotyping assays. Finally, SNPs related to the same gene and in strong linkage
disequilibrium (LD) (meaning with a r2 value higher than 0.9) were dismissed. Applying
these criteria, three SNPs were selected: NOS3 rs2070744, SELP rs6136 and VWF rs1063856.
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SNP genotyping was carried out in a StepOne Plus quantitative real-time (qRT)-PCR
system (Applied Biosystems®, Foster City, CA, USA), leveraging the TaqMan® Allelic
Discrimination approach. Thermal cycles for DNA amplification were the following:
activation of Taq DNA-polymerase (10 min at 95 ◦C); denaturation of DNA chains (15 s of
45 cycles at 95 ◦C) and primer pairing and extension (1 min at 60 ◦C). Each reaction was
conducted with a 6.0 µL mix, including 2.5 µL of TaqPathTM ProAmpTM Master Mix (1×),
2.375 µL of sterile water, 0.125 µL of TaqMan® Genotyping Assay (C__15903863_10 for
NOS3 rs2070744, C__11975277_20 for SELP rs6136 and C___3288406_30 for VWF rs1063856),
and 1.0 µL of genomic DNA, incorporating negative controls (without genetic material)
to assess false positives. A double-sampling strategy of at least 10.0% randomly selected
samples was performed to ensure SNP genotyping quality. StepOne Software (version 2.3
Applied Biosystems®, Foster City, CA, USA) was employed to analyse the data on DNA
amplification data. The genotyping results were evaluated by two researchers with no
previous knowledge regarding the demographic and clinicopathological details of patients
involved in the study.

2.4. Gene Selection

A comprehensive literature review on the molecular profile associated with ED was
recently conducted by our research group [36]. Based on this review, genes were se-
lected by prioritising those expressed by PBCs, particularly monocytes, neutrophils, and
platelets. Furthermore, different phases of ED—immediate endothelial activation, delayed
endothelial activation, and established ED—were considered, leading to the selection of
the following genes: NOS3, SELP, ICAM1, ENG, and ET-1 encoding gene (EDN1).

Cohort A was subsampled by filtering out patients who: (1) had a history of other
malignancies; (2) were breastfeeding or pregnant at the time of diagnosis; (3) had a history
of autoimmune diseases or were undergoing immunosuppressive therapies; (4) had acute
infections at cancer diagnosis; (5) were undergoing anticoagulant treatments for diseases
other than VTE; and (6) possessed the polymorphisms Factor V Leiden (F5 rs6025) and F2
(Factor II encoding gene) rs1799963. The resultant cohort—cohort B—was comprised of
55 OC patients, who were subject to gene expression analysis.

2.5. cDNA Conversion and Gene-Relative Quantification

Complementary DNA (cDNA) strands were generated from total RNA samples by
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems®, Carlsbad,
CA, USA) as per the manufacturer’s instructions, and a MycyclerTM Thermal cycler (Bio-
Rad Laboratories, Hercules, CA, USA) with the recommended cycle conditions (10 min at
25 ◦C, 120 min at 37 ◦C, and 5 min at 85 ◦C). All reactions incorporated negative controls.

The relative quantification of gene expression was performed with the StepOne Plus
qRT-PCR system. Each reaction was executed using a 10.0 µL mixture containing: 5.0 µL of
2× TaqManTM Gene Expression Master Mix and 0.5 µL of TaqManTM 20× Gene Expression
Assays, both by Applied Biosystems® (Foster City, CA, USA); and 3.0 µL of nuclease-free
water and 1.5 µL of cDNA sample. The selected assays were the following: Hs01574665_m1
(NOS3), Hs00923996_m1 (ENG), Hs00174961_m1 (EDN1), Hs00164932_m1 (ICAM1), and
Hs00927900_m1 (SELP). Glyceraldehyde-3-phosphatedehydrogenase (GAPDH) and hypox-
anthine phosphoribosyl transferase 1 (HPRT1) were tested as endogenous controls with
the assays Hs03929097_g1 and Hs02800695_m1, respectively. All reactions followed the
same thermal cycling conditions: 50 ◦C for 2 min, 95 ◦C for 10 min followed by 45 cycles
of 15 s at the same temperature, and 1 min at 60 ◦C. Negative controls (without cDNA)
were included in all reactions to assess false positives, and a triple-sampling strategy of all
samples was employed. The amplification of all targets and endogenous controls of each
sample was conducted on the same plate. Reactions with standard deviation (SD) values
of cycle thresholds (Ct) >0.5 were excluded. Ct values were generated with the same set
baseline and threshold values for each plate by using the qRT-PCR analysis software from
the Thermo Fisher Connect platform (Thermo Fisher Scientific, Waltham, MA, USA).
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2.6. Statistical Analysis

Data analysis was conducted using IBM SPSS Statistics for Windows (version 29, IBM
Corp., Armonk, NY, USA). The assessment of data distribution relied on the Kolmogorov-
Smirnov test. Continuous variables were dichotomised using the mean value as the cut-off
for normally distributed data or the median for non-normally distributed data.

The genotype distribution of each SNP in this study was compared with that of
the Iberian population (https://www.ensembl.org/index.html, accessed on 18 August
2024). The Hardy−Weinberg equilibrium (HWE) was tested using the chi-square test (χ2).
Associations of the SNPs with patients’ clinical and demographic characteristics, including
CAT status, as well as the expression of ED-related genes, were analysed using χ2.

The gene-normalised relative expression was computed using the Livak method with
GAPDH as the endogenous control due to its stable expression when compared to HPRT
(i.e., lower SD values). By applying the interquartile range (IQR), the most severe outliers
in the levels of normalised relative expression of each gene were identified and further
dismissed. Furthermore, four expression profiles categorising gene-normalised relative
expression were defined: (A) low vs. high considering median value expression; (B) low vs.
intermediate vs. high expression values considering the terciles; (C) low (first and second
terciles) vs. high (third tercile) expression; and (D) low (first tercile) vs. high (remaining
distribution) by combining the terciles.

Depending on the data distribution, the Mann–Whitney U test or Student-t test was
used to evaluate the statistical differences in the gene-normalised relative expression levels
according to VTE status (VTE-negative/VTE-positive). When examining these associations
considering patients without VTE, those with the condition before OC diagnosis, and those
after, the Kruskal−Wallis test or one-way analysis of variance followed by Dunnett’s test
was employed. χ2 was further used for confirmation. The same test was employed to
assess the associations of gene expression levels with ED-related SNPs and patients’ clinical
and demographic characteristics.

The impact of ED-related markers on the patient’s progression-free survival (PFS) and
overall survival (OS) was evaluated. PFS was defined as the interval between the initiation
of cancer treatment and either the date of recurrence, progression, related mortality, or the
patient’s last clinical evaluation. OS was deemed the time from the patient’s diagnosis until
death (all causes included) or the last clinical evaluation. Survival curves were generated
with the Kaplan−Meier method, while the survival probabilities were examined using the
log-rank test. The most fitting genetic model for each variant (recessive or dominant) was
established after analysing the survival curves under the additive genetic model. The risks
of tumour progression and patient death were computed employing the Cox proportional
hazards model.

All tests conducted were two-sided and a 5.0% significance level was established.
Furthermore, p-values between 0.050 and 0.060 were deemed marginally significant.

3. Results
3.1. Distribution of SNP Genotypes

The distribution of the variants’ genotypes is represented in Table 1. The ED-related
SNPs were in HWE (χ2, p > 0.050), demonstrating no significant deviation from expected
genotype frequencies.

Table 1. Genotype distribution of ED-related SNPs.

SNP MAFi 1

(MA)
Genotype n (%) n Total (%) MAFs (MA)

NOS3
rs2070744

49.5% (C)
CC 21 (21.4)

98 (100) 46.9% (C)CT 50 (51.0)
TT 27 (27.6)
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Table 1. Cont.

SNP MAFi 1

(MA)
Genotype n (%) n Total (%) MAFs (MA)

SELP rs6136 8.9% (G)
TT 81 (82.7)

98 (100) 9.2% (G)GT 16 (16.3)
GG 1 (1.0)

VWF
rs1063856

34.1% (C)
CC 10 (10.2)

98 (100) 36.2% (C)CT 51 (52.0)
TT 37 (37.8)

1 According to the Ensembl database accessed on 18 August 2024. Abbreviations: SNP, single-nucleotide
polymorphism; MAFi, minor allele frequency in the Iberian population; MAFs, minor allele frequency in the
study cohort; MA, minor allele.

3.2. ED Markers and Clinical Characteristics of OC Patients

While no significant associations were found for the evaluated ED-related genes [re-
gardless of the expression profile (χ2, p > 0.050)], the SNPs were associated with several
demographic and clinicopathological features of the patients (Table 2). The NOS3 rs2070744
CC genotype was more prevalent among patients with a CVD and/or metabolic disease
history (CC vs. CT vs. TT; χ2, p = 0.049). This association was corroborated when consid-
ering patients with both conditions (CC vs. CT/TT; χ2, p = 0.023). Furthermore, the SNP
TT genotype was more frequently associated with using poly (ADP-ribose) polymerase
(PARP) inhibitors (PARPi) in both the additive (CC vs. CT vs. TT; χ2, p = 0.029) and domi-
nant (CC/CT vs. TT; χ2, p = 0.025) genetic models. A marginal association was observed
between this SNP and international normalised ratio (INR) baseline levels (CC/CT vs. TT;
χ2, p = 0.059).

Table 2. Associations between SNPs and clinicopathological features of the patients.

SNP Associated Characteristic Associated
Genotype/Allele Statistical Model p Value

NOS3
rs2070744

Cardiovascular or metabolic disease history CC CC vs. CT vs. TT 0.049

Cardiovascular and metabolic disease history CC CC vs. CT/TT 0.023

Use of PARPi
TT CC vs. CT vs. TT 0.029

TT CC/CT vs. TT 0.025

Higher INR TT CC/CT vs. TT 0.059

SELP
rs6136

Cardiovascular and/or metabolic disease history G GG/GT vs. TT 0.018

Advanced (III/IV) FIGO stages TT GG vs. GT vs. TT 0.042

VWF
rs1063856

ATE history
TT CC/CT vs. TT 0.018

TT CC vs. CT vs. TT 0.021

Anticoagulant use before OC diagnosis TT CC vs. CT vs. TT 0.054

Abbreviations: SNP, single-nucleotide polymorphism; PARPi, poly (ADP-ribose) polymerase (PARP) inhibitors;
INR, international normalised ratio; ATE, arterial thromboembolism.

The SELP rs6136 G allele was more frequently associated with a CVD and/or metabolic
disease history (GG/GT vs. TT; χ2, p = 0.018). Conversely, the T allele appeared to be more
prevalent in patients at advanced FIGO stages (III/IV; χ2, p = 0.042). However, the findings
should be evaluated carefully given the underrepresentation of the GG genotype, reflecting
its low minor allele frequency (MAF) (8.9%) in the Iberian population.

The VWF rs1063856 TT genotype was strongly associated with a history of arterial
thromboembolism (ATE) in both the dominant (CC/CT vs. TT; χ2, p = 0.018) and additive
(CC vs. CT vs. TT; χ2, p = 0.021) models. Additionally, an association between this genotype
and anticoagulant use before OC diagnosis yielded a marginal result (χ2, p = 0.054).
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3.3. ED-Markers and VTE Status

Two different approaches were used to assess this association. The first approach
grouped patients into two categories—those with (VTE positive) and those without VTE
(VTE-free/negative). In the second approach, VTE-free patients were compared to those
with the condition before OC diagnosis and those presenting VTE after tumour diagnosis.
Although no significant associations were detected for the SNPs, [regardless of the approach
used (χ2, p > 0.050)], in the first approach, NOS3 was marginally associated with VTE
status using the Mann–Whitney U test on cohort B. Namely, patients without VTE were
found to present higher gene expression levels compared to those with the condition
(p = 0.057). Regarding χ2 for confirmation, NOS3 expression levels were once again found
to be significantly associated with VTE risk in both approaches (Table 3). In the first
approach, higher NOS3 expression was associated with a lower risk of VTE (profile B; χ2,
p = 0.013). Notably, VTE events were only reported in the low and intermediate NOS3
expression groups. In the second approach, VTE events were only observed in the low and
intermediate expression groups, with none occurring in the high expression group (profile
B; χ2, p = 0.027). The χ2 did not reveal any additional significant association between the
expression of the ED-related genes and VTE status (p > 0.050).

Table 3. Significant associations of NOS3 expression and VTE occurrence.

Gene Profile n
Expression

p Value
Low Intermediate High

NOS3

B
VTE negative 10 12 18

0.013
VTE positive 5 4 0

B

VTE-free 10 12 17

0.027VTE before OC 2 1 0

VTE after OC 3 3 0
Abbreviations: VTE, venous thromboembolism; OC, ovarian cancer.

3.4. SNPs’ Impact on Clinical Outcome of OC Patients (Independently of VTE)

To eliminate potential confounding effects of pre-existing VTE on the relationship
between SNPs and patient prognosis, the analyses were performed considering the entire
cohort A (n = 98) and the subgroup of patients excluding those who had VTE before OC
diagnosis (n = 89). In this survival analysis, only the SELP SNP showed a significant
association with the PFS or OS of the patients. The remaining negative results are detailed
in Supplementary Table S1. Considering the entire Cohort A, the SELP rs6136 TT genotype
showed a marginal association with PFS (GG/GT vs. TT; log-rank test, p = 0.054; Figure 1a)
while being significantly associated with poorer PFS compared to the G allele genotypes
(CG/GT vs. TT; mean OS of 24.4± 3.2 months and 43.7± 8.1 months, respectively, log-rank
test, p = 0.038; Figure 1b) in subgroup assessment. Despite the statistical significance, it
is important to note the underrepresentation of the G allele genotype, which limits the
robustness of these results.

3.5. Genes’ Impact on Clinical Outcome of OC Patients (Independently of VTE)

A similar approach to cohort A was used to segment cohort B patients, resulting in
a subgroup excluding patients who experienced VTE before OC diagnosis (n = 52). In
the total cohort B (n = 55), patients with high SELP expression (profile D) exhibited a
shorter OS compared to their counterparts (mean OS of 41.2 ± 5.1 and 57.9 ± 9.2 months,
respectively, log-rank test, p = 0.048; Figure 2). In the sub-analysis, SELP expression not
only continued to show a significant association with OS but also displayed an association
with PFS (Figure 3). For PFS, the high SELP expression (profile C) group had a mean
PFS of 14.4 ± 1.7 months compared to 26.3 ± 4.8 months in the low expression group
(log-rank test, p = 0.014, Figure 3a). Concerning OS, patients with a high expression (profile
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D) had a lower survival time than their counterparts (mean OS of 41.5 ± 5.3 months and
60.6 ± 9.5 months, log-rank test, p = 0.023, Figure 3b). Consistent with the SNP analyses,
only SELP showed a significant association with OC patient prognosis, further supporting
its potential role as a prognostic factor in these patients, with high expression levels
associated with a less favourable outcome. The negative findings from all gene analyses
conducted are summarised in Supplementary Table S2.
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Figure 1. Progression-free survival (PFS) by Kaplan−Meier and log-rank test for OC patients,
according to SELP rs6136 genotype distribution. The TT genotype carriers had lower survival times:
(a) For OC patients in the entire cohort (n = 97), the association had a marginal statistically significant
result (GG/GT vs. TT; log-rank test, p = 0.054); (b) For OC patients in the sub-cohort (n = 88),
excluding those with prior VTE, TT genotype carriers had a mean PFS of 24.4 ± 3.2 months while G
allele carriers had a mean PFS of 43.7 ± 8.1 months (GG/GT vs. TT; log-rank test, p = 0.038).

3.6. SNPs’ Impact on Gene Expression

Regarding the influence of the SNPs on their respective gene expression levels in
cohort B, no significant association was found (Table 4). Considering all cohort B patients
(n = 55), the NOS3 rs2070744 T allele (TT/CT vs. CC) was significantly linked with higher
levels of ICAM1 (profile D, χ2, p = 0.045). The TT genotype showed a marginal association
with higher ENG expression (CC/CT vs. TT; profile B, χ2, p = 0.058). Moreover, the VWF
rs1063856 TT genotype (additive model) was significantly linked to higher SELP expression
(profile B, χ2, p = 0.025, respectively). Regarding the subgroup (n = 52), the NOS3 rs2070744
T allele (TT/CT vs. CC) was again associated with higher ICAM1 expression levels (profile
D, χ2, p = 0.019). The mentioned associations are resumed in Table 5.
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Life 2024, 14, x FOR PEER REVIEW 9 of 17 

Figure 2. Overall survival (OS) (n = 55) by Kaplan−Meier and log-rank test for OC patients, according 
to SELP expression levels. Patients with high SELP expression (profile D) had a lower OS compared 
to those with low SELP expression (p = 0.048). The high expression group had a mean OS of 41.2 ± 
5.1 months, while the low expression group had a mean OS of 57.9 ± 9.2 months. 

(a) (b) 

Figure 3. Progression-free survival (PFS) and overall survival (OS) by Kaplan−Meier and log-rank 
test for OC patients in the sub-cohort (n = 52), excluding those with prior VTE, according to SELP 
expression levels: (a) Patients with high SELP expression had a lower PFS compared to those with 
low SELP expression (profile C). The high expression group had a mean PFS of 14.4 ± 1.7 months, 
while the low expression group had a mean PFS of 26.3 ± 4.8 months (log-rank test, p = 0.014); (b) 
Patients with high SELP expression had a lower OS compared to those with low SELP expression 
(profile D). The high expression group had a mean OS of 41.5 ± 5.3 months, while the low expression 
group had a mean OS of 60.6 ± 9.5 months (log-rank test, p = 0.023). 

3.6. SNPs’ Impact on Gene Expression 
Regarding the influence of the SNPs on their respective gene expression levels in co-

hort B, no significant association was found (Table 4). Considering all cohort B patients (n 

Figure 3. Progression-free survival (PFS) and overall survival (OS) by Kaplan−Meier and log-rank
test for OC patients in the sub-cohort (n = 52), excluding those with prior VTE, according to SELP
expression levels: (a) Patients with high SELP expression had a lower PFS compared to those with low
SELP expression (profile C). The high expression group had a mean PFS of 14.4 ± 1.7 months, while
the low expression group had a mean PFS of 26.3 ± 4.8 months (log-rank test, p = 0.014); (b) Patients
with high SELP expression had a lower OS compared to those with low SELP expression (profile D).
The high expression group had a mean OS of 41.5 ± 5.3 months, while the low expression group had
a mean OS of 60.6 ± 9.5 months (log-rank test, p = 0.023).
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Table 4. Genotype distribution of each SNP (additive model) in cohort B (n = 55), according to the
expression profile A of the respective gene.

SNP Genotype Low Gene Expression
n (%)

High Gene Expression
n (%)

NOS3 rs2070744
CC 8 (14.5) 6 (10.9)
CT 15 (27.3) 12 (21.8)
TT 4 (7.3) 10 (18.2)

SELP rs6136
TT 22 (40.0) 23 (41.8)
GT 5 (9.1) 5 (9.1)

Abbreviations: SNP, single-nucleotide polymorphism.

Table 5. Significant associations between investigated SNPs and gene expression.

SNP Genotype/
Allele

Statistical
Model

Upregulated
Gene

Gene Expression
Profile p Value Cohort

NOS3
rs2070744

T TT/CT vs. CC ICAM1 D 0.019 Sub-cohort (n = 52)

TT CC/CT vs. TT ENG B 0.058
Entire

cohort B
(n = 55)

T TT/CT vs. CC ICAM1 D 0.045

VWF
rs1063856 TT CC vs. CT vs. TT SELP B 0.025

Abbreviations: SNP, single-nucleotide polymorphism.

4. Discussion

Despite advancements in the treatment setting, long-term survival rates for OC remain
low due to several challenges, including late-stage disease diagnosis and the frequent de-
velopment of resistance to therapy allied to the high recurrence rates. Identifying effective
prognostic biomarkers of OC is crucial for improving clinical management and personal-
ising therapeutic strategies [1–3,6,37]. A growing body of evidence has underscored the
crucial role of ED in the initiation and progression of cancer, with its influence extending to
various hallmarks of the disease. In parallel, ED has long been recognised as one of the
primary factors linked to VTE, a condition commonly observed in cancer patients [36]. The
interaction between ED, VTE, and OC could enable the identification of novel biomarkers
and therapeutic targets for more personalised disease management for OC patients. This
study assessed the association of the ED markers with VTE occurrence and their prognostic
value for OC.

Starting with NOS3 rs2070744, it involves the substitution of a thymine (T) with a
cytosine (C) at position -786 in the 5′-flanking region. This alternation promotes the binding
of the DNA repair, replication and recombination protein, replication protein A1 (RPA1),
to the NOS3 promoter. This assembly reduces the promoter activity leading to serum NO
decline, which enables proliferation pathways and inhibits tumour cell apoptosis [30,38–41].
In this study, the rs2070744 C allele was more prevalent among patients with a history
of CVD and metabolic diseases (CC vs. CT vs. TT; χ2, p = 0.049), which is consistent
with the literature [39,42,43]. Additionally, the SNP was marginally associated with the
baseline INR (C vs. TT; χ2, p = 0.059), corroborating the effect of the SNP on haemostatic
abnormalities [44]. Contrary to the observation that decreased NO levels—which define
ED status—are associated with a pro-thrombotic potential, rs2070744 was not significantly
associated with CAT susceptibility [21]. On the other hand, higher NOS3 expression
was significantly linked to a lower risk of VTE (χ2, p = 0.013), which aligns with the
protective role of NO in maintaining endothelial integrity and preventing excessive clot
formation [22,28,45]. Notably, the expression of the remaining genes was not significantly
associated with CAT occurrence. Collectively, these results suggest that NOS3 may have a
unique and context-dependent role in CAT pathogenesis among OC patients.

The lack of association between rs2070744 and NOS3 expression may help explain
why this SNP does not appear to influence CAT susceptibility. This finding should be

48



Life 2024, 14, 1630

examined in additional studies with larger cohort sizes. Inclusively, while with no statis-
tical significance, the C allele tended to be more common among those with low NOS3
expression, supporting the existing evidence [30,38–41]. All in all, the interplay between
NO deficiency and the activation of vasoconstrictors exacerbates ED’s role in promoting a
pro-thrombotic and pro-inflammatory environment, leading to enhanced cellular prolif-
eration, angiogenesis, and metastasis—key processes in tumourigenesis. This connection
further underscores the significance of ED beyond its involvement in VTE, highlighting its
contribution to a wider array of pathological conditions that share common mechanistic
pathways with cancer [21,22,28,36,39,46–48].

The influence of NOS3 expression on OC may extend to treatment, particularly in the
context of PARPi. The association of the rs2070744 TT genotype with higher levels of NO
compared to the C allele may reflect a preserved capacity for regulating inflammatory and
apoptotic processes. As an apoptosis modulator, elevated NO levels enhance apoptosis in
cancer cells, which could potentially impact the effectiveness of PARPi [30,47,49]. The sig-
nificant association between the TT genotype and the use of PARPi (C vs. TT; χ2, p = 0.025)
suggest that this genotype is linked to a more robust apoptotic response to the treatment,
possibly indicating a more favourable clinical outcome or a preferred therapeutic response
in OC patients [50]. Another hypothesis suggests that NO may play a role in sensitising
BRCA1/2-proficient tumours to PARPi by inhibiting homologous recombination repair
(HRR) pathways. Briefly, BRCA-mutated tumours have a reduced ability to repair DNA
via HRR, making them more vulnerable to treatments that further inhibit DNA repair, like
PARPi. However, BRCA1/2 mutations are only present in 10.0–15.0% of OC, meaning
that for most OC patients with BRCA1/2-proficient tumours, PARPi is less effective. Re-
cently, NO donors have been proposed as such efficient sensitising agents [51]. Thus, the
elevated NO levels associated with the TT genotype could enhance the synthetic lethality
of PARPi, even in patients without BRCA1/2 mutations, by promoting error-prone DNA
repair mechanisms.

Intriguingly, the rs2070744 T allele was associated with higher expression levels of
ICAM1 [χ2, p = 0.045 (n = 55); χ2, p = 0.019 (n = 52)], and marginally associated with the
upregulation of ENG [χ2, p = 0.058 (n = 55)]. The elevated expression of ICAM1, a crucial
marker for leukocyte adhesion and endothelial inflammation, suggests a potential exacerba-
tion of inflammatory responses in T allele carriers [52]. Moreover, the increased expression
of ENG, which plays a key role in EC functions, particularly in regulating proliferation,
migration and angiogenesis, could indicate an altered endothelial state with potential
impacts on tumour progression [53]. These findings seem to contrast with the expectation
that higher NO levels associated with the T allele should mitigate ED and thrombotic risk.
Instead, the presence of the T allele appears to be associated with a molecular profile sug-
gesting persistent ED, despite elevated NO levels. Nevertheless, besides being a novel ED
marker highly expressed in activated ECs, ENG also regulates NOS3 expression, playing a
crucial role in NO-mediated vasodilation, through the TGFβ/activin receptor-like kinase-5
(ALK5)/mothers against decapentaplegic homolog 2 (SMAD2) pathway [26,54]. Thus,
the simultaneous upregulation of ENG and NOS3 (assuming the NOS3 rs2070744 T allele
association with higher NOS3 expression) acts in line with a more preserved endothelium
resultant from a regular NO bioavailability, reinforcing the vascular dynamics modulated
by ENG [30,40,41,54]. Again, the lack of statistical significance on the association of T allele
carriers and higher NOS3 expression (regardless of the observed trend) may be a justifying
factor for the mere marginally significant association of T allele carriers with higher ENG
expression, reflecting a complex interaction between NO levels and other ED markers.

The SNP rs2070744 has been linked to the susceptibility of several tumours, including
breast, prostate, bladder, gastric, and colorectal cancers, and oral squamous cell carci-
noma [30,36,41,48,55–62]. However, studies reporting a clear prognostic role of rs2070744
in cancer are limited, focusing primarily on its association with survival in response to spe-
cific therapies in renal cell carcinoma, hepatocellular carcinoma, and bladder cancer [63–65].
Notably, these studies yield inconsistent results regarding which allele or genotype was
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associated with a worse prognosis. In this study, no prognostic value of rs2070744 or NOS3
expression was observed.

Regarding the SELP rs6136, this SNP is a missense variant resulting from a thymine (T)
to guanine (G) substitution and consequent threonine (Thr) replacement by proline (Pro) at
position 715, at exon 13. Adjacent to this exon, which encodes the last repeat segment of
SELP, is the exon encoding the transmembrane domain of the protein. Under alternative
splicing, a soluble SELP (sSELP) is produced, without a transmembrane domain. The
reported association of the G allele with reduced sSELP levels suggests that this allele is
linked to impaired splicing efficiency or altered protein processing, leading to decreased
production or increased degradation of sSELP compared to the T allele [66,67].

In the present study, no statistical significance was achieved for SELP rs6136 and the
expression of the respective gene. Nevertheless, the rs6136 G allele was significantly associ-
ated with a CVD and/or metabolic disease history (GG/GT vs. TT; χ2, p = 0.018), aligning
with the literature findings, that link this allele with both higher risk of development of
metabolic and CVD (including CAT) and lower sSELP levels [20,66,68,69]. The apparent
inconsistency in the literature regarding the simultaneous association of the rs6136 G allele
with these two factors remains unresolved. On one side, SELP is reported to facilitate
leukocyte recruitment to the site of inflammation, potentially contributing to thrombosis,
tumour progression and cancer cachexia [70]. Conversely, studies such as the Etude Cas-
Témoin de l’Infarctus du Myocarde (ECTIM) have shown a protective effect of the G allele
against myocardial infarction, proposing SELP rs6136 as a polymorphic variant with a
population-dependent role. Furthermore, the alteration in the processing of the mRNA or
the protein itself may be favouring the transmembrane form of SELP over sSELP as the
reduction of the latter related to the increase of the former [71].

The SELP rs6136 T allele displayed a greater prevalence in patients with advanced
FIGO stages (χ2, p = 0.042), indicating a worse prognosis associated with SELP upregulation.
This finding was further confirmed with the observation that TT genotype carriers in this
study exhibited lower PFS in the analysis of the entire cohort A (with a marginal result)
and the subgroup analysis without patients that had VTE preceding their OC diagnosis
(log-rank test, p = 0.038) than patients with the G allele. Consistently, patients with higher
levels of SELP presented a shorter OS compared to their counterparts in the total cohort
B (log-rank test, p = 0.048), and both diminished PFS and OS (log-rank test, p = 0.014 and
p = 0.023, respectively) in the sub-analysis cohort dismissing patients with VTE before OC
diagnosis. This result aligns with previous studies regarding advanced EOC prognosis,
where increased expression of SELP mRNA was linked to worse OS [72]. Taken together,
this study’s findings suggest that ED and SELP’s roles are not merely associated with the
presence of VTE but are closely linked with their impact in the context of ongoing cancer [20].
However, this SNP should be evaluated carefully given the underrepresentation of the GG
genotype in the study sample, which makes it challenging to draw definitive conclusions
about its impact on cancer outcomes. Looking forward, expanding the cohort could enable
wider genotype representation and consequently provide better statistical power. Also,
combining the quantification of protein levels with gene expression analyses could help
clarify these study’s findings, such as sSELP’s role in the complex VTE−ED−OC triad.

As for VWF, the variant rs1063856 involves a thymine (T) to cytosine (C) substitution
in exon 18, which leads to increased plasma levels of vWF and, consequently a higher
thrombosis risk [73,74]. Elevated vWF levels are known to contribute to cancer progres-
sion, as vWF can enhance platelet adhesion and aggregation, creating a pro-thrombotic
environment that favours tumour metastasis [75]. Curiously, the T allele was significantly
associated with a history of ATE in this study (χ2, p = 0.018). Although controversial, this
result aligns with the marginal association of the SNP TT genotype with the use of anti-
coagulants before their OC diagnosis, suggesting a pro-thrombotic role for this genotype.
Although no association was detected between the SNP and the expression level of VWF in
OC patients’ PBCs, the TT genotype was found to be significantly associated with a higher
expression of SELP (χ2, p = 0.025). This finding is consistent with the SNP’s association with
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ATE and the use of anticoagulants before OC diagnosis. Overall, VWF rs1063856 seems
to have a role in thrombo-inflammatory mechanisms as SELP is known to mediate the
interaction between activated ECs, platelets, and immune cells, a key process in thromboge-
nesis [16]. Although previous investigations report the association of VWF rs1063856 with
both vWF plasma levels and VTE incidence, the present study lacks statistical significance
for both analyses [74]. Notably, there is a lack of literature assessing the prognostic value
of this SNP. In this study, no prognostic value was observed for VWF rs1063856, which
aligns with the current gap in research regarding the role of this SNP in predicting cancer
progression or patient outcomes.

Future research should aim to externally validate these findings in larger cohorts
and other populations and perform functional studies to better understand the molecular
mechanisms underpinning the associations between ED-related markers and ovarian
tumourigenesis. Additionally, it will be important to conduct active screenings of CAT and
integrate the flow-mediated dilation (FMD) test into future studies to directly measure and
confirm the presence of ED in OC patients. Finally, in addition to PBCs, the expression of
ED-related genes should be evaluated in endothelial cells—the primary source—to gain a
better understanding of the gene expression dynamics.

5. Conclusions

Over the last few years, the search for reliable prognostic biomarkers has become a
priority to improve OC management and patient outcomes. In the cancer research field,
markers related to ED have garnered significant interest due to their roles in tumour inva-
sion, angiogenesis and metastasis. Given the dual role of ED in CAT and cancer progression
(independently of VTE), the present study aimed to assess the impact of specific ED-related
genetic variations and genes on OC-related VTE occurrence, OC progression, and patient
survival. Among the evaluated markers, only NOS3 expression was significantly associ-
ated with VTE occurrence. Namely, its higher expression was linked to a reduced risk of
VTE, reinforcing the idea of a protective effect of NO in venous thrombogenesis. This is
attributed, at least partially, to the maintenance of endothelial integrity and normal activity,
a well-established role of NO in cardiovascular research. Another important finding relates
to SELP, a crucial mediator of endothelial integrity and tumour angiogenesis. In this study,
SELP expression was associated with poor clinical outcomes. As for the SNP, despite
demonstrating a strong correlation with poorer survival, no definitive conclusions may be
taken due to limiting underrepresentation of its genotypes. Although more studies with
larger cohort sizes and diverse populations are needed, together the findings of this prelim-
inary study suggest that ED-related markers have a significant yet context-dependent role
in ovarian tumourigenesis, which goes beyond venous thrombogenesis. Thus, additional
research could pave the way for the identification of novel prognostic biomarkers for OC
management, which are currently needed to improve patient clinical outcomes. Since one
biomarker is most likely to be insufficient to significantly improve the accuracy of prognosis
assessment, the goal should be to identify and combine multiple ED-related markers with
a prognostic value in OC into a profile. Indeed, future studies should investigate a broader
spectrum of ED-related genes to aid in the development of targeted therapies that address
both cancer progression and thrombosis, offering new avenues for personalised treatment
of OC.
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the associations between investigated SNPs and patient survival. Supplementary Table S2. Negative
results on the associations between the investigated genes and patient survival.
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Abstract: Our primary objective was to assess the effectiveness of detailed cardiovascular ultrasound
screening during the first trimester, which was performed by obstetricians with intermediate experi-
ence. We collected first-trimester fetal cardiac screening data from an unselected pregnant population
at RMC-Fetal Medicine Center during a study period spanning from 1 January 2010, to 31 January
2015, in order to analyze our learning curve. A pediatric cardiologist performed a follow-up assess-
ment in cases where the examining obstetrician determined that the fetal cardiac screening results
were abnormal or high-risk. Overall, 42 (0.88%) congenital heart abnormalities were discovered
prenatally out of 4769 fetuses from 4602 pregnant women who had at least one first-trimester cardiac
ultrasonography screening. In total, 89.2% of the major congenital heart abnormalities (27 of 28) in
the following fetuses were discovered (or at least highly suspected) at the first-trimester screening
and subsequent fetal echocardiography by the pediatric cardiology specialist. Of these, 96.4% were
diagnosed prenatally. According to our results, the effectiveness of first-trimester fetal cardiovascular
ultrasound screening conducted by moderately experienced obstetricians in an unselected (’routine’)
pregnant population may reach as high as 90% in terms of major congenital heart defects, provided
that equipment, quality assurance, and motivation are appropriate.

Keywords: cardiovascular ultrasound screening; learning curve; moderately experienced obstetricians;
fetal follow up

1. Introduction

Moderate and severe congenital heart defects (CHD) requiring intensive postnatal
cardiac care are the most frequent fetal malformations with an incidence of 6–8 per 1000 live
births. If we consider all small-sized ventricular septal defects (VSD), bicuspid aortic valves,
and other minor cardiac malformations, which potentially increase cardiac morbidity at
later ages, this incidence may be as high as 7.5 per cent [1]. Fetal cardiac anomalies
are responsible for 20% of intrauterine fetal demise and 20 to 30% of neonatal mortality.
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Prenatal diagnosis of CHD may help the work of genetic counselors, contribute to a better
understanding of the prognosis of affected fetuses, and reduce the psychological and
physical risk of affected pregnant women [2–4]. In utero detection of CHD may improve
neonatal morbidity and mortality as a result of prior organization of intensive postnatal
cardiac care [5–9]. Fetal echocardiography in high-risk patients is usually performed by
pediatric cardiologists. The high-risk pregnant population includes pregnant women
with a positive family history of CHD, in vitro fertilization, maternal metabolic disorder,
mainly diabetes and obesity, higher maternal age, autoimmune diseases (SLE, Sjögren), fetal
teratogen exposure, and abnormal NT, TR, and DV on the first-trimester genetic ultrasound
examination [10–15]. In this group of high-risk pregnant patients, the vast majority of
severe CHD cases are diagnosed prenatally [16,17]. On the other hand, according to the
literature, 90% of CHD is not present in the high-risk group and routine obstetric ultrasound
screening of the low-risk pregnant population is generally ineffective in finding the majority
of major fetal cardiac anomalies due to the time-consuming nature of the examination and
the lack of the acquired expertise, which would be greatly improved after a proper learning
process [18–23]. Aneuploidy screening in the 11 to 13 + 6-week window by Fetal Medicine
Foundation (FMF)-certified obstetric sonographers resulted in improved detection rates of
CHD in the first trimester [24].

Given the fact that it is the obstetric sonographer who initially evaluates the 11–13-week
fetus, there is great demand for obstetricians to conduct early and comprehensive fetal
heart scans [25–27].

Thanks to the widespread use of high-frequency ultrasound scanners and the intro-
duction of novel Doppler techniques, obstetricians skilled in fetal cardiac scanning are
able to visualize four-chamber views and ventricular outflow tracts of first-trimester fe-
tuses in approximately 95 to 97% of cases [28–31]. A significant number of international
investigational research groups have proved high effectiveness (>90% detection rate, DR)
of prospective first-trimester extended fetal cardiac screening conducted by highly quali-
fied obstetric sonographers in high-risk pregnant patients [28,32]. However, the current
literature lacks sufficient information regarding the effectiveness of early fetal cardiac exam-
inations performed by obstetricians with basic and intermediate experience in unselected
(low- and high-risk), also referred to as ’routine’ pregnant populations, and of the learning
curve [31,33,34].

Our study’s primary goal was to assess the efficacy of first-trimester prolonged cardio-
vascular ultrasonography screening carried out by obstetricians with a moderate level of
experience (an examiner experienced in the differential diagnosis of regular first-trimester
heart planes but less experienced in the differential diagnosis of irregular first-trimester
heart planes (i.e., has seen few abnormal cases)) in consecutive cases of an unselected preg-
nant population. Our investigation’s second goal was to examine and better understand the
learning curve we saw throughout the course of the five-year study period with reference
to the sonographic assessment of the fetal heart between weeks 11 and 13.

2. Materials and Methods

Our retrospective study was approved by the Scientific and Investigational-Ethical
Committee of the Hungarian Medical Scientific Council (2013/EKU (588/2013)). Data from
the first-trimester fetal cardiovascular screening of consecutive patients from an unselected
(or “routine”) pregnant population at the RMC-Fetal Medicine Center throughout a study
period from 1 January 2010 to 31 January 2015, were used to analyze the learning curve.
Fetuses of pregnant women who received screening between 1 January 2011 and 30 June
2014, were monitored throughout pregnancy in order to assess the effectiveness of first-
trimester cardiac screening.

Fetal cardiac scans were performed during routine first-trimester extended ultrasound
screening, which included a comprehensive study of fetal sono-anatomy and aneuploidy,
as well as preeclampsia screening in accordance with the protocol of the FMF (maternal
age, body weight and height, maternal serum beta-hCG and PAPP-A assay combined with
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fetal sonographic measurement of nuchal translucency (NT), nasal bone (NB) visualization,
fetal heart rate (FHR) measurement, tricuspid regurgitation (TR), ductus venosus (DV)
blood flow examination for aneuploidy, and maternal blood pressure, medical history,
serum PAPP-A, and, as of 1 January 2014, serum PlGF assay combined with sonographic
assessment of maternal left and right uterine artery Doppler-flow PI-value for preeclampsia
screening, respectively) [33,35].

Transabdominal ultrasound examinations were conducted by using Accuvix V20
(Samsung-Medison, Seoul, Republic of Korea) and Voluson S8 (GE Medical Systems, Flo-
recne, SC, USA) ultrasound scanners both equipped with 4 to 8 MHz convex abdominal
transducers. At the beginning of the study period, ultrasound examinations were per-
formed by three obstetricians (all of them were FMF-audited sonographers for NT, NB, DV,
and TR), who were experienced in the assessment of normal fetal first- and second-trimester
cardiac anatomy but only moderately experienced in the final evaluation of abnormal fetal
cardiac anatomy. During the last year of the study period, an FMF-audited sonographer
joined the obstetric team, who pre-screened pregnant patients.

Intrauterine cardiac screening was introduced in the 1980s, which at that time only
consisted of the examination of 4 cavity planes, ideally at 18–22 weeks. Subsequently, it was
recognized that in many cases, CHD exists despite the normal four-cavity view; therefore,
by further increasing the detection rate, in 2001, Yagel et al., added the determination of the
abdominal situs, aortic arch, ventricular outflow tract, and mediastinal vessel examination
as part of the screening procedure. In 2015, the three-vessel tracheal view was incorporated
into the UK screening protocol. During our screenings, we used all of the aforementioned
techniques in the first-trimester heart examination [36–39].

In all cases, a comprehensive medical history was taken from the patients, including
maternal body weight and height, temperature, and blood pressure. As of 1 January 2011,
an institutional standardized protocol was introduced for sonographic examination of the
first-trimester fetal heart, according to which the following planes, structures, and functions
are to be examined and archived digitally:

1. Determination of abdominal situs;
2. Cardiac size and axis;
3. Four-chamber view: crux cordis, ventricular septum in the four-chamber-plane, ven-

tricular color inflow, tricuspid pulsed-wave Doppler, and FHR;
4. Three-vessel view, V-confluence of color flow;
5. Longitudinal view: aortic arch with color flow, ductal arch, right ventricular outflow

tract, imaging of the crossing of great vessels (during first-trimester cardiac screening
it is more reliable to visualize a cross-section of the aorta next to the longitudinal
section of the pulmonary trunk from a median-sagittal plane rather than using an
axial cardiac grand-sweep);

6. Optional examinations of the left atrial pulmonary vein (at least two) and right atrial
caval vein connections (veno-atrial concordancy).

Cardiac screening according to this protocol was considered comprehensive if all of
the previously mentioned structures were stored digitally. No time limitations were applied
during the examinations. The examination was only interrupted when a visualization
obstacle other than fetal position occurred, such as a significant distance between fetus and
transducer (retroflected uterus, thick maternal abdominal wall, previous abdominal scars,
anterior placenta), and where vaginal ultrasound was also found to be inadequate [40,41].
In cases deemed to be within the normal range at first-trimester cardiac screening, if the
patient returned to us later, the cardiac scan was repeated at 18 to 20 weeks and at 28 to
30 weeks. A pediatric cardiologist reevaluated all routinely screened cases that were found
to be “abnormal”, as well as high-risk instances. The parents received thorough genetic
counseling in the case that the prenatal cardiac screening revealed abnormalities.

Fetal karyotyping by chorionic villous sampling or amniocentesis was offered to all
pregnant women who had positive first-trimester aneuploidy screening test results or if the
type of CHD indicated it.

58



Life 2024, 14, 1632

Pregnant women who underwent screening at our center received routine prenatal,
genetic, and general obstetric care at various institutes of the country (221 attending
physicians); therefore, data concerning the outcomes of pregnancies were collected from
patients in three different methods:

1. Patients responded to our queries via email (our address appeared on the first-
trimester obstetric ultrasound report);

2. Data were retrieved from the digital records of the obstetric division of our center
where patients received prenatal care;

3. Verbal interviews with mothers by phone were performed by trained health personnel
of our center. In the event of inconclusive outcome data, a follow-up interview via
phone was repeated by the obstetrician to ascertain clear outcome results.

For statistical analysis, the Chi-Square Test was used and p < 0.05 was evaluated as a
significant difference. The data were evaluated using GraphPad Prism 6.0. software.

3. Results

Overall, 42 (0.88%) cases of congenital heart disease were identified during the
4769 fetuses (155 twins, 6 triplets, and 4441 singletons) of 4602 pregnant mothers who
underwent at least one first-trimester cardiac ultrasound screening between 1 January 2010,
and 31 January 2015 (the majority also underwent second and third-trimester screening).

Table 1 presents the summary of the distribution of different types of CHD according
to the timing of detection and gestational age.

Table 1. Prenatally observed abnormal hearts during the learning curve.

2010 2011 2012 2012 2014 Total

# of 1st-trim. examinations 228 586 872 1228 1855 4769
# of abnormal hearts (1st-trim. Dx) 2 (1) 8 (7) 6 (5) 15 (14) 11 (9) 42 (36)

HLHS 2 1 1 4
AVSD 1 1 1 1 3 7

AVSD + HRH 1 1
AVSD + HLH 1 1 2

AVSD + Heterotaxia 1 1
VSD 1 2 3 1 7

VSD + LV < RV 1 1
ASD + LV < RV 1 1

LV > RV 1 1
LV < RV 1 1

HLH + VSD 1 1
HRH + VSD 1 1

Aortic stenosis + HLH + AVSD 1 1
Aortic atresia 1 1 2

Pulmonary valve regurgitation 1 1
Pulmonary atresia + HRH 1 1

Septal fibrosis + VSD 1 1
Ventricular fibro-elastosis 1 1

Rhabdomyoma 1 1
TGA 1 1

Tetralogy of Fallot 1 1
Isolated pericardial fluid 1 1 2

CHD—non evaluated 2 2

Abbreviations: #, number; Dx, diagnosis; HLHS, hypoplastic left heart syndrome; AVSD, atrio-ventricular septal
defect; HRH, hypoplastic right heart; HLH, hypoplastic left heart (LV << RH); VSD, ventricular septal defect; LV,
left ventricle; RV, right ventricle; ASD, atrial septal defect; TGA, transposition of great arteries; CHD, congenital
heart defect.

Considering the low case number (n = 228) observed in the first study year (2010) and
the absence of a uniformly applied examination protocol for the assessment of the fetal
heart, fetuses screened during this particular time interval were not followed. In the group
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of patients who underwent screening in the second half of 2014 (n = 1032 fetuses), the vast
majority of pregnancies were still ongoing at the time of the outcome data analysis (from
the 1 February 2015 to 31 March 2015). Consequently, only fetuses screened between the 1
January 2011 and the 30 June 2014 were followed and data retrieved from the outcome of
the aforementioned fetuses were used to assess the effectiveness of screening.

During this three-and-a-half-year period, 3509 fetuses (125 twins, 6 triplets, and
3241 singletons) of 3372 pregnant women underwent a comprehensive fetal cardiovascular
ultrasound screening at 11–13 + 6-weeks of gestation. The ratio of followed pregnancies
was 93% (3142/3372). Of the 239 fetuses from 230 pregnancies who were lost at follow-up,
no abnormalities were identified by a first-trimester fetal cardiac ultrasound scan. Of the
3270 followed fetuses, 3020 were singletons, 116 were twins, and 6 were triplets. The mean
maternal age at the time of first-trimester screening was 33.9 years (range: 17–45). The ratio
of pregnant women aged > 35 years was 46.9%. The mean fetal crown-rump length (CRL)
was 64.0 mm (range: 45.0–84.0).

The mean maternal ages at the time of first-trimester screening in the entire study
population and in the group of pregnancies affected with major fetal CHD were 33.9 and
35.8 years, respectively (nonsignificant, χ2 = 3.601, df = 1, p = 0.058). The proportions
of women above 35 years of age in the overall study population and in the group of
pregnancies affected by major fetal CHD were 46.9% and 71.0%, respectively (significant,
χ2 = 6.642, df = 1, p = 0.0099).

The results of our NT, DV, and TR measurements (FMF software version 2.3) performed
in conjunction with fetal cardiac screening revealed that 56.1% of NT values were above
the median and 4.9% of them were above the 95th percentile, respectively. Simultaneously,
in 54% of prenatally detected cardiac defects (20/37), NT-values were below the 99th
percentile (<3.5 mm), and in 46% of them (17/37), the NT-value was less than 2.5 mm. With
respect to other cardiac markers, TR was found in 0.6% of non-CHD cases and in 29% of
fetuses with CHD (10/35) (significant, χ2 = 308.486, df = 1, p < 0.05. Similarly, an abnormal
DV blood flow pattern was identified in 4.3% of all examined fetuses and in 51% of fetuses
affected with cardiac anomalies (18/35) (significant, χ2 = 168.282, df = 1, p < 0.05).

3.1. Prenatal Diagnosis

During the first-trimester cardiac ultrasound screening of 3270 followed fetuses,
34 hearts were identified by the examining moderately experienced obstetricians as ‘ab-
normal’. Of the cases, two were deemed to be within the normal range (#33 and 34), the
initial diagnosis was either refined or supplemented in five(#4, 14, 21, 24, and 32), and
three cases were not examined (#6, 15, and 18) by the pediatric cardiology specialist. In
24 cases, the cardiologist agreed with the initial diagnosis. In the three non-examined cases
by pediatric cardiology specialists, pregnant women did not comply with repeated fetal
cardiac ultrasound scans because, due to the presence of other associated fetal congenital
malformations, they opted for pregnancy termination. Of the 32 prenatally verified abnor-
mal fetal hearts (examined by both moderately experienced obstetricians and a pediatric
cardiology specialist), 6 cases were interpreted as ‘minor anomaly’ (#3, 10, 28, 30, 31, and
32), while the remaining cases (n = 26) were evaluated as ‘major cardiac vitium’. CHD were
considered to be ‘major anomalies’ if they required cardiac surgery during the first year
of life.

Two minor anomalies that were also confirmed by the cardiologist at the first-trimester
scan (#31: isolated pericardial fluid; and #32: minor inlet ventricular septal defect, VSD),
which were considered as a ‘normal heart’ at the second-trimester ultrasound screening.
One case of fetal septal fibrotic area detected by both the obstetrician and the cardiologist at
the time of first-trimester cardiac screening was supplemented with the diagnosis of VSD
during second-trimester ultrasound screening (#28). Case #30 (isolated pericardial fluid
at first-trimester screening), interpreted as a ‘minor anomaly’, proved postnatally to be a
major cardiac defect (complex pulmonary atresia, Table 2).
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Table 2. Abnormal cardiac findings during the following period.

1st-Trim. OB. Dx 1st-Trim.
Card. Dx NT TR Abn.

DV
20-Week OB

+ Card.
Assoc.

Malformations Karyotype Pregnancy
Outcome

1 AVSD idem 2.3 + + - 47XX, +21 Termination

2 AVSD, Heterotax-
iaDextrocardia idem 1.7 not done + - - - Termination

3 VSD idem 7.9 + + - - - Termination

4 AVSD + HRH
id. +
fibro-
elast

2.5 - + - SUA 46XY Termination

5 AVSD + HLHS idem 1.9 - - - - 46XX, 16
polymorph. Termination

6 LV < RV, ASD Not ex-
amined 5.1 - - - Omphalocele

paklatoschisis 47XX, +13 Termination

7 Tricu. atr, HRH,
VSD idem 1.6 Flow:- - - - 46XX

(abortum) Termination

8 AVSD idem 5 + _ - Oligohydramnios - Termination

9 HLHS idem 6 + - - Holoprosencephalia
Polydactylia 47XY, +13 Termination

10 VSD (subaortic) idem N/A not done not
done -

Hydronephrosis
Camptodactylia

SUA
oligohydramnion

69XXX Termination

11 VSD,
fibro-leastosis idem 2.1 - - - - - Termination

12 PA atr., HRH idem 3.9 - - - - - Termination

13 RV fibro-elastosis idem 5.5 not done not
done - - - Termination

14 HLHS, VSD

HLHS,
AVSD
Aorta

stenosis

1.5 + not
done - - - Termination

15 Left rot., Abn.
GA

Not ex-
amined 6 not done + - cervical cyst, short

bones

PCR negative
Cytogenetics

cannot be
performed:

Termination

16 HLHS idem 2.4 - + -

Alob.
holoprosencephaly

Palatoschisis
SUA

- Termination

17 HLHS, VSD, idem 7 - not
done -

Holoprosencephaly
Encephalocele
Omphalocele

- Termination

18 Abn. 4-CV +
outfl. tr.

Not ex-
amined 8 not done + - - - Termination

19 LV < RV, VSD idem 7.3 - - - Cleft lip and palate 47XX, +13 Termination

20 Tetralogy of
Fallot idem 4.5 . + - - - Termination

21 LV < RV, AVSD only
AVSD 3.6 - + - - 47XX, +21 Termination

22 AVSD idem 4.7 + + - Clubfoot, short
bones - Termination

23 LV < RV, idem 9 not done + - Strawberry shape
skull - Termination

24 RV > LV, P. valve
reg.

P.valve
reg. 1.8 + + - -

47XX, +17
Chr 16

polymorph.
Termination

25 AVSD idem 5.1 + + - Short bones - Termination
26 AVSD idem 6.5 + + - - - Termination

27 HLHS idem 1.2 not done + -
Omphalocele

Cheilo-
palatoschisis

- Termination

28
Septal fibrotic

area,
Rhabdomyoma

idem 1.6 - -
idem + VSD;
Swiss cheese

VSD
- 46XX

Born, idem,
closed VSD

No VSD
Ventricular
septum in

upper third
of echo-dense

terime
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Table 2. Cont.

1st-Trim. OB. Dx 1st-Trim.
Card. Dx NT TR Abn.

DV
20-Week OB

+ Card.
Assoc.

Malformations Karyotype Pregnancy
Outcome

29 HLHS idem 3.1 + + - - 47XX, +21 Termination

30 Isol. pericard.
fluid idem 2.1 - - hasn’t come

back - -

Born,
complex P.

atresia
1 year old

with
com-plex

pulmonary
atresia

31 Isol. pericard.
fluid idem 1.8 - - normal heart - - Born, healthy

32 Large VSD Min.
inlet VSD 2.8 - - normal heart - 46XX Born, healthy

33 RV < LV normal
heart 4.8 + - normal heart 46XX, NT panel

negative Born, healthy

34 PA < Ao normal
heart 2.1 - - normal heart - Born, healthy

35 normal heart - 2.4 - - VSD
(subaortic) Cleft lip 46XY Born, VSD

closed

36 normal heart - 2.4 - +

Ao. atr, LV >
RV, fibr

endocardialis
fibrosis

46XY Termination

37 normal heart - 2 - -

3-trim. Rhab-
domyoma;
Multiplex
rhabdomy-

oma

- - Born, Dx
proved

38 normal heart - 1.9 - + VSD (inlet) 46XY Born, Dx
proved

39 normal heart - 3.3 - - small VSD - NIPT: negative Born, cl. lip,
VSD closed

Abbreviations: HLHS, hypoplastic left heart syndrome; AVSD, atrio-ventricular septal defect; HRH, hypoplastic
right heart; HLH, hypoplastic left heart (LV << RH); VSD, ventricular septal defect; LV, left ventricle; RV, right
ventricle; ASD, atrial septal defect; TGA, transposition of great arteries; CHD, congenital heart defect; Dx,
diagnosis; OB, medium-experienced obstetrician; Card, pediatric cardiologist specialist; NT, nuchal translucency;
TR, tricuspidal regurgitation, DV, ductus venosus; Abn, abnormal; Assoc, associated; Tricu atr, tricuspidal atresia;
PA, pulmonary artery; Rot, rotation; GA, great arteries; 4-CV, four-chamber view; Outfl. tr., Outflow tracts; P. valve
reg., Pulmonary valve regurgitation; Pericardial, pericardial; Ao, Aorta; idem (id), identical; N/A, non-available;
SUA, single umbilical artery; Alob, alobar; cl. lip, cleft lip.

Of the 3238 first-trimester fetal hearts that were interpreted as ‘normal’ by moderately
experienced obstetricians, second-trimester fetal echocardiography was indicated due to
the presence of abnormal NT, DV, or TR, that verified three further minor anomalies (VSD;
case #35, 38, and 39) and one major vitium (case #36: aortic stenosis + diffuse endocardial
fibroelastosis). In one case, intensive fetal cardiologic observation and follow-up were
indicated due to a positive family history; however, neither first- nor second-trimester
screening found any abnormality. In the third trimester, however, multiple rhabdomyomas
were detected (case #37).

3.2. Outcomes of Pregnancies

Of the 3270 followed fetuses, 3191 (97.6%) were born, while 79 fetuses (2.4%) were
either not born or died early. Perinatal mortality was observed in 8 cases as a result of
infection or for reasons that remain unclear. Major CHD was not detected in this cohort of
patients. Spontaneous abortion occurred in 18 cases (0.5%) during the mid-trimester; there
were no cases of major CHD in this group of patients, and first-trimester cardiac screening
was negative for all of these cases. A total of 53 pregnancies (1.6%) were terminated for a
genetic indication, of which 29 were found to have CHD (Table 3).
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Table 3. Outcome of pregnancy in the follow-up period.

Number of Pregnancies Followed n = 3270

Live births 3191 (97.6%)
Pregnancy losses 79 (2.4%)
Perinatal deaths (intrauterine demise + neonatal death) 8 (0.2%)

3.3. Postnatal Diagnoses

A total of 13 newly diagnosed minor cardiac anomalies were identified in the
3191 newborn infants (of which 10 cases of innocent cardiac murmurs and 2 cases of
patent foramen ovale were excluded from the analysis as these are not considered cardiac
anomalies, Table 4). In case #30, at one year of age, a pediatric cardiologic examination
diagnosed a major cardiac malformation (complex pulmonary atresia, Table 3). In this
particular case, the initial first-trimester cardiac scan showed a normal appearance of
the four-chamber view and that of ventricular outflow tracts; however, the presence of
isolated pericardial fluid was detected. Unfortunately, the pregnant patient did not attend
the scheduled fetal echocardiography or the routine second and third-trimester obstetric
ultrasound screenings.

Table 4. Postnatally recognized cardiac findings.

Type of Cardiac Anomaly Number of Fetuses

Ventricular septal defect (2–5 mm) 8
Atrial septal defect II 3
Aortic valve stenosis min. grade 1
Bicuspidal aortic valve + PFO 1
Complex pulmonary atresia 1
TOTAL 14
(PFO + innocent cardiac murmurs) (2 + 10)

Abbreviation: PFO: patent foramen ovale.

In case #32 (minor inlet VSD), second-trimester fetal echocardiography revealed that
minor cardiac anomalies suspected prenatally at first-trimester screening were found
to be negative, confirming a normal neonatal heart. In case #28, second-trimester fetal
echocardiography augmented the diagnosis of first-trimester septal fibrotic area with VSD,
and that finding was only supported partially after birth (the VSD was subsequently proved
to be closed). In case #39, the initial first-trimester cardiac scan displayed a normal fetal
heart, while abnormal NT was 3.3 mm, and non-invasive prenatal testing (NIPT) was
negative. However, second-trimester fetal echocardiography detected a small VSD that was
confirmed to be closed after birth. In the other two minor fetal cardiac anomalies diagnosed
at the second-trimester fetal echocardiography, postnatal cardiac evaluation confirmed the
prenatal diagnoses.

In summary, 49 (1.49%) cardiac abnormalities were observed in the 3270 fetuses
followed. Thirteen new cardiac abnormalities (28.6%) were first discovered postnatally
(1 major and 13 minor defects), while 35 (71.4%) of the 49 cardiac anomalies were diagnosed
prenatally (27 major and 8 minor defects).

Of the four small VSDs diagnosed prenatally, only two cases were confirmed postna-
tally, supporting the possibility of spontaneous intrauterine closure (healing) of minor fetal
cardiac septal defects.

Of the fetuses followed, 96.4% of major CHD (27 of 28) were diagnosed prenatally by
moderately experienced obstetricians in collaboration with a pediatric cardiology specialist,
and 89.2% of them (25 of 28) were already diagnosed (or at least highly suspected) at
first-trimester screening and subsequent fetal echocardiography.

In the first year of the five-year study period (2010), our objective was to visualize and
store as many clear planes of the first-trimester fetal heart as possible; therefore, our reports
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were limited to fragments of a complete cardiac examination panel, including only a true
four-chamber view plane. Of the 282 first-trimester cardiac scans conducted, only one
abnormal fetal heart with an atrio-ventricular septal defect (AVSD) and one case of aortic
stenosis were diagnosed in the second trimester (Table 1). During the 2011–2012 (already
followed) study period, 11 major cardiac defects were identified from a significantly larger
group of examinations (n = 1458), and 9 of them were picked up at the first-trimester
scan. In one of the two cases where CHD was not identified (case #36, aortic atresia, left
ventricle >> right ventricle, fibrosis, see Table 2), the four-chamber view (at later offline
analysis the aorta appeared slightly narrower) at first-trimester scan appeared to be normal
and the patient had a high risk for trisomy 21 (1:4); both were both ruled out at subsequent
chorionic villous sampling (CVS). At the 18-week scan, a definitive diagnosis of fetal aortic
atresia was established. The second undiagnosed cardiac vitium (detailed in the ‘results’
section) was only detected after birth (complex pulmonary atresia, case #36, see Table 2).

Of the 9 diagnosed first-trimester major cardiac defects, detailed fetal echocardiogra-
phy led to the diagnosis of Down’s syndrome in two cases (case #1: AVSD and case #29:
hypoplastic left heart syndrome, HLHS). In cases #2, 4, 5, and 7, fetal cardiac anomalies
were identified with an NT value within the normal range and the karyotype was also
normal. In one case (case #2), assessment of the situs and the four-chamber view led us to
the final diagnosis of AVSD combined with heterotaxy (see Table 2). During the second
half of the study (2013–2014), all major cardiac defects were identified at first-trimester
screening, with the exception of one case of fetal rhabdomyoma (Table 1).

4. Discussion

The clinical data of unselected consecutive pregnant women screened at our center
indicate that the examined population should be considered to have an intermediate-risk
profile with respect to maternal age. No statistically significant difference was observed in
terms of maternal age between the entire study population and the group of pregnancies
affected by major fetal CHD. In contrast, the incidence of major fetal CHD was significantly
higher for the subset of women aged > 35 years.

This phenomenon highlights the increased incidence of congenital malformations, in-
cluding CHD associated with advanced maternal age and chromosomal abnormalities [42,43].
The present study demonstrated that an abnormal fetal karyotype was present in 24% of
cases (9/37). It is important to note that older maternal age is a significant contributing
factor to fetal heart development defects. Both fetal and maternal complications increase
significantly with a maternal age of 35 years during pregnancy. A maternal age of greater
than 35 years has recently been associated with subclinical myocardial dysfunction [44]
and several obstetrical complications (gestational diabetes, gestational hypertension, pre-
eclampsia) [45–47].

On the other hand, a typical tendency in Hungary over the last decade is that older
pregnant women with better socio-economic status prefer to undergo high-standard screen-
ing and diagnostic obstetric examinations in well-equipped specialized private obstetric
clinics (with well-trained specialists) leading to a very high detection rate of various fetal
pathologies. Last but not least, primary care obstetricians tend to refer their high-risk
patients immediately and directly to these perinatal centers.

According to the meta-analysis, the detection rate of congenital cardiac defects in-
creases by up to 23% [28,48]. The newly formed high-risk group of routinely screened
fetuses with NT-values above the 99th percentile (cut-off > 3.5 mm) was detected. Many
studies have proved that other markers for first-trimester screening for aneuploidies, such
as TR and DV, are useful for screening for congenital cardiac defects. The combination of
NT measurement with TR and DV blood flow assessment reaches a detection rate of 48%
for major congenital cardiac defects in the first trimester [49,50].

The NT, DV, and TR measurements of our study support the data that these novel
cardiac markers (NT, TR, and DV), introduced in extended first-trimester screening, can
significantly narrow and refine the cohort of pregnant patients at risk for CHD beyond
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those at high baseline risk with classic indications. Nevertheless, the routine clinical use
of NT, DV, and TR alone will not result in the detection of the vast majority of congenital
cardiac defects [28,48,50,51]. To achieve this, it is essential that a structural evaluation of
the fetal heart be performed in both maternal age-related and abnormal NT-, TR-, and
DV-related risk pregnancy groups, as well as in the group of pregnant women at high
baseline risk for CHD with classic indications.

The examinations were conducted using state-of-the-art ultrasound equipment; how-
ever, instead of high-frequency linear probes designed specifically for cardiac scanning, we
used medium-frequency and resolution convex abdominal transducers with wide view-
angle and greater tissue depth penetration, suitable for complete first-trimester ultrasound
screening. Due to the limited maneuverability of transvaginal ultrasound probes, this
approach was rarely used, mostly in cases with a retroflected uterus. Our experience
supports the observation that optimal visualization is not dependent solely on body mass
index (BMI) but rather on transducer-fetal heart distance, which is influenced by BMI,
uterine, placental, and fetal position [28,31,32,34,52]. The extended first-trimester screening
examinations were performed by three obstetricians, who had 4 to 8 years of mid-level sono-
graphic experience in fetal diagnostics (mainly second-trimester), one-year FMF-TR/DV
audit at the beginning of the study (2010), and little experience in assessing healthy and
abnormal fetal heart. At the beginning of the study period, inexperience was offset by the
time dedicated to the examination; some cases were analyzed offline for 3 to 4 h. Later on, a
highly-qualified sonographer joined our team and her excellent overall performance in the
pre-screening allowed the obstetricians to focus on the evaluation of pathologic findings
and, subsequently, the total examination time was reduced to 20–30 min. A pre-screening
ultrasound by a sonographer should always be followed by post-screening performed by
an obstetrician preferably using check-lists to ensure continuous quality control.

Previously, our pediatric cardiologist was used to performing echos on fetuses over
16 weeks, but thanks to her openness, she became more and more comfortable with first-
trimester ultrasounds. By the end of the study period, fetal hearts interpreted as ‘abnormal’
by moderately experienced obstetricians were rescanned by the pediatric cardiologist
and pregnant mothers received a detailed fetal cardiologic second opinion within 24 h,
significantly reducing their psychological distress.

Case #36 supports the novel findings that the progression of CHD may be intense,
especially up to the 20th week of pregnancy.

In the initial period of the learning curve (2010–2012), the typical and common features
of the nine cases of CHD detected in the first trimester were an abnormal four-chamber
view and failure to demonstrate the involvement of the great vessels in the cardiac defect.
(A limitation of each study, including ours, which addresses the prenatal sonographic
assessment of abnormal hearts, is that subsequent histopathological evaluation of the
first-trimester fetal heart is not feasible in the majority of cases). Although the assessment
of outflow tracts did not contribute to the diagnosis of CHD, we believe that it was
nevertheless an invaluable experience. The long timeframe available for extended first-
trimester screening resulted in significantly enhanced proficiency in delicate transducer
movements and empirical learning.

Table 1 shows that during the second half (2013–2014) of our study, first-trimester
abnormal great-vessel diagnoses were also observed (Tetralogy of Fallot, Transposition of
the Great Arteries).

5. Conclusions

According to our research, if appropriate equipment, quality control, and motivation
are in place, the effectiveness of first-trimester fetal cardiovascular ultrasound screening
by moderately experienced obstetricians in an unselected (so-called “routine”) pregnant
population may reach 90% in terms of major congenital heart defects.

Our data demonstrate that early fetal echocardiography not only provides reassurance
to the majority of pregnant women with regard to the absence of cardiac anomalies, as
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the most common congenital birth defect, but also significantly contributes to the early
diagnosis of chromosomal abnormalities. The majority of cases in which fetal cardiac
anomalies were detected are usually so complex and severe that they allow couples to opt
for an early termination of their pregnancies and thus decrease maternal general medical
risks and the psychological burden of second-trimester elective termination.

The use of first-trimester cardiac markers (NT, TR, and DV) may draw our attention
to serious complex structural heart defects and may also help in the detection of minor
and major fetal cardiac anomalies that are only visualized at second-trimester screening.
Subsequently, it may provide an opportunity to improve neonatal morbidity and mortality
as a result of prior organization of intensive perinatal cardiac care.

Second-opinion fetal echocardiography, performed by pediatric cardiology specialists
to re-assess suspected cardiac anomalies by moderately experienced obstetricians, is crucial
as correction and/or augmentation of established diagnoses will help genetic counselors
and couples to better understand the severity, complexity, and prognosis of the condition.

The immediate availability of a pediatric cardiologist can significantly reduce the
psychological stress that parents experience as a result of the diagnostic uncertainty of
the obstetricians.

In our study, we presented a 5-year learning curve, at the conclusion of which we had
performed a high case number of nearly 4800 first-trimester fetal cardiac scans, identified
over 40 fetal cardiac anomalies, and significantly enhanced proficiency among physicians
in visualizing and assessing both four-chamber view- and outflow tract-planes, as well as
large vessel relations of the 11 to 13-week fetal heart.

It may be reasonably assumed that an experienced obstetrician-sonographer performs
at least 1300 first-trimester aneuploidy and cardiovascular screens annually. Consequently,
in a country like Hungary, only 10–15% of moderately and highly experienced obstetrician-
sonographers would require specialized training to enable them to perform detailed early
fetal echocardiography, thereby ensuring that every pregnant Hungarian woman has access
to this service. Provided that a structured high-quality training program is made available,
this could be achieved in a shorter time span than our learning curve, and thus first-
trimester fetal echocardiography might become part of routine first-trimester screening.
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Abstract: Background: Pregnancy has been identified as a risk factor for severe COVID-19, leading to
maternal and neonatal complications. The safety and effects of the SARS-CoV-2 vaccination during
pregnancy, particularly on placental function and oxidative stress (OxS), remain underexplored. We
investigated the impact of vaccination on third-trimester placental antioxidant defense markers.
Methods: Ninety full-term pregnant women were divided into the following groups: vaccinated
(n = 27) and unvaccinated (n = 25) COVID-19-positive pregnant women; control subgroups were
composed of vaccinated (n = 19) or unvaccinated (n = 19) COVID-19-negative women with a healthy
term singleton pregnancy with no signs of COVID-19. Placental samples were collected after delivery.
Lipid peroxidation (TBARS), gene expression of HIF-1α, and catalase (CAT), superoxide dismutase-1
(SOD1) and CAT-SOD1 enzymatic activity were measured. Results: COVID-19-positive placentae
exhibited significantly higher TBARS and HIF-1α levels compared to controls, regardless of vaccina-
tion status. Vaccination significantly increased placental CAT and SOD1 expression and activity in
COVID-19-positive women, suggesting enhanced antioxidant defense. Unvaccinated women showed
a higher incidence of COVID-19 symptoms and lower antioxidant enzyme activity. Conclusions:
SARS-CoV-2 infection induced placental OxS, which is countered by a placental adaptive antioxidant
response. Vaccination during pregnancy enhances placental defense, further supporting the safety
and benefits of COVID-19 vaccination in preventing complications and protecting fetal development.

Keywords: COVID-19; SARS-CoV-2 vaccination; pregnancy; placenta; oxidative stress

1. Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic, with more than six million
deaths worldwide, has been a major source of concern over the past years. Pregnancy has
been identified as an independent risk factor for severe COVID-19 disease, with implica-
tions for both the mother and the fetus [1]. Several studies have demonstrated increased
rates of intensive care, invasive ventilation, extracorporeal membrane oxygenation, pre-
eclampsia, premature delivery, stillbirth, neonatal and maternal mortality [2,3], that have
been observed even in healthy women with no co-morbidities [4].

In late 2020, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) vac-
cines were introduced, resulting in a reduction of more than 85% in the risk of developing
symptomatic disease and transmitting the virus [5]. Although the vaccines were not tested
in pregnancy, the American College of Obstetricians and Gynecologists (ACOG) [6] recom-
mended their use for pregnant women. Pregnancy-specific concerns included the potential
effects of vaccination on maternal safety, fetal development and placental physiopathology.
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Despite the fact that pregnancy was an exclusion criterion in early SARS-CoV-2 vac-
cine trials, observational data were quickly collected, demonstrating that the benefits of
vaccination outweighed its potential risks, and emphasizing vaccine safety in pregnancy, its
protective effect against symptomatic disease, and minimal adverse fetal outcomes [7–10].
Key findings in favor of SARS-CoV-2 vaccine safety were that there were no signs of
the mRNA vaccine in the maternal blood, placenta or cord blood at delivery, and that
maternal IgM was not detected in the umbilical cord blood following vaccination in preg-
nancy [11–13], indicating that the vaccine did not cross the placental barrier and did not
elicit an immune response in the fetus. As previously demonstrated for pertussis, tetanus,
and influenza [14–16], maternal IgG raised by SARS-CoV-2 vaccination crossed the pla-
centa and was found in the umbilical cord blood at birth [11–13,17–20]. Overall, these
findings indicated that a direct effect of vaccination on fetal development was unlikely.
This was also confirmed by several authors whose studies showed no evidence of an
increased risk of preterm birth, small size for gestational age, or stillbirth after SARS-
CoV-2 vaccination [7,8,10,21–23]. In line with these data, the European Medicine Agency
(EMA) COVID-19 task force (ETF) also reviewed several studies involving approximately
65,000 pregnancies at different stages, failing to find any sign of an increased risk of ob-
stetrical complications, miscarriages, preterm births or adverse fetal effects following
SARS-CoV-2 vaccination [24]. In a population-based cohort study conducted to assess
neonatal safety following the COVID-19 mRNA vaccination during pregnancy, which
included 196,470 newborns in Sweden and Norway, the findings indicated that infants
that had pre-natal exposure to vaccination showed statistically lower odds of neonatal
intracranial hemorrhage, hypoxic-ischemic encephalopathy and mortality, while there was
no significant increase in adverse outcomes [25]. These findings further contribute to the
evidence supporting the COVID-19 mRNA vaccine’s safety during pregnancy. It must
be remembered that SARS-CoV-2 vaccination is specifically endorsed to protect pregnant
women from severe illness, and is advised for specific high-risk conditions, like hepatitis
and meningococcal disease [26].

While vascular pathological changes associated with COVID-19 infection, such as
thrombosis, malperfusion and vasculopathy, have been extensively reported on both
maternal and fetal–placental sides [27], a few studies have specifically examined the
placental response to SARS-CoV-2 vaccination. Morphological studies have demonstrated
that vaccination did not cause placental abnormalities such as intervillositis, trophoblast
necrosis, increased fibrin or MPFD (massive perivillous fibrin/fibrinoid deposition), villitis
or thrombohematomas [28]. Moreover, correlations between clinical and epidemiologic
data and those from placental pathology studies have suggested that a potential (and even
likely) mechanism of fetal protection from COVID-19 infection could arise from maternal
vaccination, preventing maternal viremia, placental infection and vasculopathy [27,29].

SARS-CoV-2 vaccination efficacy is known to be strictly dependent on the maternal
immune response, and several exogenous and endogenous factors can interfere [30]. A
relevant role is played by the Oxidative State (OxS), determined by the balance between
pro-oxidant and antioxidant factors [30]. In this context, our group recently demonstrated
increased OxS markers of TBARS and HIF-1α in the placenta of women infected with
COVID-19 during the third trimester of pregnancy, accompanied by increased placental
antioxidant superoxide-dismutase (SOD) and catalase (CAT) enzymatic activity, suggesting
a compensatory antioxidant defense adaptation aimed at protecting placental physiology
and fetal growth [31]. Our previous findings indicated a placental OxS inhibition in
response to COVID-19 that was able to counteract the viral cytotoxic activity. To this regard,
however, nothing is known about the effect of SARS-CoV-2 vaccination on the placental
response to OxS in pregnant women.

In the present study, we investigated the placental antioxidant asset, involving CAT and
SOD enzymes, comparing (a) vaccinated vs. unvaccinated COVID-19-positive women during
the third trimester of pregnancy, and (b) vaccinated or unvaccinated COVID-19-positive
pregnant women vs. vaccinated or unvaccinated COVID-19-negative pregnant women.
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2. Materials and Methods
2.1. Study Population and Tissue Collection

A total number of 90 full-term pregnant women were recruited at the Gynecology
and Obstetrics 1 and 2 Units, Sant’Anna University Hospital, City of Health and Science,
Turin (Italy), between 1 January and 31 March 2022. Fifty-two of them were identified as
positive for COVID-19 with a nasopharyngeal swab, with the virus detected by a reverse
transcriptase-polymerase chain reaction (RT-PCR) assay (Liferiver Bio-Tech, San Diego, CA,
USA). These 52 COVID-19-positive pregnant women were divided into two subgroups:
vaccinated (v-COVID-19; n = 27), who received at least 1 dose of the SARS-CoV-2 mRNA
vaccine (Pfizer-BioNTech, Collegeville, PA, USA; or ModernaTX, Cambridge, MA, USA);
and unvaccinated (u-COVID-19; n = 25), who did not receive any SARS-CoV-2 vaccine
before delivery. The control subgroups were composed of vaccinated (v-CTRL; n = 19) or
unvaccinated (u-CTRL; n = 19) COVID-19-negative women with a healthy term singleton
pregnancy, with no signs of maternal, placental or fetal COVID-19 disease.

After delivery, four full-thickness biopsies were randomly collected from the placental
basal plate (intermediate area) and immediately frozen. Calcified, necrotic and seriously
damaged areas were excluded. The samples were subsequently processed for mRNA and
protein isolation. Maternal anamnesis and neonatal outcome data were recorded.

2.2. Assessment of OxS Markers

Since ROS are highly reactive and have a very short half-life, their direct detection
in tissue and body fluids with accuracy and precision is unfeasible [32]. Alternatively,
a valid method to detect OxS in biological samples is to investigate ROS-mediated ox-
idative damage to cell lipids, proteins and nucleic acids [33]. Herein, placenta plasma
membrane lipid peroxidation was estimated by determining the Thiobarbituric Acid Re-
active Substances (TBARS) using a TBARS Assay Kit (Cayman chemical, Ann Arbor, MI,
USA). Absorbance was measured at 535 nM on a microplate reader and TBARS values were
calculated using a Malondialdehyde (MDA) standard curve, prepared by acid hydrolysis
of 1,1,3,3tetramethoxypropane. The values were expressed as MDA uM.

2.3. Placental RNA Isolation and Real-Time PCR

TRI® reagent (Sigma-Aldrich, Milan, Italy) was used to isolate total placental RNA
from frozen biopsies following the manufacturer’s instructions. DNAse I was used to
remove genomic DNA contaminations. 3 µg of total RNA was reverse-transcribed using a
random hexamers approach (Fermentas Europe, St. Leon-Rot, Germany, Cat. No k1632).
Hypoxia-Inducible Factor-1α (HIF-1α), CAT, and SOD1 gene expression levels were de-
termined by real-time PCR using specific TaqMan primers and probes (Life Technologies,
Carlsbad, CA, USA, Cat. No 4331182). Ribosomal 18S RNA expression was used as an inter-
nal reference (Life Technologies, Cat. No 4333760F) and relative expression was calculated
according to Livak and Schmittgen [34].

2.4. CAT and SOD Enzymatic Activity

Placental CAT and SOD enzymatic activity were assessed using commercially avail-
able kits (Cayman Chemical, Ann Arbor, MI, USA). In brief, CAT peroxidative function was
measured based on the reaction between CAT and methanol in the presence of hydrogen
peroxide of optimal concentration. 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole was
used to spectrophotometrically quantify formaldehyde at 540 nm. The results were ex-
pressed in nmol/min/mL. Total SOD activity was measured with cytochrome C reduction
by superoxide (O2•−) radicals monitored spectrophotometrically at 450 nm, using the
xanthine-xanthine oxidase system. The results were expressed in U/mL.

2.5. Statistical Analysis

As the data did not show a normal distribution, the Kruskal–Wallis non-parametric
test and the Mann–Whitney U-test with Bonferroni’s correction were performed. The data

72



Life 2024, 14, 1571

are presented as Mean ± SE (standard error). The categorical variables are presented as
percentages; the comparison between groups was performed using a chi-square test.

SPSS Version 29 statistical software (IBM Corp., Chicago, IL, USA) was used for
statistical analysis. The significance was set at p < 0.05.

3. Results
3.1. Clinical Features of the Study Population

A total of 52 pregnant women tested positive for COVID-19 infection at delivery;
among them, 27 were included in the v-COVID-19 subgroup as they received at least one
dose of a SARS-CoV-2 mRNA vaccine; only 8 of them (29.6%) completed the vaccination
course of three doses, while 16 (59.2%) received two doses and 3 (11.1%) received one
dose. The average time between the last dose of the SARS-CoV-2 vaccine and delivery was
103.1 ± 18.6 days (range 14–377 days), and 83.3% of the v-COVID-19 patients received the
last dose during pregnancy. The other 25 COVID-19-positive patients were included in the
u-COVID-19 subgroup, as they did not receive any SARS-CoV-2 vaccine.

The control (CTRL) subgroups were composed of 38 pregnant women who tested
negative for COVID-19 infection at delivery; they were categorized as vaccinated (v-CTRL;
n = 19) or unvaccinated (u-CTRL; n = 19). In the v-CTRL group, 10 (52.6%) completed the
vaccination course, 8 (42.1%) received two SARS-CoV-2 vaccine doses and 5.3% received
only one dose.

The clinical features of the study population are presented in Table 1. Maternal age,
gestational age at delivery, nulliparous percentage and cesarean section rate were compa-
rable among groups. Pre-pregnancy co-morbidity did not significantly differ among the
subgroups, nor was the rate of obstetrical complications significantly different. The COVID-
19-positive groups presented no stillbirths and they did not require neonatal respiratory
support within 24 h of birth. Among the COVID-19-positive women, symptoms like fever
and anosmia, ageusia and asthenia were more frequently observed in unvaccinated women
(32% and 16%, respectively) than in vaccinated women (7.4% and 0%, respectively).

Table 1. Clinical features of vaccinated and unvaccinated COVID-19-positive women and of COVID-
19-negative control subgroups. Values are expressed as median ± SE or percentage. Significant
differences (p < 0.05): * significant compared with v-CTRL; ˆ significant compared with u-CTRL;
§ significant compared with v-COVID-19; ◦ significant compared with u-COVID-19.

v-CTRL
(n = 19)

u-CTRL
(n = 19)

v-COVID-19
(n = 27)

u-COVID-19
(n = 25) p Value

Nulliparous (%) 42.1 (n = 8) 26.3 (n = 5) 33.3 (n = 9) 32 (n = 8) p > 0.05

Maternal age at delivery
(years) 35.3 ± 1 34.1 ± 1.3 32.8 ± 0.7 31.4 ± 1.4 p > 0.05

Gestational age at delivery
(weeks) 37.5 ± 0.8 38.6 ± 0.3 38.8 ± 0.5 39 ± 0.3 p > 0.05

One vaccine dose (%) 5.3 (n = 1) 0 11.1 (n = 3) 0 p > 0.05

Two vaccine doses (%) 42.1 (n = 8) 0 * 59.2 (n = 16) *ˆ 0 § *ˆ§ p < 0.001

Three vaccine doses (%) 52.6 (n = 10) 0 * 29.6 (n = 8) ˆ 0 *§
* p < 0.001
ˆ p = 0.009
§ p = 0.003

Pre-Pregnancy
co-morbidity:
Autoimmune disease (%) 10.5 (n = 2) 10.5 (n = 2) 11.1 (n = 3) 12 (n = 3) p > 0.05
Thyroid dysfunction (%) 5.3 (n = 1) 0 3.7 (n = 1) 8 (n = 2) p > 0.05
Uterine myoma (%) 26.3 (n = 5) 5.3 (n = 1) 3.7 (n = 1) 8 (n = 2) p > 0.05
BMI >30 (%) 0 21 (n = 4) 14.8 (n = 4) 24 (n = 6) p > 0.05
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Table 1. Cont.

v-CTRL
(n = 19)

u-CTRL
(n = 19)

v-COVID-19
(n = 27)

u-COVID-19
(n = 25) p Value

Pregnancy complications:
Gestational Hypertension
(%) 5.3 (n = 1) 5.3 (n = 1) 7.4 (n = 2) 0 p > 0.05

IUGR (%) 5.3 (n = 1) 0 0 0 p > 0.05
PE (%) 5.3 (n = 1) 0 0 0 p > 0.05
Preterm birth (%) 26.3 (n = 5) 10.5 (n = 2) 3.7 (n = 1) 8 (n = 2) p > 0.05
Cholestasis (%) 0 10.5 (n = 2) 0 8 (n = 2) p > 0.05
GDM (%) 21 (n = 4) 15.8 (n = 3) 18.5 (n = 5) 20 (n = 5) p > 0.05

SARS-CoV-2 symptoms:
Dyspnea (%) 0 0 7.4 (n = 2) 0 p > 0.05

Fever (%) 0 0 7.4 (n = 2) 32 (n = 8) *ˆ§ *ˆ p = 0.006;
§ p = 0.025

Anosmia/Ageusia/Asthenia(%) 0 0 0 16 (n = 4) ◦ ◦ p = 0.031
Cough (%) 0 0 11.1 (n = 3) 12 (n = 3) p > 0.05
Rhinitis (%) 0 0 3.7 (n = 1) 16 (n = 4) p > 0.05

Obstetrics and Neonatal
outcomes:
Pathological Doppler (%) 0 0 3.7 (n = 1) 4 (n = 1) p > 0.05
Pathological CTG (%) 5.3 (n = 1) 5.3 (n = 1) 14.8 (n = 4) 4 (n = 1) p > 0.05
Fetal Biometry:
>95th centile (%) 15.8 (n = 3) 15.8 (n = 3) 22.2 (n = 6) 20 (n = 5) p > 0.05
<5th centile (%) 5.3 (n = 1) 5.3 (n = 1) 3.7 (n = 1) 0 p > 0.05

Caesarean section (%) 52.6 (n = 10) 31.6 (n = 6) 63 (n = 17) 52 (n = 13) p > 0.05
Birth weight (g) 2975 ± 151 3152.6 ± 75 3259.2 ± 124.8 3277 ± 96.5 p > 0.05
Placental weight (g) 545.8 ± 22.8 594.6 ± 22.1 535 ± 29.4 576.7 ± 24.1 p > 0.05
APGAR < 7 at 5 min (%) 0 0 3.7 (n = 1) 0 p > 0.05

Female fetus (%) 57.9 (n = 11) 31.6 (n = 6) 66.7 (n = 18) ˆ 32 (n = 8) § ˆ p = 0.019;
§ p = 0.012

Male fetus (%) 42.1 (n = 8) 68.4 (n = 13) 33.3 (n = 9) ˆ 68 (n = 17) § ˆ p = 0.019;
§ p = 0.012

3.2. OxS Markers TBARS and HIF-1α in v-COVID-19 and u-COVID-19 Placentae

We found a significant TBARS increase in the v-COVID-19 (p = 0.05, 1.2-fold increase)
and u-COVID-19 (p = 0.01, 1.3-fold increase) placentae compared to the v-CTRL subgroup,
and in the u-COVID-19 vs. u-CTRL placentae (p = 0.05, 1.14-fold increase) (Figure 1A). No
significant differences were reported between the v-COVID-19 and u-COVID-19 subgroups
(p > 0.05) (Figure 1A). Overall, these findings suggested the presence of a significantly
increased placental OxS linked to COVID-19 infection.

Life 2024, 14, 1571 6 of 11 
 

 

 
Figure 1. Effects of COVID-19 infection on oxidative stress markers in the placentae of the v-COVID-
19, u-COVID-19, v-CTRL and u-CTRL subgroups: (A) TBARS and (B) HIF-1α gene expression. * 
significant vs. v-CTRL; ^ significant vs. u-CTRL. 

3.3. Evaluation of Placental Antioxidant Markers 
Antioxidant enzymes prevent OxS-mediated tissue damage by detoxifying free 

radicals. SOD1 catalyzes the conversion of the O2●− radical to H2O2; then, cytosolic CAT 
transforms H2O2 into water. We reported significantly higher CAT mRNA levels in the 
placentae of the v-COVID-19 (p = 0.009, 2.5-fold increase) and u-COVID-19 (p = 0.04, 1.4-
fold increase) subgroups compared to the v-CTRL subgroup (Figure 2A). Moreover, the 
v-COVID-19 placentae significantly over-expressed the CAT gene in comparison with the 
u-CTRL placentae (p = 0.007, 2.4-fold increase). Importantly, a significant increase in 
placental CAT expression was reported in the v-COVID-19 relative to the u-COVID-19 
subgroup (p = 0.034, 1.5-fold increase). In line with these data, placental CAT enzymatic 
activity was significantly increased in the v-COVID-19 and u-COVID-19 subgroups 
compared to the v-CTRL (p < 0.001, 1.1-fold increase; p < 0.001, 1.1-fold increase) and u-
CTRL subgroups (p = 0.002, 1.2-fold increase; p = 0.001, 1.1-fold increase) (Figure 2C). 
Importantly, CAT enzymatic activity was significantly increased in the v-COVID-19 
placentae relative to the u-COVID-19 placentae (p = 0.017, 1.1-fold increase). 

CAT overexpression was accompanied by a significant increase in SOD1 mRNA 
levels in v-COVID-19 (p < 0.001, 3.2-fold increase; p = 0.001, 2.7-fold increase) and u-
COVID-19 (p < 0.001, 2.1-fold increase; p = 0.017, 1.8-fold increase) placentae compared to 
the v-CTRL and u-CTRL subgroups (Figure 2B). Moreover, SOD1 gene expression levels 
were significantly over-expressed in the v-COVID-19 placentae relative to the u-COVID-
19 placentae (p = 0.04, 1.5-fold increase). SOD1 gene overexpression was accompanied by 
a significant increase in SOD enzymatic activity in the v-COVID-19 (p = 0.007, 1.3-fold 
increase) and u-COVID-19 (p = 0.002, 1.2-fold increase) subgroups compared to the v-
CTRL subgroup (Figure 2D). Moreover, SOD enzymatic activity was significantly 
increased in the v-COVID-19 placentae relative to the u-CTRL placentae (p = 0.001, 1.3-
fold increase) and, importantly, the u-COVID-19 (p = 0.04, 1.1-fold increase) subgroup. 

Figure 1. Effects of COVID-19 infection on oxidative stress markers in the placentae of the v-COVID-
19, u-COVID-19, v-CTRL and u-CTRL subgroups: (A) TBARS and (B) HIF-1α gene expression.
* significant vs. v-CTRL; ˆ significant vs. u-CTRL.

74



Life 2024, 14, 1571

The gene expression level of hypoxia-inducible factors-1α (HIF-1α), a main player in
the cellular response to hypoxia and OxS, was significantly increased in the v-COVID-19
(p = 0.04, 1.9-fold increase) and u-COVID-19 (p = 0.019, 1.2-fold increase) placentae com-
pared to the v-CTRL subgroup (Figure 1B), and in the v-COVID-19 subgroup relative to
the u-CTRL subgroup (p = 0.02, 1.6-fold increase) (Figure 1B). No significant differences
were reported between the v-COVID-19 and u-COVID-19 groups (p > 0.05) (Figure 1B).

3.3. Evaluation of Placental Antioxidant Markers

Antioxidant enzymes prevent OxS-mediated tissue damage by detoxifying free rad-
icals. SOD1 catalyzes the conversion of the O2•− radical to H2O2; then, cytosolic CAT
transforms H2O2 into water. We reported significantly higher CAT mRNA levels in the
placentae of the v-COVID-19 (p = 0.009, 2.5-fold increase) and u-COVID-19 (p = 0.04, 1.4-
fold increase) subgroups compared to the v-CTRL subgroup (Figure 2A). Moreover, the
v-COVID-19 placentae significantly over-expressed the CAT gene in comparison with the
u-CTRL placentae (p = 0.007, 2.4-fold increase). Importantly, a significant increase in placen-
tal CAT expression was reported in the v-COVID-19 relative to the u-COVID-19 subgroup
(p = 0.034, 1.5-fold increase). In line with these data, placental CAT enzymatic activity was
significantly increased in the v-COVID-19 and u-COVID-19 subgroups compared to the
v-CTRL (p < 0.001, 1.1-fold increase; p < 0.001, 1.1-fold increase) and u-CTRL subgroups
(p = 0.002, 1.2-fold increase; p = 0.001, 1.1-fold increase) (Figure 2C). Importantly, CAT
enzymatic activity was significantly increased in the v-COVID-19 placentae relative to the
u-COVID-19 placentae (p = 0.017, 1.1-fold increase).
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CAT overexpression was accompanied by a significant increase in SOD1 mRNA levels
in v-COVID-19 (p < 0.001, 3.2-fold increase; p = 0.001, 2.7-fold increase) and u-COVID-19
(p < 0.001, 2.1-fold increase; p = 0.017, 1.8-fold increase) placentae compared to the v-
CTRL and u-CTRL subgroups (Figure 2B). Moreover, SOD1 gene expression levels were
significantly over-expressed in the v-COVID-19 placentae relative to the u-COVID-19
placentae (p = 0.04, 1.5-fold increase). SOD1 gene overexpression was accompanied by
a significant increase in SOD enzymatic activity in the v-COVID-19 (p = 0.007, 1.3-fold
increase) and u-COVID-19 (p = 0.002, 1.2-fold increase) subgroups compared to the v-CTRL
subgroup (Figure 2D). Moreover, SOD enzymatic activity was significantly increased in the
v-COVID-19 placentae relative to the u-CTRL placentae (p = 0.001, 1.3-fold increase) and,
importantly, the u-COVID-19 (p = 0.04, 1.1-fold increase) subgroup.

4. Discussion

Despite the exclusion of pregnant women from initial phase 3 clinical trials [7], it is
now well known that SARS-CoV-2 vaccination is safe in pregnancy and represents the
most important intervention to protect gestation from COVID-19-related morbidity and
mortality, in the meantime offering protection to the newborn at birth [35]. Most previous
studies on the impact of SARS-CoV-2 vaccination during pregnancy, however, have focused
on maternal and infant outcomes, without considering the possible effects on the placental
tissue. Herein, in order to better understand the consequences of SARS-CoV-2 vaccination
on pregnancy and fetal–placental development, we investigated obstetrical and neonatal
outcomes together with placental OxS molecular markers and antioxidant activity. In
accordance with our previously published data [31], we confirmed a significant increase in
both the OxS markers TBARS and HIF-1α and the antioxidant CAT and SOD1 enzymes in
COVID-19-positive placentae compared to COVID-19-negative controls, emphasizing the
placental ability to counteract COVID-19-induced OxS during pregnancy. For the first time,
we also demonstrated that SARS-CoV-2 vaccination significantly increased the antioxidant
enzymes CAT and SOD1 in the placentae of COVID-19-positive patients, eliciting a boost
in placental protection against OxS.

From a clinical perspective, we reported herein a significantly increased incidence of
COVID-19-related maternal symptoms in unvaccinated vs. vaccinated pregnant women
who were positive for the virus at delivery. Our findings are in line with previous data
showing that pregnant women who received at least one dose of the vaccine before COVID-
19 infection had an 80% lower risk of developing severe symptoms [36]. In our study, the
increased incidence of maternal symptoms in unvaccinated COVID-19-positive pregnant
women was associated with a lower placental antioxidant defense, suggesting a reduced
placental compensatory adaptation despite no significant changes in neonatal birth weight
and/or Apgar score. While this study focused on molecular and biochemical markers of
oxidative stress, collaboration with a pathologist for a detailed placental histopathological
examination could have provided additional insights into potential structural changes or
localized effects that might not be evident through molecular markers alone. Future studies
incorporating such analyses may help to provide a more comprehensive understanding of
placental responses to SARS-CoV-2 infection and vaccination.

Our results are in line with those of Smithgall et al., who also reported no differences
in placental anatomopathological findings when comparing the placenta of 164 vaccinated
and 267 unvaccinated women [37].

Exacerbated inflammation and OxS have been proposed as key players in COVID-
19 pathophysiology [31,38,39]. Indeed, we observed a significant increase in placental
lipid peroxidation and HIF-1α expression in all COVID-19-positive women. COVID-19
infection, in fact, compromises mitochondrial structure and functionality, triggering the
production of reactive oxygen species (ROS) [31] as well as an inflammatory response with
the release of cytokines as interleukin-10 (IL-10), tumor necrosis factor-alpha (TNF-α) and
interferon-gamma (INF-γ). This inflammatory pathway further reinforces mitochondrial
ROS production and OxS [39,40]. Besides being culprits of COVID-19 infection, ROS
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production and OxS could also be generated as a consequence of immunization and
antibody production by activated B and T immune cells, as suggested by observations of
increased ROS levels after the first dose of mRNA-based SARS-CoV-2 vaccines [41].

The first line of defense against OxS consists in the overproduction of the antioxidant
enzymes CAT and SOD1, which convert superoxide radicals into hydrogen peroxide and
then into water plus molecular oxygen [42]. In the present study, a significant increase in
CAT and SOD1 expression and activity was observed in vaccinated COVID-19-positive
placentae compared to both unvaccinated and control COVID-19-negative patients. Re-
cently, IgGs carrying CAT activity were found to be significantly increased in non-pregnant
patients who had recovered from COVID-19 compared to both healthy women and pa-
tients vaccinated with the recombinant Sputnik V vaccine, opening up the hypothesis that
COVID-19 infection may stimulate the production of antibodies with enzymatic activity
that degrades hydrogen peroxide and counteracts ROS production [43]. The increased CAT
expression and activity that we observed in the v-COVID-19 placentae suggests that vacci-
nation further increases the ability to scavenge hydrogen peroxide; this could represent
an adaptive response to the immunization, aimed at neutralizing the effect of ROS and
preventing membrane lipid peroxidation.

Besides promoting inflammation and oxidative injury, increased ROS levels are able to
further stimulate viral replication [44,45]. CAT is the most abundant and effective catalyst
for the decomposition of H2O2 [46], being able to breakdown 107 H2O2 molecules in 1 s.
Based on this, Qin et al. recently explored the effectiveness of CAT administration as a
potential treatment for COVID-19, showing that the administration of nano-encapsulated
CAT to Rhesus macaques elicited cytoprotection, increased the viability of HPAEpiC
human pulmonary alveolar epithelial cells, down-regulated the leukocyte production of
TNF-α and IL-10, and inhibited COVID-19 replication, without noticeable toxicity [47].
These data underline the therapeutic potential of exogenous CAT administration, further
emphasizing the importance of endogenous placental CAT overactivation promoted by
anti-SARS-CoV-2 vaccination.

In mice immunized through the administration of recombinant SARS-CoV-2 spike
protein antigens, the decline in anti-COVID-19 antibodies caused by OxS and SOD de-
creased upon virus re-exposure, and the activation of the JAK2/STAT1 pathway was
efficiently counteracted by upregulating SOD production [48]. These findings suggest that
the vaccination-related boost in placental SOD expression and activity described in our
work could also prolong the duration of SARS-CoV-2 immunization.

A recent in vitro study, aimed at investigating the effects of mRNA vaccines encoding
for the COVID-19 S protein (mRNA-S) on the fetal–maternal interface, reported that S
proteins could interact with ACE-2 receptors, triggering the production of CXCL-10 and
CXCL-11 chemokines, IL-6 and IFN-Type 1alpha, molecules that are critical in regulating the
immune response in pregnancy. Moreover, the authors observed higher gene expression of
the ACE-2 receptor, pivotal for COVID-19 access into host cells [49], in chorionic trophoblast
cells compared to other fetal membrane layers [50]. Besides its role in the viral mechanism
of infection, ACE-2 activation possesses beneficial downstream effects due to its antioxidant
and vasodilatory properties [50]. In accordance with this, our results corroborate these
previous findings, adding the placental CAT and SOD enzymatic antioxidant boost to the
positive effects of mRNA vaccination during pregnancy.

5. Conclusions

In conclusion, our data demonstrate that the placental antioxidant adaptation against
COVID-19-induced OxS in placentae is enhanced by the SARS-CoV-2 vaccine, adding
further evidence of the role of vaccination as a key and safe tool for the prevention of
pregnancy complications.
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Abstract: This systematic review and meta-analysis protocol aims to evaluate the comparative efficacy
of different sentinel lymph node (SLN) detection techniques in the management of vulvar cancer.
Vulvar cancer, though rare, predominantly affects older women and requires effective management
strategies. The SLN technique has become a standard approach for early-stage cases, offering reduced
morbidity compared to complete lymphadenectomy. Currently, various SLN detection methods exist,
including the use of Technetium-99m (Tc99m), Indocyanine Green (ICG), and superparamagnetic
iron oxide (SPIO), but there is a lack of comprehensive comparison of their efficacy. This review will
systematically search relevant databases, including PubMed, Scopus, Cochrane, Web of Science and
Embase following PRISMA guidelines, to gather data from clinical trials. The primary outcome will
be the detection rates of SLN techniques with secondary outcomes examining patient characteristics
and procedural factors. The analysis will utilize random-effects models to compare detection rates
across studies. The results of this study aim to provide insights into the optimal SLN detection
method with potential implications for clinical practice guidelines in vulvar cancer management. The
protocol is registered under the PROSPERO registration number CRD42024590774.

Keywords: vulvar cancer; sentinel lymph node; Technetium-99m; Indocyanine green

1. Introduction

Vulvar cancer is a rare malignancy comprising 5% of all gynecological cancers and
1% of all cancers in women. It predominantly affects patients between the ages of 65 and
75 with most cases diagnosed at an early stage [1,2]. The five-year survival rate varies
significantly based on the stage at diagnosis, with early-stage (Stage I) disease offering
a nearly 100% survival rate, while advanced-stage disease with lymph node metastasis
reduces this figure to below 60% [2]. Prior to the introduction of sentinel lymph node
(SLN) detection, complete lymphadenectomy (CL) was the standard practice. However,
CL is associated with significant adverse effects (lymphocyst formation, lymphedema)
that substantially impair patients’ quality of life. The development of a technique capable
of identifying SLNs without the severe complications associated with CL was a pivotal
advancement, leading to the evolution of the sentinel technique. According to the FIGO
(Fédération Internationale de Gynécologie et d’Obstétrique) guidelines, for patients with
squamous cell carcinoma, unifocal tumors smaller than 4 cm, and no clinical signs of groin
node involvement, SLN detection and excision is recommended [3]. The current guidelines
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from the European Society of Gynecological Oncology (ESGO) mandate the use of a
radiotracer, typically Technetium-99m (Tc99m), for SLN detection. These guidelines further
recommend the combination of Tc99m with a colorimetric adjuvant, such as isosulfan or
methylene blue dye, or an infrared imaging technique, such as ICG [4]. The success rate
of SLN techniques can be affected by various factors. The earliest SLN detection methods
employed blue dye, which was initially considered promising but was later surpassed by
radiotracers, which offer significantly higher detection rates [5]. Tc99m is widely regarded
as the gold standard in SLN detection for VC. However, Tc99m is not without its drawbacks.
The requirement for a nuclear medicine facility, the need for administration around the
tumor site the day before surgery, and the lack of real-time visual guidance pose logistical
and practical challenges to its use [6]. A newer approach using ICG has shown promise
in vulvar cancer [7]. ICG is a hydrophilic fluorescent agent that, when used with near-
infrared (NIR) imaging, facilitates SLN biopsy in a single intraoperative step. Studies have
demonstrated the feasibility and efficacy of ICG-guided SLN biopsy in early-stage VC [8].
Although ICG and NIR imaging have demonstrated comparable detection rates to Tc99m,
the available data are often insufficient for definitive conclusions, and the supporting
evidence remains limited [9–11]. An emerging approach showing promising detection rates
and gaining increasing attention in vulvar cancer management is the superparamagnetic
iron oxide (SPIO) method, which eliminates the need for radioactive tracers, provides
high detection accuracy, and offers logistical advantages by allowing same-day procedures
without the requirement for specialized nuclear medicine facilities [12,13]. Recognizing
the need for a comprehensive evaluation, this study aims to conduct a systematic review
comparing the detection rates of all currently used SLN techniques. By addressing this gap
in the literature, we seek to provide critical insights into the comparative efficacy of these
methods in the management of vulvar cancer.

2. Experimental Design

This systematic review will be conducted and reported following the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

2.1. Eligibility Criteria
2.1.1. Type of Studies

We will include prospective and retrospective clinical trials, as well as randomized
controlled trials, without any language restrictions. The search will cover all relevant
studies available in the databases from their inception up to 15 August 2024.

2.1.2. Types of Participants

Eligible studies will include women diagnosed with vulvar cancer classified as FIGO
stage T1a or T2, where the tumor size exceeds 2 cm but remains under 4 cm, with an
invasion depth greater than 1 mm, and without detectable lymph node metastasis. While
vulvar cancer predominantly affects older women, participants of all age groups will be
included in the analysis.

2.1.3. Type of Methods

We aim to include all currently available SLN detection methods. These will include
the Tc99m isotope, blue dye, ICG, and SPIO solution.

2.1.4. Type of Outcomes

The primary outcome of interest will be the detection rates (DRs). Secondary outcomes
will focus on patient-specific factors such as mean and median age (year), body mass index
(BMI) (kg/m2), tumor size (cm) and grade, tumor position (lateral, medial) and anatomical
location (distance to the midline/clitoris/anus/vagina/urethra (cm)), type of surgery
(wide local excision, hemivulvectomy, vulvectomy), lymph node assessment (unilateral vs.
bilateral), lymphovascular space invasion (LVSI) (1–4), hystotype (carcinoma vs. melanoma)
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and their influence on detection rates. Additionally, we aim to assess procedure-related
variables, such as the doses (activity, mg) and concentrations (mg/mL) of substances used,
type of surgery, and short and long-term complications.

2.2. Materials and Equipment

Our search will utilize the terms “sentinel” and “vulv” across the most comprehensive
online databases, including PubMed, Scopus, Cochrane, Embase, Web of Science, and
Medline. The search will cover all records available up to and including 15 August 2024.

2.3. Detailed Procedure

We will follow the recommendations of the Cochrane Collaboration for planning,
study selection, and data extraction. All relevant studies will be identified through our
search strategy across the specified databases. Duplicate records will be removed using
the bibliographic management tool EndNote, X 9 version: 21.4 and Rayyan will be utilized
for the screening and selection process. The initial screening will be conducted based
on titles and abstracts, which are followed by full-text reviews. Additional relevant arti-
cles will be manually identified by reviewing the reference lists of the included studies.
Two independent reviewers will be responsible for the selection and data extraction, using a
predefined standardized data collection form. Any disagreements will be resolved with the
involvement of a third independent reviewer. Cohen’s kappa coefficient will be calculated
to assess inter-rater reliability during both the selection and extraction phases.

2.4. Data Items

The extracted information will include the date, name of the author, country, type
of malignancy, study design, patient number and groin number, detection rates, doses
and concentrations, mean age, and the mean BMI of the patients. If any data are missing,
incomplete, or unclear, the authors will be contacted for clarification.

2.5. Outcomes and Prioritization

Our primary outcome will be the DR of each SLN detection method, including combi-
nations of different techniques, with a focus on comparing their effectiveness. A secondary
objective will be to investigate the relationship between detection rates and patient char-
acteristics, such as average BMI. Additionally, if sufficient data are available, we will
attempt to gather information on the doses and concentrations of the substances used in
these procedures.

2.6. Effect Measures

For dichotomous outcomes, such as successful SLN detection or adverse events, we
will report risk ratios (RRs) along with risk differences (RDs) and group proportions for
better clarity. For continuous variables, including patient-related data (e.g., BMI), we will
present mean differences (MDs) or differences between medians (MedDs), depending
on the format in which the data are provided in the studies. We will also report the
group-specific means or medians to enhance the interpretability of the results.

2.7. Risk of Bias

Two members of the review team will assess the risk of bias via the robvis visualization
tool for all of the studies. If a disagreement arises, a third reviewer will be involved. The
tool evaluates five areas of potential bias: bias from the randomization process, bias due
to deviations from the intended interventions, bias from missing outcome data, bias in
outcome measurement, and publication bias: bias in the selection of reported results. Each
domain includes signaling questions designed to gather relevant information. The answers
to these questions are processed through algorithms to rate each domain as having a low
risk of bias, some concerns, or a high risk of bias. These individual domain ratings are then
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combined into an overall risk-of-bias judgment, which also falls into the categories of low
risk, some concerns, or high risk of bias.

2.8. Data Synthesis

If the included studies and their results show sufficient homogeneity, we will carry out
a meta-analysis using a random-effects model. Both qualitative and quantitative data syn-
thesis will be undertaken. At least three studies will be required to conduct a meta-analysis.
The random effects model will be employed to combine effect sizes using a frequentist
approach. For dichotomous outcomes, we will calculate risk ratios (RRs) along with 95%
confidence intervals (CIs) as the effect size measure. Proportions of events of interest will
be pooled separately for each group. For continuous variables, we will use either the
mean difference (MD) or the difference between medians (MedD) with 95% CI as the effect
size, depending on how the data are presented. If only quartiles are provided, we will
estimate the mean and standard deviation (SD) assuming the distribution is either normal
or lognormal; otherwise, the median differences will be pooled. Pooled RR based on raw
data will be calculated using the Mantel–Haenszel method, with the exact Mantel–Haenszel
technique applied to manage zero cell counts. The inverse variance weighting method will
be utilized for calculating the pooled RR and MD when raw data are not available. To en-
hance precision, we will adjust the pooled confidence intervals using the Hartung–Knapp
method when it produces a more conservative result. The heterogeneity variance (τ2)
will be estimated using the restricted maximum-likelihood estimator, and the confidence
interval will be derived using the Q profile method. Heterogeneity among the studies will
be evaluated using Higgins and Thompson’s I2 statistic. Results will be deemed statistically
significant if the confidence interval excludes the null value. The findings will be visually
represented using forest plots, and prediction intervals will be reported when applicable.
We will explore model-fitting parameters and identify potential outliers using various
influence measures and visual plots. All statistical analyses will be performed using the R
software package (R Core Team) version: 4.4.2. The confidence in effect estimates for each
reported outcome will be assessed using the Grading of Recommendations, Assessment,
Development, and Evaluation approach by two reviewers, and possible disagreement will
be assessed by a third reviewer.

2.9. Ethical Concerns

Patients or members of the public will not participate in our research; therefore, ethical
approval is not required for this study, as no original data will be collected

2.10. Registration

Prospero registration number: CRD42024590774

3. Expected Results

While previous meta-analyses and systematic reviews have demonstrated the efficacy
of ICG in SLN detection, a direct comparison with the ESGO-recommended tracer, Tc99m,
remains necessary and warrants an updated analysis. Additionally, the novel SPIO method,
given its promising potential, and blue dye, one of the earlier techniques still in use, require
further evaluation and comparison against established methods. By employing the RoB 2.0
tool and robvis visualization software, our study strives to minimize bias and ensure a
high level of evidence quality. The findings of this systematic review may influence future
clinical guidelines, as it aims to provide an up-to-date comparison of all currently employed
SLN detection techniques in vulvar cancer. However, the robustness of our conclusions
may be limited by the quality of the individual studies included, particularly if there are
gaps or inconsistencies in the reported data.

84



Life 2024, 14, 1538

Author Contributions: B.V.: conceptualization, methodology, writing—original draft, project admin-
istration; B.L.: conceptualization, resources, writing—review and editing, supervision, project admin-
istration; S.V.: resources, methodology, software, P.M.: conceptualization, methodology, software,
writing—review and editing; L.L.L.: resources, writing—review and editing; N.Á.: conceptualization,
writing—review and editing, R.T.: conceptualization, methodology, software, writing—review and
editing, supervision.; M.K.: conceptualization, methodology, resources, writing—review and editing,
supervision. M.K. is the guarantor of the review. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Due to this article’s nature, no original data were used.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Alkatout, I.; Schubert, M.; Garbrecht, N.; Weigel, M.T.; Jonat, W.; Mundhenke, C.; Günther, V. Vulvar cancer: Epidemiology,

clinical presentation, and management options. Int. J. Womens Health 2015, 7, 305–313. [CrossRef] [PubMed]
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Abstract: Artificial intelligence applied to time-lapse microscopy may revolutionize embryo se-
lection in IVF by automating data collection and standardizing the assessments. In this context,
blastocyst expansion dynamics, although being associated with reproductive fitness, have been
poorly studied. This retrospective study (N = 2184 blastocysts from 786 cycles) exploited both
technologies to picture the association between embryo and inner-cell-mass (ICM) area in µm2,
the ICM/Trophectoderm ratio, and the zona pellucida thickness in µm (zp-T) at sequential blas-
tocyst expansion stages, with (i) euploidy and (ii) live-birth per transfer (N = 548 transfers). A
quantitative-standardized-expansion-assay (qSEA) was also set-up; a novel approach involving
automatic annotations of all expansion metrics every 30 min across 5 h following blastulation.
Multivariate regressions and ROC curve analyses were conducted. Aneuploid blastocysts were
slower, expanded less and showed thicker zp. The qSEA outlined faster and more consistent zp
thinning processes among euploid blastocysts, being more or as effective as the embryologists in
ranking euploid embryo as top-quality of their cohorts in 69% of the cases. The qSEA also outlined
faster and more consistent blastocyst expansion and zp thinning dynamics among euploid im-
planted versus not implanted blastocysts, disagreeing with embryologists’ priority choice in about
50% of the cases. In conclusion, qSEA is a promising objective, quantitative, and user-friendly
strategy to predict embryo competence that now deserves prospective validations.

Keywords: blastocyst expansion; zona pellucida thinning; euploidy; live birth; artificial intelligence

1. Introduction

The main tasks in the IVF laboratory are to optimize the laboratory conditions and
the performance of the embryologists, as well as to score, rank, and select embryos to
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maximize the possibilities to achieve a live birth (LB). An efficient embryo selection tool
to identify reproductively competent embryos would significantly reduce the time-to-
pregnancy by preventing unnecessary embryo transfers (ETs), with relevant economic and
psychological implications [1]. Still, currently, static morphological embryo assessment
is the most common selection scheme, especially in non-preimplantation genetic testing
(PGT) cycles. However, morphological assessment is inconsistent across the embryologist
community, especially across different IVF centers [2].

The introduction of new technologies, such as time-lapse microscopy (TLM) and
artificial intelligence (AI) in clinical embryology, have provided novel and advanced
information on human embryo development. TLM permits undisturbed culture conditions,
allowing for continuous monitoring of embryo development dynamics. Several studies
have leveraged TLM with the aim of identifying morphokinetic markers of embryonic
competence [3]; however, to date, TLM-driven embryo selection has not been shown to be
better than an embryologist’s assessment [4,5]. Nonetheless, the implementation of TLM
to investigate human preimplantation development has provided embryologists with a
powerful tool to precisely evaluate the timings of cellular divisions and detect abnormal
dynamics that would be impossible to assess through static assessments (e.g., trichotomous
cleavage or spontaneous blastocyst collapse) [6].

Lately, AI has been subject to several studies because it holds the potential to objectify
and automate embryo assessment and enhance embryo selection by extracting relevant
information from embryo microscopy images and videos. AI models aim at identifying
embryos with the highest chance to implant in each cohort and provide embryologists with
a score to prioritize them for transfer [7]. AI-based TLM assessment represents a powerful
approach to studying embryo preimplantation development with countless possibilities.

In this context, blastocyst expansion represents an interesting feature to investigate.
Indeed, it has been previously reported to be associated with embryo competence through
both static and dynamic morphological assessments [8,9]. Notably, blastocyst expansion
is a morphogenetic process common to several species [10], regulated by trophectoderm
(TE) functional properties after embryonic genome activation. This phase is indeed very
sensitive, being the first process occurring after inner cell mass (ICM) and TE differentiation.
Several authors have indeed focused their attention on the clinical implications of blastocyst
expansion, being mostly concordant in reporting a positive association [11–14].

Huang and colleagues designed a dynamic and standardized blastocyst expansion
assessment scheme called quantitative standardized expansion assay (qSEA). This ap-
proach aimed at minimizing the variability across the operators in assessing blastocysts’
quality by focusing instead on their expansion at well-defined timepoints. Specifically,
beginning at time of blastulation (tB) for 10 h at 2 h intervals, these authors measured the
cross-sectional area of the embryo cavity and its surrounding TE in µm2 through the Em-
bryoscope’s measurement tool. The data reported significantly associated with blastocyst
competence, suggesting qSEA is a promising embryo selection tool that is less exposed to
subjective evaluations and suitable for automation [9,15,16]. The recent implementation
of AI-powered software for dynamic embryo assessment allowed us to slightly adapt
the qSEA and enhance it with additional morphometric information (e.g., zona pellucida
thickness). The aim of this retrospective study was to adopt an AI-powered version of the
qSEA in a large dataset of 2184 biopsied blastocysts—of which 548 transferred—obtained
during 786 PGT-A cycles. We assessed the association of the parameters extracted with
this bioinformatic pipeline with embryo chromosomal competence (euploidy) and the
reproductive competence (LB per euploid ET). In a clinical simulation, we also tested the
putative value of this tool for embryo selection purposes.

2. Materials and Methods
2.1. Study Population and Study Design

This is a retrospective study including 2184 blastocysts obtained from 786 PGT-A
cycles cultured in a time-lapse incubator (Embryoscope, Vitrolife, Gothenburg, Sweden)
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between January 2013 and December 2020 at a private IVF Center in Rome (IVIRMA Global
Research Alliance, Genera, Clinica Valle Giulia). Patient characteristics are summarized
in Supplemental Table S1. They were mostly advanced maternal age and poor prognosis
women. Of the 2184 total blastocysts included in the study, 40.5% (886/2184) were euploid
and the remaining 59.5% (1298/2184) were aneuploid. The aim of the study was to evalu-
ate the putative association between an AI-powered morphometric and morphodynamic
assessment of blastocyst expansion with their chromosomal (i.e., euploidy) and/or repro-
ductive competence (i.e., LB after vitrified-warmed euploid single embryo transfer). The
analysis was conducted at each specific blastulation timings (as described below), as well
as using an adapted protocol of the qSEA described by Huang previously [9,15,16] (also
detailed below).

Ethic committee approval was obtained for the retrospective analysis of pseudonymized
videos and data aimed at identifying patient, cycle or embryo features associated with IVF
efficacy and/or efficiency.

2.2. IVF and PGT-A Laboratory Protocols

Ovarian stimulation was conducted with a GnRH antagonist protocol and ovulation
was triggered with either GnRH-agonist or hCG based on patient characteristics and the
judgment of a gynaecologist. Oocyte retrieval was conducted 35 h after trigger, and ICSI
was performed according to a previously detailed protocol [17]. A continuous single culture
medium (CSCM, Irvine Scientific, Santa Ana, CA, USA) was adopted, with a medium
refresh on Day 5 in case of extended culture to Days 6 or 7. No laser assisted zona pellucida
(zp) drilling was applied on Day 3, and the embryos were left undisturbed within an
intact zp throughout their development until the fully expanded blastocyst stage, when TE
biopsy was conducted as thoroughly described previously [18]. The biopsied blastocysts
were vitrified within 30 min from biopsy to prevent their re-expansion. Comprehensive
chromosome testing (CCT) was conducted through qPCR or NGS at an external laboratory
to report uniform aneuploidies [19,20]. Intermediate chromosomes copy numbers (ICN)
were reported as either euploid or aneuploid [20]. Only vitrified-warmed single euploid
blastocyst transfers were conducted with either a hormonal replacement therapy or a
modified-natural endometrial preparation protocol. All transfers from the same oocyte
retrieval were included. Blastocyst morphology was graded by the embryologists relying
on Gardner’s scoring system [21] as excellent if AA; good if AB or BA; average if BB, AC,
or CA; and low if CC, BC, or CB.

2.3. Blastocyst Expansion AI-Powered Morphometric and Morphodynamic Analysis

All Embryoscope videos were analysed through an AI-powered tool (CHLOE™,
Fairtility, Tel Aviv, Israel) to automate, standardize, objectify, and quantify embryo assess-
ment. CHLOE is an AI tool based on a convolutional neural network that automatically
analyses embryo videos and annotates specific events of embryo development. Here we
leveraged AI to annotate the time of starting blastulation (tSB); the time of blastulation
(tB); the time of expanding blastocyst (tEB) (as described in [3,22]); and the time of biopsy
(t-biopsy; i.e., the end of the video, when TE biopsy was performed) in hours post insem-
ination (hpi). We also leveraged the AI to annotate the area of the embryo including the
zp (zp-A); the area of the embryo proper (emb-A); the thickness of the zona pellucida
(zp-T; calculated as the largest distance between the emb-A and the zp-A edges); the
area of the ICM (ICM-A); and the ratio between the area of the ICM and the area of
the TE (ICM/TE ratio) (Figure 1). All of these metrics were calculated by the software
at the median focal plane as the proportions of video frames occupied by each feature
under investigation (single pixel = 300 µm; whole wells’ area = 90,000 µm2) at each blas-
tulation timing (Figure 1). Also, increases and decreases for all these measures were
assessed between each blastulation timing and the following. All data were assessed
for their association with euploidy and with LB among vitrified-warmed transferred
euploid blastocysts.
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Figure 1. Definition of the features and timings under investigation. The AI-powered software
CHLOE™ (Fairtility, Tel Aviv, Israel) was adopted to automatically annotate the time of blastulation
(tB); the time of expanding blastocyst (tEB) (according to the definitions of the ESHRE TLT working
group); and the time of biopsy (t-biopsy; i.e., the end of the video, when trophectoderm biopsy
was performed) in hours post insemination (hpi). The same software annotated the area of embryo
including the zp (zp-A; green circle); the area of the embryo proper (emb-A; yellow circle); the
thickness of the zona pellucida (zp-T; calculated as the largest distance between the emb-A and the
zp-A edges; orange line); the area of the ICM (ICM-A; purple shade); and the ratio between the area
of ICM and the area of the trophectoderm (ICM/TE ratio). All of these metrics were calculated by the
software at the median focal plane as the proportions of video frames occupied by each feature under
investigation (single pixel = 300 µm; whole wells’ area = 90,000 µm2) at each blastulation timing. The
quantitative standardized expansion assay (qSEA) was also automatically generated for each embryo
by annotating the zp-A, emb-A, and the zp-T every 30 min across the 5 h following the tB. These data
were then clustered according to blastocyst chromosomal constitution (euploid versus aneuploid)
and reproductive competence (transferred euploid blastocysts that resulted in a LB versus transferred
euploid blastocysts that did not result in a LB). This process generated six expansion maps (like the
example with the blue and red lines for the two different outcomes) that were scrutinized to assess
putative differences. Scale bar, 100 µm.

2.4. AI-Powered qSEA

For zp-A, emb-A, and zp-T, the qSEA was also calculated by adapting Huang’s
protocol [9,15,16]. In detail, these metrics were automatically annotated for each embryo by
CHLOE every 30 min over the 5 h following the tB. The data were then clustered according
to blastocyst chromosomal constitution (euploid versus aneuploid), and reproductive
competence (transferred euploid blastocysts that resulted in a LB versus transferred euploid
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blastocysts that did not result in a LB). This generated six expansion maps that were
scrutinized to assess putative differences in the expansion dynamics (Figure 1).

2.5. Clinical Simulations

Two simulations were conducted to assess the putative value of the qSEA had
we used it clinically to prioritize blastocysts for transfer (as previously done for the
iDAScore v1.0 [23]).

Among the 786 PGT-A cycles with ≥1 biopsied blastocyst, 352 obtained both eu-
ploid and aneuploid embryos. In these cycles, we could assess how often the embry-
ologists and the qSEA were concordant and discordant in blastocyst ranking, and how
often the highest ranked embryos were indeed euploid (the workflow is summarized in
Supplemental Figure S1A).

Among the 237 PGT-A cycles with ≥2 euploid blastocysts, 216 underwent ≥1 ET
(99 performed only 1 ET, 14 performed >1 ET always obtaining a LB, 50 performed
>1 ET never obtaining a LB, and 53 performed >1 ET with both LB and implantation
failures/miscarriages). In these cycles, we could assess how often the embryologists and
the qSEA were concordant and discordant in ranking euploid blastocysts, and how often
the highest ranked embryos indeed resulted in a LB (the workflow is summarized in
Supplemental Figure S1B).

2.6. Statistical Analysis

The software SPSS version 29.0.1.0 (171) was used for statistics (IBM, Armonk, NY,
USA). Continuous data are shown as mean ± standard deviation (SD). The normal
(Gaussian) distribution of the data was assessed with a Shapiro–Wilk test and either
t-test/ANOVA or Mann Whitney U/Kruskal Wallis tests were adopted to assess statisti-
cally significant differences. Categorical data are shown as ratios with percentages. Fisher’s
exact or chi-squared tests were adopted to assess statistically significant differences. All
putative associations of the data with euploidy among biopsied blastocysts, or reproduc-
tive competence (LB) among transferred euploid blastocysts, were confirmed with either
linear or logistic regression analyses. The results were adjusted for relevant confounders
identified among maternal age, BMI, previous conception(s) (no/yes), cause of infertility,
duration of infertility, sperm quality, and blastocyst morphology.

3. Results
3.1. Aneuploid Blastocysts Were Slower, Expanded Less and Showed a Thicker Zona Pellucida with
Respect to Euploid Embryos

The first analysis conducted was a comparison of all morphometric features at
the tSB, tB, tEB, and t-biopsy among euploid and aneuploid blastocysts, as well as
among transferred euploid blastocysts that resulted in a LB versus not (Table 1). The
data were compared among the study groups and adjusted for confounders in case
of significant associations at univariate analyses. The confounders were maternal
age and blastocyst morphology for the euploidy outcome, and only blastocyst mor-
phology for the LB outcome. Aneuploid blastocysts were slower than euploid over
all blastulation timings from tSB to t-biopsy, while euploid reproductively incom-
petent blastocysts were slower than competent from tB onwards (Table 1). Aneu-
ploid blastocysts, while starting from a larger expansion in terms of both zp-A and
emb-A at the tB, showed both smaller zp-A and emb-A than euploid blastocysts at
the t-biopsy (24,082 ± 5763 µm2 versus 25,438 ± 5968 µm2, adjusted-p < 0.01; and
23,612 ± 5960 µm2 versus 25,058 ± 6212 µm2, adjusted-p < 0.01) and expanded signifi-
cantly less (zp-A t-biopsy/tEB: +38% ± 31% versus +47% ± 33%, adjusted-p < 0.01; zp-A
t-biopsy/tB: +69% ± 39% versus +80% ± 41%, adjusted-p < 0.01; emb-A t-biopsy/tEB:
+40% ± 34% versus +48% ± 36, adjusted-p < 0.01; emb-A t-biopsy/tB: +77% ± 44%
versus +90% ± 47%, adjusted-p < 0.01) (Table 1; Supplemental Figure S2A,B). No asso-
ciation was reported between both parameters and the LB (Table 1). Also, the ICM-A and

90



Life 2024, 14, 1396

the ICM/TE ratio was comparable among euploids and aneuploids, as well as among
euploids that resulted in a LB and euploids that failed to result in a LB (Table 1). Con-
versely, the zp-T was significantly thicker among aneuploid blastocysts versus euploids
already at the tEB (12.9 ± 2.4 µm versus 12.6 ± 2.5 µm, adjusted-p = 0.01), a differ-
ence that became even more visible at the t-biopsy (8.1 ± 3.2 µm versus 7.1 µm ± 2.7,
adjusted-p < 0.01), thereby outlining a significantly less consistent thinning (zp-T
t-biopsy/tEB: −37% ± 24% versus −43% ± 22%, adjusted-p = 0.01; zp-T t-biopsy/tB:
−50% ± 20% versus −55% ± 18%, adjusted-p < 0.01) (Table 1; Supplemental Figure S2C).
Also in this case, no association was reported with the reproductive competence among
transferred euploid blastocysts (Table 1).

Table 1. Summary of the main results. Area of the zona pellucida (zp-A), area of the embryo proper
(emb-A), thickness of the zona pellucida (zp-T), are of the inner cell mass (ICM-A), ratio between
ICM and trophectoderm (ICM/TE ratio) at the time of blastulation (tB), at the time of blastocyst
expansion (tEB) and at the time of biopsy (t-biopsy), between aneuploid versus euploid blastocysts,
and between euploid not resulted and resulted in a live birth (LB). Also, the increase in all areas
and the decrease in zp-T throughout consecutive timings and from tB to t-biopsy were reported and
compared across the study groups.

Aneuploid
N = 1298

Euploid
N = 886 p-Value Euploid–No LB

N = 315
Euploid–LB

N = 233 p-Value

tSB, mean ± SD, hpi
tB, mean ± SD, hpi

tEB, mean ± SD, hpi
t-biopsy, mean ± SD, hpi

102.5 ± 10.5
113.0 ± 12.7
120.9 ± 14.5
136.0 ± 15.2

100.5 ± 9.6
109.7 ± 11.1
115.9 ± 12.0
131.6 ± 13.7

p < 0.01
p < 0.01
p < 0.01
p < 0.01

100.3 ± 9.7
109.9 ± 11.2
116.7 ± 12.4
132.4 ± 13.9

99.0 ± 9.8
107.5 ± 10.9
112.6 ± 11.2
127.1 ± 12.5

p = 0.10
p = 0.01
p < 0.01
p < 0.01

zp-A at tB, mean ± SD, µm2 14,288 ± 1257 14,168 ± 1119 p = 0.02 * 14,124 ± 1071 14,263 ± 1231 p = 0.16

zp-A at tEB,
mean ± SD, µm2 17,435 ± 1828 17,417 ± 1955 p = 0.82 17,482 ± 2234 17,542 ± 1835 p = 0.74

Ratio tEB/tB, mean ± SD +22% ± 10% +23% ± 12% p = 0.74 * +24% ± 14% +23% ± 9% p = 0.48

zp-A at t-biopsy,
mean ± SD, µm2 24,082 ± 5763 25,438 ± 5968 p < 0.01 * 25,141 ± 5873 25,790 ± 6159 p = 0.21

Ratio t-biopsy/tEB,
mean ± SD +38% ± 31% +47% ± 33% p < 0.01 * +45% ± 33% +47% ± 33% p = 0.35

Ratio t-biopsy/tB,
mean ± SD +69% ± 39% +80% ± 41% p < 0.01 * +79% ± 42% +81% ± 42% p = 0.47

emb-A at tB,
mean ± SD, µm2 13,349 ± 1196 13,249 ± 1121 p = 0.03 * 13,235 ± 1107 13,309 ± 1121 p = 0.44

emb-A at tEB,
mean ± SD, µm2 16,900 ± 1867 16,922 ± 1986 p = 0.79 16,996 ± 2274 17,030 ± 1757 p = 0.85

Ratio tEB/tB, mean ± SD +27% ± 11% +28% ± 13% p = 0.28 * +29% ± 16% +28% ± 10% p = 0.64

emb-A at t-biopsy,
mean ± SD, µm2 23,612 ± 5960 25,058 ± 6212 p < 0.01 * 24,694 ± 6169 25,512 ± 6299 p = 0.13

Ratio t-biopsy/tEB,
mean ± SD +40% ± 34% +48% ± 36% p < 0.01 * +46% ± 35% +50% ± 34% p = 0.22

Ratio t-biopsy/tB,
mean ± SD +77% ± 44% +90% ± 47% p < 0.01 * +87% ± 48% +92% ± 46% p = 0.26

zp-T at tB, mean ± SD, µm 16.4 ± 2.9 16.2 ± 2.9 p = 0.25 16.5 ± 3.0 16.3 ± 3.1 p = 0.55

zp-T at tEB, mean ± SD,
µm 12.9 ± 2.4 12.6 ± 2.5 p = 0.01 * 12.9 ± 2.5 12.8 ± 2.5 p = 0.54

Ratio tEB/tB, mean ± SD −21% ± 11% −22% ± 11% p = 0.53 * −21% ± 11% −22% ± 10% p = 0.90

zp-T at t-biopsy,
mean ± SD, µm 8.1 ± 3.2 7.1 ± 2.7 p < 0.01 * 7.3 ± 2.9 6.9 ± 2.5 p = 0.11

Ratio t-biopsy/tEB,
mean ± SD −37% ± 24% −43% ± 22% p = 0.01 * −43% ± 22% −44% ± 20% p = 0.24

Ratio t-biopsy/tB,
mean ± SD −50% ± 20% −55% ± 18% p < 0.01 * −55% ± 18% −57% ± 16% p = 0.21
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Table 1. Cont.

Aneuploid
N = 1298

Euploid
N = 886 p-Value Euploid–No LB

N = 315
Euploid–LB

N = 233 p-Value

ICM-A at tB,
mean ± SD, µm2 3458 ± 905 3414 ± 902 p = 0.27 3425 ± 953 3434 ± 852 p = 0.91

ICM-A at tEB,
mean ± SD, µm2 3497 ± 1047 3460 ± 1066 p = 0.43 3414 ± 1078 3468 ± 984 p = 0.55

Ratio tEB/tB,
mean ± SD +5% ± 35% +5% ± 33% p = 0.99 +4% ± 33% +3% ± 25% p = 0.65

ICM-A at t-biopsy,
mean ± SD, µm2 3804 ± 1471 3727 ± 1469 p = 0.31 3800 ± 1547 3541 ± 1212 p = 0.08

Ratio t-biopsy/tEB,
mean ± SD +11% ± 50% +10% ± 45% p = 0.42 +13% ± 46% +4% ± 36% p = 0.17 **

Ratio t-biopsy/tB,
mean ± SD +12% ± 49% +12% ± 51% p = 0.97 +16% ± 56% +6% ± 45% p = 0.08

ICM/TE ratio at tB,
mean ± SD 26% ± 7% 26% ± 7% p = 0.61 26% ± 7% 26% ± 7% p = 0.95

ICM/TE ratio at tEB,
mean ± SD 21% ± 6% 21% ± 6% p = 0.36 20% ± 6% 20% ± 6% p = 0.50

ICM/TE ratio at t-biopsy,
mean ± SD 17% ± 8% 16% ± 7% p = 0.97 * 16% ± 7% 15% ± 6% p = 0.47 **

* adjusted for maternal age and blastocyst morphological quality. ** adjusted for blastocyst morphological quality.

When adjusting for maternal age, blastocyst morphological quality, and the zp-A,
the zp-A ratio t-biopsy/tB showed a more significant association with euploid constitu-
tion than the zp-A per se, with a multivariate-OR 2.2, 95%CI 1.1–4.4, and an adjusted
p-value = 0.02.

When adjusting for maternal age, blastocyst morphological quality and the emb-
A, the emb-A ratio t-biopsy/tB showed a more significant association with euploid
constitution than the emb-A per se, with a multivariate-OR 2.2, 95%CI 1.3–4.0, and an
adjusted p-value < 0.01.

When adjusting for maternal age, blastocyst morphological quality and the zp-T
ratio t-biopsy/tB, the zp-T showed a more significant association with euploid constitu-
tion than the ratio itself, with a multivariate-OR 0.92, 95%CI 0.86–0.98, and an adjusted
p-value < 0.01.

3.2. The Zona Pellucida Thinning Process in the 5 h Following the tB Was More Substantial
Among Euploid Blastocysts than Aneuploid

The definition of the t-biopsy is based on embryologists’ assessments, daily workload,
and IVF laboratory logistics; therefore, it cannot be fully standardized. Conversely, the tB
is specific to each embryo (i.e., “Time from insemination to formation of a full blastocyst;
when the blastocoele filled the embryo with <10% increase in its diameter” according
to [22] or “last frame before zona starts to thin” according to [3]), and it is automatically
annotated by CHLOE. Moreover, blastocysts are never biopsied within 5 h following the tB,
as they cannot achieve a suitable stage in such timeframe. These characteristics suggest that
the qSEA is a more reliable and less biased strategy for assessing the association between
blastocyst expansion dynamics and their competence.

When adopting the qSEA to compare aneuploid versus euploid blastocysts, no dif-
ference was reported for the emb-A and the zp-A (Supplemental Figures S3 and S4). Con-
versely, the zp-T showed a significantly slower and less consistent zona thinning among
aneuploid blastocysts, which became significant already 150 min following the tB (even
when adjusted for maternal age and blastocyte morphology) (Supplemental Figure S5A).
The receiver operating characteristic (ROC) curve analysis showed an area under the curve
(AUC) = 0.72, 95%CI 0.69–0.74, p < 0.01 for the prediction of euploidy based on the zp-T
qSEA adjusted for maternal age. The same value was 0.75, 95%CI 0.73–0.77, p < 0.01 if
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considering the zp-T along with maternal age, blastocyst morphology, and the t-biopsy
(Supplemental Figure S5B).

3.3. zp-A, emb-A, and zp-T qSEA Were Significantly Associated with Euploid Blastocysts’
Reproductive Competence

When adopting the qSEA to compare euploid blastocysts resulting in a LB versus
reproductively incompetent blastocysts, all three qSEA showed a significant association
(Figures 2A, 3A and 4A). The zp-A qSEA outlined significant differences already after
150 min following the tB (Figure 2A), while the emb-A and the zp-T did so after 180 min
(Figures 3A and 4A). The ROC curve analyses showed AUCs to be almost superimposable
for all three qSEA models, either per se (AUC = 0.61) or adjusted for confounders
(AUC = 0.64–0.65) (Figures 2B and 3B).
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Figure 2. (A) The zp-A (area of the embryo including the zona pellucida in µm2) qSEA (quantitative 
standardized expansion assay) outlined a larger expansion among euploid blastocysts that resulted 
in a live birth (LB) (green line) versus euploid blastocysts that did not result in a LB (orange line), 
which became significant 150 min following the time of blastulation (tB). The stars (*) identify the 
significant datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver Char-
acteristics Operating (ROC) curve analyses outlined a significant association between the zp-A 
qSEA with a LB after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, 
and adjusted for blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve. 

Figure 2. (A) The zp-A (area of the embryo including the zona pellucida in µm2) qSEA (quantitative
standardized expansion assay) outlined a larger expansion among euploid blastocysts that resulted in
a live birth (LB) (green line) versus euploid blastocysts that did not result in a LB (orange line), which
became significant 150 min following the time of blastulation (tB). The stars (*) identify the significant
datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver Characteristics
Operating (ROC) curve analyses outlined a significant association between the zp-A qSEA with a LB
after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, and adjusted for
blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve.
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Figure 3. (A) The emb-A (area of the embryo proper in µm2) qSEA (quantitative standardized ex-
pansion assay) outlined a large expansion among euploid blastocysts that resulted in a live birth 
(LB) (green line) versus euploid blastocysts that did not result in a LB (orange line), which became 
significant already 180 min following the time of blastulation (tB). The stars (*) identify the signifi-
cant datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver Operating 
Characteristics (ROC) curve analyses outlined a significant association between the emb-A qSEA 
with a LB after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, and ad-
justed for blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve. 

Figure 3. (A) The emb-A (area of the embryo proper in µm2) qSEA (quantitative standardized
expansion assay) outlined a large expansion among euploid blastocysts that resulted in a live birth
(LB) (green line) versus euploid blastocysts that did not result in a LB (orange line), which became
significant already 180 min following the time of blastulation (tB). The stars (*) identify the significant
datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver Operating
Characteristics (ROC) curve analyses outlined a significant association between the emb-A qSEA with
a LB after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, and adjusted
for blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve.

3.4. The zp-T qSEA Would Have Ranked a Euploid Blastocyst as Top Quality in Its Cohort in 57%
of the Cycles with >1 Biopsied Blastocyst and Both Euploid and Aneuploid Embryos

As detailed previously, 352 cycles could be included in a clinical simulation to
assess whether the zp-T qSEA (versus the embryologists) would have ranked a euploid
blastocyst as top-quality within cohorts with >1 biopsied blastocyst and both euploid
and aneuploid embryos (Supplemental Figure S1A). In 24% of the cases (N = 85/352), the
embryologists and the zp-T qSEA would have agreed on the highest-ranked blastocyst;
in 42% of the cases (N = 147/352), they would have disagreed; and in the remaining
34% of the cases (N = 120/352), the embryologists ranked more than one blastocyst as
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top-quality in their cohort (Supplemental Figure S6). Overall, the embryologists’ highest
ranked blastocysts were: (i) euploid in 45% of the cases (N = 159/352) versus 57% for the
zp-T qSEA (N = 199/352); (ii) aneuploid in 25% of the cases (N = 89/352) versus 43% for
the zp-T qSEA (N = 153/352); and (iii) both euploid and aneuploid in 30% of the cases
(N = 104/352) versus never for the zp-T qSEA (Supplemental Figure S6). In fact, it is
highly unlikely that two blastocysts would be equally ranked by the qSEA, being that
this strategy is based on highly specific and objective measurements.
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which became significant already 180 min following the time of blastulation (tB). The stars (*) iden-
tify the significant datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver 
Characteristics Operating (ROC) curve analyses outlined a significant association between the zp-T 
qSEA with a LB after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, 
and adjusted for blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve. 
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Figure 4. (A) The zp-T (thickness of the zona pellucida in µm) qSEA (quantitative standardized
expansion assay) outlined a more consistent zona thinning among euploid blastocysts that resulted
in a live birth (LB) (green line) versus euploid blastocysts that did not result in a LB (orange line),
which became significant already 180 min following the time of blastulation (tB). The stars (*) identify
the significant datapoints showing the mean ± SD in the two groups at that timing. (B) Receiver
Characteristics Operating (ROC) curve analyses outlined a significant association between the zp-T
qSEA with a LB after euploid blastocyst transfer unadjusted, adjusted for blastocyst morphology, and
adjusted for blastocyst morphology and time of biopsy (t-biopsy). AUC, area under the curve.
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3.5. In 69% of the Cycles with >1 Biopsied Blastocyst and Both Euploid and Aneuploid Embryos,
the zp-T qSEA Ranking Would Be Equal or Better than Embryologist Rankings

When embryologists and the zp-T qSEA were compared for their putative effectiveness
in blindly ranking euploid blastocysts as top quality within their cohorts: (i) they would
have been equally effective in 43% of the cases (being either both wrong [N = 47/352, 13%]
or both right [N = 104/352, 30%]); (ii) the embryologists would have been more effective in
15% of the cases (N = 52/352); (iii) the zp-T qSEA would have been more effective in 7% of
the cases (N = 26/352); (iv) the zp-T qSEA would have ranked a euploid on top while the
embryologists both a euploid and an aneuploid in 19% of the cases (N = 66/352); and (v)
the zp-T qSEA would have ranked an aneuploid on top while the embryologists both a
euploid and an aneuploid in 16% of the cases (N = 57/352) (Supplemental Figure S6). The
raw data of this clinical simulation are provided in Supplemental Table S2.

3.6. In 46% of the Cases, the zp-A and emb-A qSEAs Would Have Disagreed with the
Embryologists in Prioritizing Euploid Blastocysts for Transfer; The zp-T qSEA, Instead, Would
Have Disagreed in 60% of the Cases

As detailed previously, 216 cycles could be included in a clinical simulation to
assess the zp-A, emb-A, and zp-T qSEAs performance versus the embryologists in pri-
oritizing euploid blastocysts for transfer within cohorts with ≥2 euploid blastocysts
(Figure 2B). Specifically, in 99 cycles there were ≥2 euploid blastocysts but only 1 had
been transferred, in 14 cycles there were ≥2 euploid blastocysts and all resulted in
a LB, in 50 cycles there were ≥2 euploid blastocysts and all did not result in a LB,
and in 53 cycles there were ≥2 euploid blastocysts resulting in both LBs and implan-
tation failures/miscarriages. In 54% of the cases (N = 116/216), the embryologists
and the zp-A or the emb-A qSEA would have agreed on euploid blastocyst prioritiza-
tion for transfer, while in 46% of the cases (N = 100/216) they would have disagreed
(Supplemental Figure S7A,B). The same results for the zp-T qSEA would have been
40% (N = 86/216) and 60% (N = 130/216), respectively (Supplemental Figure S7C). In
terms of clinical effectiveness, the embryologists prioritized for transfer a competent
euploid blastocyst in 47% of the cases (N = 102/216). In this scenario, the zp-A and
the emb-A qSEA choice would have been correct in 38% of the cases (N = 82/216 and
81/216, respectively). However, this outcome may improve up to 61%, because in 23%
of the cases (N = 50/216 for both the zp-A and emb-A) the euploid blastocysts with the
highest priority according to the zp-A and emb-A qSEA had not been transferred yet
(Supplemental Figure S7A,B). Regarding the zp-T qSEA, instead, its choice would have
been correct in 27% of the cases (N = 59/216). However, this outcome may improve up to
63%, because in 36% of the cases (N = 78/216) the euploid blastocysts with the highest pri-
ority according to the zp-T qSEA had not been transferred yet (Supplemental Figure S7C).
The raw data of this clinical simulation are provided in Supplemental Figure S7A–C and
in Supplemental Tables S3–S5).

4. Discussion

Blastocyst morphological quality is significantly associated with both the chromoso-
mal and reproductive competence of embryos [24]; however, it cannot be used alone to
accurately predict these outcomes. Currently, blastocyst morphological quality is primar-
ily assessed in IVF laboratories using grading systems such as the Gardner system [21].
Nonetheless, these grading systems are subjective and often vary among clinical embry-
ologists, particularly when they work at different IVF centers or have undergone diverse
training programs [2]. To address these limitations, AI-powered tools have been devel-
oped to analyze static images or time-lapse videos of embryo development. These tools
aim to objectively assess embryo quality and rank embryos within a cohort based on a
standardized scoring system. Typically, a higher score indicates a greater likelihood that
the embryo is euploid and/or will successfully implant after embryo transfer [7,25]. In
this study, we evaluated a qSEA model, determined its association with embryo euploidy
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and its potential to predict live birth outcomes. Both a comprehensive analysis and an
intra-cohort clinical simulation were performed to test its effectiveness.

4.1. Clinical Implications of the Evidence Produced in This Study

Blastocyst expansion dynamics might provide relevant information on embryo re-
productive competence. Indeed, several studies suggested that, among blastocyst mor-
phological characteristics, expansion represents an intriguing feature to consider when
ranking embryos in terms of priority for transfer [8,26,27] in both conventional and PGT-A
cycles. Based on these preliminary data from the literature, we aimed at producing ob-
jective, morphometric and reproducible information on the expansion process, to reliably
assess a putative association between these embryo-specific dynamics and its chromosomal
(i.e., euploidy) and/or reproductive competence (i.e., LB after euploid blastocyst transfer).
Huang’s former positive experience with the qSEA [9,15,16], and the possibility of integrat-
ing this method with AI-standardized and -powered analyses and PGT-A, incited us to test
it for its association with blastocyst competence in our setting and patient population. Our
study improved Huang’s previous experience through a large sample size (N = 2184), the
use of PGT-A to assess the chromosomal constitution of all blastocysts, and the adoption of
a TE biopsy protocol that does not entail assisted hatching on Day 3, thereby not affecting
the process of blastocyst physiological expansion.

Besides confirming that aneuploid and euploid reproductively incompetent em-
bryos are generally slower in reaching all blastulation timings milestones from tSB to
t-biopsy [28,29], our data have highlighted an association between euploidy and larger
zp-A and emb-A, as well as thinner zp at t-biopsy. Also, the zp-A and emb-A ratio t-
biopsy/tB and the zp-T ratio t-biopsy/tB outlined larger expansion and more consistent
zona thinning among euploid blastocysts versus aneuploid. Possibly, different issues—
either chromosomal, metabolic, or structural—affect embryo timeliness in setting up TE
epithelium architecture. This in turn could affect its possibility to cope with the increased
hydrostatic pressure, essential for the expansion process. This hypothesis is consistent
with a recent study [30], where the authors attempted to define to what extent blastocyst
expansion dynamics could be affected by different classes of aneuploidies. Interestingly, all
classes of aneuploidies, except for trisomies, significantly impaired the expansion process
compared to euploid blastocysts. As has already been shown across several studies in the
literature, TE characteristics seem more relevant than ICM in terms of association with
embryo reproductive competence [8,31,32]. Indeed, the ICM-A and the ICM/TE ratio
showed no association with all outcomes under investigation. This evidence might mirror
the predominant role of the TE over the ICM in the process of implantation when it must
establish a timely and effective dialogue with the endometrium.

Although blastocyst static morphometric evaluation before vitrification or biopsy in
the absence of time-lapse incubators might also be clinically relevant, it is inherently biased
by logistic issues, like daily workload, lab schedule, and embryologist decisions. The qSEA
instead represents a less biased and more embryo-centred assessment, because the tB is
reached by all useable blastocysts, regardless of their developmental pace, and more than
5 h always elapse from this timing and biopsy. Interestingly, consistent with Huang’s
previous experience, the expansion maps showed significant associations between the
zp-A, emb-A, and zp-T qSEAs and euploid blastocyst reproductive competence, even when
adjusted for blastocyst morphology and t-biopsy (i.e., the main embryological confounders
upon euploid embryo implantation potential), already 150–180 min following the tB. The
zp-T qSEA outlined significant associations with the euploidy as well. Although this overall
association already has important implications in terms of basic knowledge (which we will
discuss below), we were interested in defining the putative clinical relevance of qSEA had
we used it clinically in our setting. In fact, to improve the performance of embryologists
with embryo ranking and prioritization for transfer, the information provided by this
tool (as any other embryo selection tool) must be clinically effective when used within a
given cohort of embryos produced by a couple. To this end, we conducted two clinical
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simulations (as previously done for iDAScore v1.0 [23]): (i) among cycles with ≥2 biopsied
blastocysts, of which both euploid and aneuploid, to test zp-T qSEA euploidy prediction;
and (ii) among cycles ≥2 euploid blastocysts, of which ≥1 transferred, to test all qSEA
LB prediction. Notably, the zp-T qSEA would have disagreed with the embryologists in
ranking embryos in 42% of cases, while it would have represented a swing vote between
two blastocysts equally ranked on top by the operators in a further 34% of the cases.
This information is interesting, especially considering that the zp-T qSEA ranked euploid
blastocysts on top in 57% of the cases and it would have been right with the embryologists
being either wrong or uncertain in 26% of the cases. In our population of advanced maternal
age women, these data are even more intriguing. When tested for its prediction of a LB
in the context of euploid blastocyst transfers among cohorts with ≥2 euploid embryos,
the zp-A and emb-A qSEAs disagreed with the embryologists in embryo prioritization in
46% of the cases, a rate that increased to 60% for the zp-T qSEA. Again, this is interesting
because it outlines a scenario where there is room for improving embryo selection when
adopting this tool with respect to embryologist evaluations. In 38% and 27% of the cases,
the zp-A or emb-A qSEAs and zp-T qSEA, respectively, would have correctly prioritized for
transfer a competent euploid blastocyst. Both these rates may significantly increase in the
future considering that in 23% and 36% of the cases, the blastocysts that would have been
chosen based on the zp-A or emb-A qSEAs and the zp-T qSEA, respectively, had not been
transferred yet. In the case of a positive outcome after transfer, these instances will increase
the prevalence of events where the qSEA would have outperformed the embryologists
(currently 8% and 10% for the zp-A or emb-A qSEAs and zp-T qSEA, respectively). Only
a future RCT comparing embryologist rankings versus qSEA rankings to prioritize the
first blastocyst for transfer in the context of either conventional or PGT-A cycles would
ultimately unveil the true clinical benefit of this tool. Until then, these preliminary data
should be considered only promising.

The main limitation of this study is inherent to its retrospective nature. Moreover, this
study represents the second experience worldwide with the qSEA; confirmatory evidence
should therefore be derived from further investigation at other centres and in other settings
to validate these findings.

4.2. Basic Science Data Supporting the Evidence Produced in This Study

The cavitation and expansion processes are regulated by several genes, including
E-cadherin, catenin, tight junction proteins, and the sodium–potassium ATPase transport
system [33]. The initiation of blastulation is characterized by the formation of a small
cavity or multiple microlumens eventually merging. A study on mice has proposed that
vesicles or vacuoles are involved in blastocoel formation as they are released by exocytosis
at the level of the basal membrane, thereby producing the microlumens [34]. More recently,
another group proposed a “hydro-osmotic coarsening theory” suggesting that osmotic
pressure at the level of the intercellular cell junctions transiently disrupts cell–cell contact,
forming numerous small lumens [35]. These lumens then undergo intercellular ion and
fluid exchange, eventually coalescing into a single lumen, i.e., the blastocoel cavity. After
the initial microlumen formation, further expansion results from the active Na/K-ATPase
transport mechanism located on the basolateral surface of the TE epithelium. This generates
a sodium gradient, in turn ensuring water influx from the external environment into the
microlumen [36,37]. Along with the osmotic gradient, water channels known as aquaporins
(AQPs) facilitate water influx through the outer cells. Various AQP isoforms are expressed
during preimplantation development in mice, and each isoform may play a unique role
because of their temporally and spatially distinct expression patterns [38]. Simultaneously,
the adherens junction, tight junction, desmosomes, and gap junction, form a seal between
the TE cells, which are pivotal for fluid intake and blastocoel formation and expansion [33].
From a basic cellular perspective, the chromosome instability at the origin of aneuploidies
seems to universally compromise cellular fitness [39–41]. It is reasonable to hypothesize that
the resulting imbalances in both transcription and translation can affect both the cellularity
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and function of the emerging TE to produce and maintain the blastocoel fluid that will
be critical both for hatching and for productive, sustained invasion of the endometrium.
Transcription defects affecting the various players involved in these processes, as well as
external environmental insults may impact the cavitation process and alter the viscoelastic
properties of the blastocyst [42–44]. Throughout blastocyst expansion, the blastocyst applies
hydrostatic mechanical pressure on the zp, progressively leading to its thinning up to the
creation of a nick [45]. Following, expansion allows the embryo to hatch and possibly
implant. In mice, this hatching process is facilitated by the timely secretion of implantation-
related molecules, such as cytokines [45] and zonalytic proteases, like strypsin, hepsin, and
cathepsin [46] by both TE and endometrial cells [45,47]. Proteases might be involved in this
process in humans as well, according to recent data [48]. In general, the extent of zp thinning
might mirror the timeliness of these finely regulated spatiotemporal processes, providing
relevant information to predict blastocysts reproductive potential in mammals, including
humans [49]. Previous studies have suggested that zp-T and zp-T variation may be useful
additional parameters for embryo assessment, in addition to conventional morphological
grading. Indeed, embryos with a thinner zp or greater zp-T variation showed a greater
chance of implantation and evolution in an ongoing pregnancy than embryos with thicker
zp [50–53]. In general, a thinner zp, even if localized just to some areas, might facilitate
hatching, as well as the transportation and release of lytic enzymes and/or messengers
(e.g., miRNAs), ultimately supporting implantation [50,54]. In summary, the process
of blastulation, expansion, and hatching certainly deserve future deeper biomechanical
investigations, as their characterization holds potential for generating relevant evidence for
embryo selection purposes as well.

4.3. Future Perspectives of Molecular Investigations

In the future, integrating molecular data, particularly transcriptomic analyses, with
genomic and chromosomal assessments from a single biopsy may significantly enhance our
understanding of early embryonic development and implantation processes [55]. Current
clinical investigations still fail to capture the complete picture of embryonic competence.
In-depth transcriptomic data could identify molecular markers that explain why certain
embryos exhibit varying developmental rates, distinct levels of blastocyst expansion, and
heterogeneous overall morphological quality, despite being derived from the same cohort
of oocytes and exposed to the same in vitro culture conditions. These differences in gene
expression may reveal underlying metabolic, cellular, or epigenetic factors with significant
implications for embryo selection [56,57].

5. Conclusions

Blastocyst expansion dynamics, timing, and morphometrics measured by AI provide
objective and quantitative data related to embryo competence. qSEA is a promising, user-
friendly, and easily applicable strategy that deserves further evaluation. Basic research into
the mechanisms controlling blastocyst expansion is also warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life14111396/s1, Supplemental Figure S1. Study Flowchart.
The figure summarizes the study flowchart and the number of preimplantation genetic testing for
aneuploidies (PGT-A) cycles that could be included in the clinical simulations for euploidy (A) and
live birth (LB) (B) prediction. Supplemental Figure S2. Euploid blastocysts (green boxplots) expand
more (larger zp-A and emb-A, respectively area of the embryo in µm2 with or without the zona
pellucida) between the time of blastulation (tB) and the time of biopsy (t-biopsy) and undergo a more
consistent zona pellucida thinning (zp-T, thickness of the ZP in µm) than aneuploid blastocysts (red
boxplots). Supplemental Figure S3. (A) The zp-A (area of the embryo including the zona pellucida in
µm2) qSEA (quantitative standardized expansion assay) did not outline any significant difference
between euploid (green line) and aneuploid (red line) blastocysts. Supplemental Figure S4. (A) The
emb-A (area of the embryo proper in µm2) qSEA (quantitative standardized expansion assay) did not
outline any significant difference between euploid (green line) and aneuploid (red line) blastocysts.
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Supplemental Figure S5. (A) The zp-T (thickness of the zona pellucida in µm) qSEA (quantitative
standardized expansion assay) outlined a more consistent zona thinning among euploid blastocysts
(green line) versus aneuploid blastocysts (red line), that became significant already 150 min following
the time of blastulation (tB). The stars (*) identify the significant datapoints showing the mean ± SD in
the two groups at that timing. (B) Receiver Characteristics Operating (ROC) curve analyses outlined
a significant association between the zp-T qSEA with euploidy when adjusted only for maternal
age, for maternal age blastocysts’ morphology, as well as for maternal age, blastocysts’ morphology
and time of biopsy (t-biopsy). AUC, area under the curve. Supplemental Figure S6. Outcomes of a
clinical simulation to assess zp-T (zona pellucida thickness in µm) qSEA (quantitative standardized
expansion assay) performance versus the embryologists (E) in ranking euploid blastocysts on top
among cohorts with both euploid and aneuploid siblings. Ranking concordance was not assessable
any time ≥2 embryos were ranked on top by the embryologists, among which one was the zp-T
qSEA highest ranked blastocyst (black bar of the histogram). Effectiveness in prioritizing the euploid
blastocyst was not assessable any time ≥2 embryos were ranked on top by the embryologists, of
which ≥1 was euploid and ≥1 was aneuploid (dark grey section of the pie chart; blue and brown bars
of the histogram). Raw data are shown in Supplemental Table S2. Supplemental Figure S7. Outcomes
of a clinical simulation to assess (A) zp-A (area of the embryo including the zona pellucida in µm2)
qSEA (quantitative standardized expansion assay), (B) emb-A (area of the embryo proper in µm2)
qSEA, and (C) zp-T (zona pellucida thickness in µm) qSEA performance versus the embryologists
(E) in ranking euploid blastocysts resulting a live birth (LB) on top among cohorts with ≥2 euploid
siblings. Effectiveness in prioritizing the competent euploid blastocyst was not assessable any time
the highest ranked embryo according to the qSEA has not been transferred yet (dark grey sections
of the pie charts; dark grey bars of the histograms). Raw data are shown in Supplemental Tables
S3–S5. Supplemental Table S1. Patients’ characteristics. Supplemental Table S2. Distribution of the
PGT-A cycles in the clinical simulation for the comparison of embryologists’ (E) versus zp-T qSEA’s
performance in ranking euploid blastocysts on top. The results are summarized in Supplementary
Figure S3. * ≥2 embryos ranked on top according to the embryologists, that included also the
embryo ranked on top according to the zp-T qSEA. ˆ ≥2 embryos ranked on top according to the
embryologists, of which ≥1 euploid and ≥1 aneuploid. Supplemental Table S3. Distribution of
the PGT-A cycles in the clinical simulation for the comparison of embryologists’ (E) versus zp-A
qSEA’s performance in ranking euploid blastocysts that resulted in a live birth (LB) on top. The
results are summarized in Supplementary Figure S4A. Supplemental Table S4. Distribution of the
PGT-A cycles in the clinical simulation for the comparison of embryologists’ (E) versus emb-A qSEA’s
performance in ranking euploid blastocysts that resulted in a live birth (LB) on top. The results are
summarized in Supplementary Figure S4B. Supplemental Table S5. Distribution of the PGT-A cycles
in the clinical simulation for the comparison of embryologists’ (E) versus zp-T qSEA’s performance
in ranking euploid blastocysts that resulted in a live birth (LB) on top. The results are summarized in
Supplementary Figure S4C.
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Abstract: Background: Isolated mediastinal metastases from ovarian carcinoma are considered excep-
tional. Since such metastases are considered advanced stage disease, systemic therapy is the indicated
therapeutic approach; however, some articles report that surgical excision is also feasible. Methods:
We reviewed the English-language literature to detect cases of isolated mediastinal ovarian cancer
metastases and present the management applied as well as their outcomes. Results: From 1998 to 2022,
15 such cases have been reported, with 4 of those cases being primary ovarian cancer presentation
and 11 being ovarian cancer recurrence. The histology of the tumor was serious in all of the cases.
Regarding the management of cancer, various methods were applied. In total, 11 of the patients
underwent a surgical resection of the mediastinal metastasis, 2 received systemic therapy, 1 received
a combination of palliative chemotherapy and radiation and the last patient was treated with laser
debulking and radiotherapy. The mean reported follow-up was 11 months. Conclusions: Solitary
mediastinal metastasis from ovarian cancer is very rare; physicians should pay close attention when
routinely evaluating thoracic scans from patients with ovarian malignancy as well as individualizing
the management in such patients, since surgical resection can also be performed. However, definitive
conclusions cannot be drawn from the small number of case reports available.

Keywords: ovarian cancer; isolated mediastinal metastases; ovarian metastases; surgical debulk-
ing; cytoreduction

1. Introduction

The rate of mediastinal dissemination in ovarian cancer (OC) is estimated at only 2.3%,
which is mainly believed to occur via locoregional spread, following a specific pattern
where the primary tumor spreads in the mediastinal space, located between the pleural cav-
ities, which enclose the lungs (Figure 1) via intrathoracic lymph nodes metastases. Usually,
isolated mediastinal metastases are rare and appear late in the course of the disease and
when they are present, they are usually a manifestation of widely disseminated disease [1].
However, the reported cases of mediastinal involvement in ovarian cancer patients are
increasing, which may be due to the progress made regarding the imaging techniques
and the chemotherapeutic agents as well as the overall longer survival rate of ovarian
cancer patients. Recently, thoracic cytoreduction has been proposed in such cases either
with the intent to either cure or to extend the survival rates [2]. However, the estimated
median survival time after extra-abdominal metastases in OC patients is unclear, since the
existing literature on these cases is limited to case reports and no randomised trials exist to
strongly support surgical approaches against systemic chemotherapy in these scenarios.
Nevertheless, their detection and distinction from metastases from different primary sites
are of huge clinical importance because the treatment and prognosis diverge significantly,
although the main treatment so far as for any general metastatic cancer consists of palliative
chemotherapy without curative intent. This underscores the importance for clinicians to
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contemplate mediastinal metastasis during OC patient follow-ups. Successful cytoreduc-
tion surgery (CRS) for this less frequent metastatic site has been reported with promising
outcomes but due to its low incidence, little data are available [3]. Metastasis to the medi-
astinum from OC can lead to severe complications due to direct pericardial invasion. In
instances of a solitary mediastinal metastasis, surgery could be the most effective treatment
option. However, a substantial number of cases need to be gathered to determine the
best management strategy, and a multidisciplinary approach and individualized treatment
are always crucial in managing rare gynecological cancer cases, since the importance of
personalized and innovative treatment strategies in rare metastatic conditions has been
emphasized in many studies, suggesting that radiotherapy or neoadjuvant chemotherapy
could also be considered [4–6]. In the present review, we aim to investigate the possible role
of secondary cytoreduction in patients with isolated mediastinal ovarian cancer disease to
identify related needs, explore feasibility and reveal outcomes associated with different
treatment approaches.
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2. Materials and Methods
2.1. Data Sources

We searched PubMed, Google Scholar and Cochrane Library databases from inception
until August 2024. To minimise the possibility of report losses, we also performed snow-
balling of the references of articles that we retrieved. Our search strategy included the
text word (isolated mediastinal) AND (metastasis OR involvement) AND (ovarian cancer
OR tubal OR peritoneal) and is schematically presented in the PRISMA flow diagram
(Figure 2).
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Figure 2. PRISMA flow diagram.

2.2. Study Selection Criteria

The selection of studies was conducted in three consecutive stages. After checking
for duplicate publications, two authors (VP and AF) screened the titles and abstracts of
electronically retrieved articles to determine if they were eligible for inclusion. The decision
was finalized after retrieving and reviewing the full texts of articles that were considered to
be relevant to the topic. Any discrepancies that arose among the two authors during these
steps were resolved by consensus of all authors.

2.3. Selected Studies

Eligibility criteria were predetermined. No language restrictions were applied during
the electronic search but we excluded all articles that were written in languages other than
English. All studies that investigated histological or radiological diagnosis of isolated
mediastinal metastasis of an ovarian, tubal or peritoneal carcinoma as well as the outcomes
of various treatments that were implemented in these patients were included in the present
systematic review, provided that these recurrences were isolated and no other organs were
involved in disease relapse. The stage of the disease at primary diagnosis was not consid-
ered a criterion for inclusion, nor the extent of the follow-up period; however, differences in
baseline characteristics of patients were recorded and tabulated when available. Conference
abstracts were also considered as eligible and tabulated. Editorials, comments and reviews
were not included in the present systematic review.

2.4. Literature Review

The literature search revealed 93 potentially relevant articles of which the abstracts
and titles were screened. In total, 19 articles were included for full-text evaluation, of
which 6 were excluded because they presented cases with multiple metastases or extended
disease, and 3 titles referred to radiological criteria to distinguish the metastatic mediastinal
disease from other entities. Studies on mediastinal metastasis in OC patients were either

106



Life 2024, 14, 1098

retrospective case reports or case series on patients with OC. Table 1 summarizes the
patients’ and the disease characteristics as well as the management applied and the follow-
up of reported mediastinal metastasis (MM) in these studies. Finally, 10 articles were
selected for analysis. A summary of the studies included is shown in Table 1 [3,7–12].

Table 1. Studies reporting data on isolated mediastinal metastasis in ovarian cancer patients.
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Case series

Moran, 2005
[10] 3

Median:
40

(33–50)
3 0 0 3 NM None 0 3 3 0 Median: 12

(6–18)

Blanchard,
2007 [8] 4

Median:
62.5

(58–67)
NM NM 0 4 4.5 None 0 4 0 0

Median:
75.5

(19–132)

Case reports

Oguchi, 1998
[9] 1 41 1 0 0 1 Dyspnea 0 1 1 0 5

Montero,
2000
[11]

1 46 1 0 0 1 0 None 0 1 1
(VATS) 0 6

Zannoni,
2006
[13]

1 63 1 0 1 0
20

months
earlier

Dyspnea 1
(NACT) 1 1 0 1.5

Scarci, 2010
[3] 1 71 1 0 1 0 Dyspnea 1

(NACT) 1 0 1 10

Dhilon, 2016
[7] 1 61 1 0 0 1 Bilateral

mass 0 1 1 0 36

Inoue, 2020
[12] 1 67 1 0 0 1 29 None 1 1 1

(VATS) 0 12

Solek, 2021
[14] 1 48 0 1 0 1 Dyspnea 0 1 0 1 7

Miura, 2022
[15] 1 88 1 0 0 1 16 None 1 1 1 0 10

Abbreviations: NM = not mentioned.

3. Results

In total, 10 studies with a total of 15 patients were investigated. In 10 cases (66.6%), the
primary tumor was of serous histology and interestingly, in one case (6.66%), the primary
tumor was a borderline tumor. By the time of the MM, 11 of the patients (73.3%) suffered
from ovarian cancer recurrence, and surprisingly, the median time period between the
initial diagnosis and the mediastinal recurrence was 13 years, while in 1 patient, mediastinal
disease presented 20 months before the ovarian malignancy was diagnosed. Only in four
patients (26.7%) was the mediastinal metastasis diagnosed simultaneously with the primary
disease. The major symptoms of the patients were dyspnea in four cases (26.7%) and
hemoptysis in one patient (6.66%). The median age at the time of diagnosis of the metastases
was 58 years, including four patients at fertile age (26.6%). In total, 14 of the patients (93.3%)
had undergone either primary or intermediate cytoreduction at the time of the diagnosis.
The included studies [3–12] showed variations in the method of treatment since 10 patients
(66.6%) underwent surgical resection, sometimes followed by adjuvant chemotherapy.
More specifically, eight patients underwent transdiaphragmatic incision (53.3%), which
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was combined in one patient with the placement of a tracheobronchial stent, in another
by rigid bronchoscopy, right thoracotomy, pleural biopsy, de-roofing of the mediastinal
cyst and pleurodesis in the patient with hemoptysis, where the trachea was covered with a
serratus anterior flap, combined with bronchoscopic laser debulking to open up the right
mainstem bronchus and to control hemoptysis. Two patients (13.3%) underwent Video-
Assisted Thoracic Surgery (VATS). No surgical complication was reported. Alternative
management included chemotherapy in two patients (13.3%) and expectative management
with observation in another three patients (20%), since the patients lacked any symptoms
and impressively remained stable and asymptomatic during the follow-up period. The
median follow-up was 11 months.

4. Discussion

It has been reported that the mediastinum could be the only site of metastasis when
the primary tumor is in the ovaries with an incidence of up to 2.3%. [4]. The low incidence
of mediastinal spread in ovarian carcinoma was attributed to locoregional dissemination
mainly associated with advanced-stage disease [1]. On the other hand, Zannoni et. al.
reported an interesting case of OC with mediastinal involvement as the first manifestation
of the disease, 20 months before the abdominal mass could radiologically be identified [10].

Although mediastinal metastasis reports have shown favorable long-term results
following repeated surgical resection, chemotherapy or even after surveillance and several
reports of spreading bypassing the upper abdomen have been mentioned over the years,
there has never been any postulation for the rationale associating ovarian cancer with
isolated mediastinal metastases [13]. The behavior of ovarian carcinoma is distinct and
differs significantly from the hematogenous metastasis commonly seen in other types
of cancer. The majority of ovarian metastases are found within the peritoneal cavity.
Once cancer cells have detached from the primary ovarian tumor, either as single cells or
clusters, they metastasize passively through the movement of peritoneal fluid, invading
the mesothelial cell layers of the peritoneum and omentum. Distribution outside of the
peritoneum through the vasculature is less frequent in ovarian cancer (16%) and is typically
associated with stage IV disease and a poor prognosis. The most common sites of distant
metastasis are the liver (12.6%), pleura (6.6%), and lungs (4.6%) [11]. The precise mechanism
accounting for this phenomenon of skip metastasis bypassing the first draining solid organ
or the sentinel node through the hematogenous and lymphatics route is unclear but these
features reinforced a heightened awareness at all times in detecting metastatic disease
during the management of all ovarian, salpingeal and peritoneal malignancies.

When it comes to identification of such rare metastases, radiology appears to play an
essential role, especially in asymptomatic patients. Typically, computer tomography (CT) is
the preferable radiological method for OC patients’ surveillance and staging; however, in
our study, three cases (20%) were initially demonstrated in a chest X-ray. In a case report by
Oguchi et. al., the diagnosis was histologically confirmed following radiological evidence of
mediastinal metastasis shown in single photon emission tomography (SPECT) and Tc-99m
MDP (Technetium 99m-methyl diphosphonate) [9]. Another possible method to localize
suspicious is utilising photon emission tomography/computer tomography (PET/CT), as
described in the cases presented by Inoue et.al. [12] and Zannoni et al. [13]. Interestingly,
some of the cases lacked histological confirmation and the therapeutic management was
planned based on the radiological findings [8]. However, the present review supports the
hypothesis that patients with ovarian cancers should be followed up with CT scans of
the thorax for staging and surveillance routinely, since only two of the metastases were
synchronous with the disease diagnosis [3,11], while the majority of the lesions in the
present series occurred within several years after the initial presentation [7–9,12,13].

Curative treatment of late recurrence from ovarian cancer is not typically successful,
although in certain cases of late recurrence from ovarian cancer, secondary debulking
surgery may be recommended for selected patients. A retrospective cohort study involving
123 patients with recurrent ovarian cancer found that complete secondary cytoreduction
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had the greatest impact on overall survival throughout the treatment course [12]. This
is especially true for cases where recurrent disease is localized, the patient has a good
performance status, and they responded well to initial therapy, and usually, a combination
of secondary debulking surgery (cytoreduction) and chemotherapy is recommended. In
our study, surgical excision was successfully performed in 10 of the patients (66.6%), in 8
via thoracic surgery and in 2 via the minimal invasive technique of Video-Assisted Thoracic
Surgery (VATS). Four of the patients did not receive any treatment (26.7%) [8], and in only
one (6.7%) was palliative systemic therapy and immunotherapy administered [14], while
Miura et al. recently reported a case of ovarian cancer mediastinal recurrence that was
treated with a combination of radiotherapy and six cycles of carboplatin and paclitaxel
after removing the metastatic tumor via median sternotomy and diaphragm resection [15].

The initial classification of FIGO stage IV ovarian cancer categorized patients based
on the extent of the disease, prognosis, and recommended management. This included
the presence of extra-peritoneal disease such as pleural effusion, liver metastases, and
involvement of lymph nodes outside the abdomen, such as the supraclavicular lymph
nodes. However, in the 2014 revision, patients with pleural effusion were considered as a
separate category from those with parenchymal disease or metastases to extra-abdominal
lymph nodes. Nasioudis et al. discovered that isolated distant lymph node metastases have
a more favorable prognosis compared to stage IV disease with metastases in other sites, and
are similar to those of patients with stage IIIC disease [16]. Zang et al. compared stage IV
ovarian cancer patients with metastasis either outside the abdomen or in the liver and found
that women with isolated supraclavicular lymphadenopathy or malignant pleural effusion
had better survival rates than other stage IV patients [17]. Deng et al. conducted a study
with 1481 patients and found that the site of distant metastases significantly impacts the
overall prognosis in FIGO stage IV ovarian cancer patients. They observed a lower overall
survival for parenchymal metastases compared to distant lymph node metastases [18].
Similarly, Herpje et al. found in a large study that women with stage IV serous ovarian
cancer who only had lymph node involvement as distant metastasis lived longer than other
stage IV patients [19]. A recent review by Pergaliotis et al. demonstrated that ovarian
cancer patients with isolated lymph node recurrence have prolonged survival compared to
recurrences in other sites as well. This type of recurrence appears to be less aggressive and
can be treated with a combination of secondary cytoreduction and standard chemotherapy
in selected cases [20]. This aligns with previous research conducted by Uzan et al., which
suggested that patients with prior isolated ovarian cancer nodal recurrence may have a
more favorable prognosis when undergoing surgical resection followed by chemoradiation
or radiation therapy [21].

A basic limitation of our study is that isolated mediastinal metastasis is an absolute
rarity of less clinical significance, since in any patient with ovarian cancer history where a
suspicious mass is identified on a full body CT scan, a biopsy is required. Additionally, in
cases of singular lesions, surgical removal would likely be offered to the patients alongside
systemic therapy or radiotherapy. However, our study illuminated approaches where the
patients received chemotherapy alone or expectant management with observation, with
some cases lacking histological confirmation as well. Despite surgical dissection being a
standard procedure that does not solely depend on the localization of the lesion, our review
highlights that even though the mediastinum is not usually the first region of metastasis,
excision of the mass can be a viable approach for certain subsets of ovarian cancer patients
with isolated mediastinal metastasis (IMM), with the goal of improving survival rates. Our
findings align with a recent publication from the Memorial Sloan Kettering (MSK) Cancer
Center team, which demonstrated the safety and feasibility of intrathoracic cytoreduction in
178 advanced-stage ovarian cancer patients. Their study also suggested that this approach
could lead to significantly improved progression-free survival (PFS) and overall survival
(OS) in carefully selected patients who can undergo tumor-free surgery, despite having
extra-abdominal tumor burden. Additionally, the same study recommends evaluating the
eligibility of patients with operable stage IV disease for primary debulking surgery (PDS)
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instead of automatically considering neoadjuvant chemotherapy (NACT). Recent data
indicate promising results when comparing NACT to PDS, suggesting that high-tumor-
burden stage IV patients may not always require NACT as previously suggested in the
classical approach [22]. However, further limitations include the small numbers of total
cases and the use of retrospective data to acquire reports of cases of prostration. Another
limitation is that our systematic review was not registered in PROSPERO; therefore, it
can be crosschecked that the study was conducted as planned. Last, this is a self-funded
study and due to limited access to other databases such as Embase and Scopus, only three
databases (PubMed, Google and Cochrane Library) were included, thus representing a
slight selection bias.

Hence, our study draws attention to an almost neglected disease entity of ovarian
cancer, namely isolated mediastinal metastases. In the light of the existing literature, the
different options in the treatment outcomes are presented, outspreading from surgical
removal either via transdiaphragmatic incision in the majority of the cases or Video-
Assisted Thoracic Surgery (VATS) to the conservative approach with chemotherapy or
even expectative management with observation. The variety in the therapeutic methods is
indicative of the need of highly specialized care of such rare cases and is giving credence
to handling those patients in a multidisciplinary team and at tertiary centers, where
highly selected patients eligible for surgical treatment might undergo curative intent
cytoreduction with a fair chance of long-term disease control. Individual therapy planning
is also required for patients with a desire to become pregnant, although based on the
current recommendations, fertility-sparing surgery with preservation of the uterus with or
without preservation of the contralateral annex is only acceptable in young patients with
early-stage ovarian carcinoma and it should not be considered in patients with advanced
disease [23].

5. Conclusions

As shown by the size of the present series and literature review, isolated mediastinal
metastases with a very low incidence lack a specific treatment strategy, while systemic
therapy is typically administered, based on the general recommendations for OC stage IV
disease. The true incidence of isolated mediastinal metastases without abdominal metas-
tases in ovarian cancer could be low, but this remains unclear. Nevertheless, our findings
highlight the importance of including the search for mediastinal disease in the staging and
surveillance stages of all patients with ovarian cancer and practically recommending to the
clinician to not preclude a search for mediastinal metastases in the absence of abdominal
involvement. Furthermore, although the current trend is to administer chemotherapy
in patients with stage IV disease, exploring the potential feasibility of optimal disease
debulking remains controversial. Our review provides a comprehensive summary of the
clinical characteristics, treatment methods, and outcomes of MM in ovarian cancer patients,
which is to our knowledge not extensively covered in other literature. By compiling data
from 15 reported cases, our study highlights the diversity in treatment approaches and
the potential for surgical intervention, adding to the body of knowledge on managing
advanced-stage ovarian cancer. Multi-disciplinary team meetings during which these cases
are discussed are essential to outline an optimal strategy and evaluate the option of surgical
cytoreduction. Last but not least, since anterior mediastinal metastasis from OC can cause
major complications, future research in the management of isolated mediastinal metastasis
in a case of ovarian cancer is needed and a large number of cases must be accumulated to
establish optimal management, including more detailed patient data and standardizing the
outcome measures across cases to improve the robustness of the findings.
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Abstract: Breast cancer is one of the most common forms of neoplasia worldwide. The purpose
of our observational study was to evaluate the status of HER2 overexpression among new cases
of breast neoplasia with an impact on the natural history of breast cancer disease and therapeutic
personalization according to staging. This study included 45 breast cancer patients which have an
overexpression of HER2 through the mutation of the EGFR-ERBB2 receptor. Immunohistochemical
staining was performed on sections of formalin-fixed paraffin-embedded breast tissue. The patients
were evaluated demographically and therapeutically in all stages. The post-surgical histopathological
examination revealed complete pathological responses in 19 patients and pathological responses
with residual disease either at the tumor level or lymphatic or both variants in a percentage of 44%
(15 cases). The disease-free interval (DFI) under anti-HER2 therapy was recorded in 41 patients,
representing 91% of the study group. Anti-HER2 therapy in any therapeutic stage has shown
increased efficiency in blocking these tyrosine kinase receptors, evidenced by the high percentage of
complete pathological responses, as well as the considerable percentage (47%) of complete remissions
and stationary disease, in relation to the HER2-positive patient group.

Keywords: HER2; ERBB2 protein; breast cancer; tyrosine kinase receptors

1. Introduction

The increased incidence of breast cancer and the presence of various malignant pheno-
types require the search for an optimal, systematic strategy for the diagnosis and treatment
of this neoplasia [1,2]. The current oncological therapeutic concept is to customize the
therapy in order to increase the disease-free interval (for early stages) and progression-free
survival (in metastatic disease) as well as the overall survival [2,3]. The decision making
process in breast cancer management should include a detailed discussion with the patient
regarding the need for essential genetic testing [4,5]. Multigenic test panels have a positive
impact on establishing an individualized therapeutic approach, both for patients and their
descendants (knowledge of and reduction in neoplasia risk) [6,7]. Limited testing of BReast
CAncer gene 1 (BRCA 1) and BReast CAncer gene 2 (BRCA 2) mutations may lead to the
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omission of other genetic changes that radically influence the therapeutic approach, with
negative implications for increasing overall survival [7,8]. BRCA 1/2 germ mutation testing
as well as multigenic panels do not have settlement systems (full or co-payment) through
the National Health Insurance House [9]. The price of these genetic determinations is high,
which is why, due to the current socioeconomic conditions, only a small percentage of
patients can afford BRCA testing [9–12].

In HER2-positive breast cancer, the overexpression of HER2 is identified in a percent-
age range of 15–20% of all cases of invasive breast carcinomas and in approximately 10%
of breast cancers with positive estrogenic receptors [13,14]. In the neoadjuvant setting,
the standard of care is represented by the double anti-HER2 blockade: Pertuzumab +
Trastuzumab associated with chemotherapy with Taxanes, according to the guidelines from
the ESMO (European Society of Medical Oncology) and NCCN (National Coperhensive
Cancer Network) [15,16].

The addition of anti-HER2 therapy to the neoadjuvant management of early-stage
HER2-positive breast cancer has yielded substantial clinical benefits, dramatically improv-
ing patient outcomes in HER2-positive (HER2+) early breast cancer, as recently proven by
the 2021 EBCTCG (Early Breast Cancer Trialists’ Collaborative Group) meta-analysis of
Trastuzumab in HER2-positive early breast cancer [17,18]. Although pCR (pathological
complete response) patients have a very favorable outcome with adjuvant trastuzumab
(+/− pertuzumab), adjuvant T-DM1 (Trastuzumab–Emtansine) offers an important escala-
tion strategy in non-pCR patients in the adjuvant setting [17,18].

For recurrent metastatic disease, anti-HER2 therapy includes several treatment lines,
depending on the progression of the disease [19,20]. The pretherapeutic diagnostic evalua-
tion of relapsed metastatic breast cancer includes the revision of the HER2 protein positivity
(tumor genetic instability) by a biopsy of metastatic lesions and the identification of PIK3CA
genetic mutations as well as the PD-L1 immune receptor [21,22]. Immunotherapy has re-
cently been reimbursed in Romania, in triple negative metastatic breast cancer [21,22].

In the treatment of HER2-negative metastatic breast cancer (Figure 1), the metastatic
site is important, because it can be both a detectable marker and a therapeutic target [23–25].
The presence or absence of estrogen and progesterone receptors (ER;PR) and HER2, mi-
totic activity, the site of metastases, and cancer recurrence, determines the treatment for
metastatic breast cancer [25,26]. According to recent guidelines, endocrine therapy should
be the treatment of choice for most patients with advanced or metastatic ER+, PR+/HER2
(−) breast cancer unless there is evidence of rapidly progressive visceral disease with organ
dysfunction or imminent organ failure [27,28]. The association of targeted therapy with
endocrine therapy has shown an improved overall survival compared to endocrine therapy
alone [29,30]. The use of poly (ADP-ribose) polymerase (PARP) inhibitors as monotherapy
has shown significant improvements in the PFS (progression-free survival) compared to
chemotherapy in metastatic HER2-mutated germline BRCA breast cancer [31,32]. Ola-
parib is a selective inhibitor of the poly (ADP-ribose) polymerase (PARP) enzymes (PARP1
and PARP2), which works by taking advantage of the defect in DNA repair in cancer
cells with BRCA mutations and inducing cell death [33]. In breast cancer, it is used as
an adjuvant treatment for HER2-negative neoplasia, as well as in the triple negative in-
trinsic subtype [34,35]. Alpelisib is an inhibitor of phosphatidylinozytol 3-kinase (PI3K)
with strong anti-tumor activity [36,37]. In addition to Fulvestrant, it is indicated for the
treatment of women with postmenopausal breast neoplasm and men with advanced or
metastatic breast cancer with positive hormone receptors (ER+, PR+), negative HER2, and
mutated-PIK3CA [38,39].
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HER2, human epidermal growth factor receptor 2; m, mutation; MBC, metastatic breast cancer; 
MCBS, ESMO−Magnitude of Clinical Benefit Scale; PALB2, partner and localiser of BRCA2; PARP, 
poly (ADP−ribose) polymerase; PD, progressive disease; PIK3CA, phosphatidylinosi−tol−4,5-
bisphosphate 3−kinase catalytic subunit alpha. 
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related to demographic, therapeutic, and evolutionary criteria (the time interval in which 
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therapeutic lines). We focused on assessing the aggressive behaviors of breast cancer in 
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Figure 1. Treatment of metastatic breast cancer with positive estrogenic receptors, HER2−negative,
but with BRCA 1 and BRCA2 mutations, +/−MUTATIONS of PIK3CA [23]. Figure legend: CDK4/6,
cyclin−dependent kinase 4 and 6; ChT, chemotherapy; ER, estrogen receptor; ESCAT, ESMO Scale
for Clinical Actionability of Molecular Targets; ESR1, estrogen receptor 1; ET, endocrine therapy;
HER2, human epidermal growth factor receptor 2; m, mutation; MBC, metastatic breast cancer;
MCBS, ESMO−Magnitude of Clinical Benefit Scale; PALB2, partner and localiser of BRCA2; PARP,
poly (ADP−ribose) polymerase; PD, progressive disease; PIK3CA, phosphatidylinosi−tol−4,5-
bisphosphate 3−kinase catalytic subunit alpha.

In our Romanian National Health Care Program PN 3, PIK3CA mutation therapy
is not settled, while testing and treatment are received by patients who can afford it. In
our clinic, only one young patient with recurrent metastatic disease benefited from self-
purchased anti-PIK3CA therapy. The purpose of our retrospective observational study is
to demonstrate the importance of genetic determinations in the management of patients
with breast cancer. Our main objective was to assess HER2 overexpression among newly
diagnosed breast carcinomas, related to clinical, diagnostic, and personalized therapeutic
management according to the stage. Secondary objectives were to assess HER2 positivity
related to demographic, therapeutic, and evolutionary criteria (the time interval in which
relapses occurred after the first line of targeted treatment and the number of subsequent
therapeutic lines). We focused on assessing the aggressive behaviors of breast cancer in
HER2-positive women included in the study by assessing the DFI (disease-free interval),
i.e., the onset of remission, without the occurrence of a loco-regional or remote relapse for
the non-metastatic stages and the PFS (progression-free survival), respectively, regarding
the appearance of new metastatic lesions or the resumption of evolution through the
progression of old lesions for the metastatic stages. We limited ourselves to assess the
disease-free interval (DFI) of the patients that were temporarily enrolled for a period of our
study, associated with successive anti-HER2 therapeutic lines administered in accordance
with the existing approvals in the Romanian National Health Program PN3. In this paper,
we focused on the study of drug combinations in oncology patients diagnosed with breast
cancer and treated at the Sibiu Emergency County Clinical Hospital and the therapeutic
impact on the PFS and DFI. The combination of Pertuzumab + Trastuzumab was a major
breakthrough in the management of HER2-positive breast cancer patients.
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2. Materials and Methods
2.1. Patient Selection

The patient selection in this study included all patients who presented a complete
medical history since the diagnosis of breast cancer. The following were investigated for
each patient included in the study:

• Histopathological and immunohistochemical results, as well as immunofluorescence
tests for HER2 equivocal tissue samples collected by surgical biopsies (incisional or
excisional) or ultrasound-guided biopsies using breast biopsy needles;

• BRCA tests or multigene tests on serum samples from patients who have funded
themselves financially (the tests not being settled by the Romanian National Health
Program), an insignificant number within the selected group of patients;

• The patient’s electronic observation sheet (the ATLAS computer program of the Sibiu
County Emergency Clinical Hospital);

• Paper-based medical records (inpatient care and day care observation sheets from the
hospital’s archive);

• Onc2 record sheets from the outpatient/Oncology department of the Sibiu County
Emergency Clinical Hospital).

2.2. Study Design

This retrospective study was conducted over a 3-year period (January 2021–December
2023) at the Sibiu County Emergency Clinical Hospital. A total of 237 patients with
breast carcinoma were diagnosed and admitted to the Oncology department, of which 45
had histopathologically confirmed breast cancer with HER2 overexpression through the
mutational process of the EGFR-ERBB2 receptor.

Informed consent was obtained from all subjects involved in the study, and the study
was conducted in accordance with the Declaration of Helsinki and by the Ethics Committee
of the Sibiu County Emergency Clinical Hospital (approval no. 4952; Sibiu, Romania). This
study focused on genetic determinations in the management of patients with breast cancer,
specifically assessing HER2 overexpression among newly diagnosed breast neoplasias.

The study was limited in determining genetic susceptibility of patients included
in the study by mutations in BRCA 1/2 repairing genes or other genes determined by
multiple panels, considering financial constraints. The main objective was to assess HER2
overexpression related to clinical, diagnostic, and personalized therapeutic management
according to the stage of breast cancer.

2.3. Inclusion and Exclusion Criteria

• Inclusion Criteria

# Patients with suspected breast tumors assessed through clinical examination
and mammogram.

# Patients with histopathologically confirmed breast cancer showing HER2 over-
expression.

# Patients who provided informed consent and were included in the study
conducted at the Sibiu County Emergency Clinical Hospital.

• Exclusion Criteria

# Patients with negative HER2 status (0, 1+).
# Patients with HER2 equivocal (2+) status/FISH- or DISH-negative.
# Patients not meeting the criteria for genetic susceptibility testing due to finan-

cial limitations.

2.4. Follow-Up Details

Each patient included in this study was followed-up with every 6 months, over a
period of 3 years, until December 2023. The evaluation was carried out both clinically
and through imaging to assess the therapeutic response and the disease-free interval
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(DFI). For the imaging evaluation, magnetic resonance imaging (MRI), Computerized
Tomography (CT) and Positron Emission Tomography-Computed Tomography scans (PET-
CT) were included.

2.5. Immunohistochemical Detection of Hormone Receptors KI67 and HER2

Immunohistochemical staining for ER, PR, HER2, and KI67 was performed on sections
of formalin-fixed paraffin-embedded breast tissue from core biopsies and subsequent
surgical specimens. The thickness of breast tissue sections was 3 µm. After heating in the
drying oven, the sections were stained using the Ventana BenchMark ®GX in automatic
mode (Ventana Medical Systems Inc., Tucson, AZ, USA) for the assessment of ER, PR,
HER2, and KI67. The assessment of ER and PR was based on the staining intensity (weak,
moderate, intense) and the percentage of tumor cells showing nuclear immunostaining
for ER and PR with a range between 0 and 100%. Breast tissue sections were considered
positive for ER and PR if >1% of tumor cells showed positive nuclear staining [40]. KI67
was expressed as the percentage of the number of immunostained nuclei among the total
number of nuclei of tumor cells. The evaluation criteria of HER2 status were based on the
intensity of cell membrane immunostaining and the percentage of membrane-positive cells
by using a score range from 0 to 3+ [13]. HER2 negativity (score 0 or 1+) was concluded
when no staining or membrane staining in <10% of tumor cells or weakly partial membrane
staining in more than 10% of tumor cells was observed. HER2 equivocal status (score 2+)
was concluded when weak to moderate complete membrane staining in >10% of tumor
cells and HER2-positive status (score 3+) was concluded when strong complete membrane
staining in more than 10% of tumor cells was observed [13,41].

After performing the immunohistochemistry and immunofluorescence tests, 45 HER2-
positive patients (n = 45) were identified, who were evaluated demographically and ther-
apeutically (anti-HER2 treatment alone, double therapy, first-line, and post-progression
of the disease) in all stages (I–IV). In patients whose result showed HER2 equivocal sta-
tus (2+), the tissue samples were sent to an accredited genetics laboratory in the country,
where immunofluorescence tests (FISH/DISH) were performed. By this method, the
amplification/non-amplification of the gene encoding the HER2 protein was established.

The 2 multigene panel tests, for the patients who accepted and could financially afford
to perform them, were collected in the Oncology department along with signed informed
consent and sent to the accredited genetics laboratories in the country. The tests were
performed with a new generation sequencing method based on the PCR reaction. In
addition, 4 cases of BRCA mutations in young patients were also identified. Another 9
tests were performed only for the identification of BRCA mutations. This was the choice
of each patient who preferred to know the mutant or wild-type status of these genes with
prophylactic therapeutic utility for bilateralization and ovarian neoplasia.

2.6. Statistical Analysis

Data were statistically analyzed using the Microsoft Office Excel application (Microsoft
Corp., Redmond, DC, USA) and SPSS Statistics 23.0 software (SPSS, Inc., Chicago, IL, USA).
For the statistical analysis performed, two qualitative variables were used to compare the
association table (Crosstabs). A significance level (p) of the Likelihood ratio test of p < 0.05
was considered statistically significant.

2.7. Characteristics of the Group

Demographic characteristics, hormonal status, comorbidities, and family history of
breast cancer of the patients included in the study group are described in Table 1. Forty-four
(44) female patients and one HER2-positive male patient with a median age of 58 years
(32–73 years) were included in our study. Regarding the environment of origin, it is
observed that the majority of patients were from an urban environment (34 vs. 11 cases)
compared to a rural one. The hormonal status of the patients included in the study group
was balanced, 21 patients being identified in the premenopausal stage (47%) and 24 in the
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menopausal stage (53%). From the total number of patients included in the study group,
53% (24 cases) presented comorbidities, namely, hypertension and type II diabetes, at the
time of diagnosis, while 21 of them did not present any comorbidities.

Table 1. Demographic characteristics and main clinical features of HER2-positive patients.

Total Number of
Patients with

HER2-Positive
Breast Cancer

(2021–2023)
N * (%)

Environment of
Origin in

HER2-Positive
Patients

N (%)

Hormonal Status of
HER2-Positive

Patients
N (%)

Comorbidities
N (%)

45 (100%) Urban
34 (76%)

Premenopause
21 (47%)

Hypertension and
type II diabetes

24 (53%)
Age of patients:
≤45 years:

3 (7%)
45–73 years:

42 (93%)

Rural
11 (24%)

Menopause
24 (53%)

Absent
21 (47%)

Stage at diagnosis
N (%)

Tumor size (T)
N (%)

Palpable axillary
lymph nodes (N)

N (%)

Metastatic
disease (M)

N (%)

I
2 (4%)

T1
5 (11%)

N0
8 (18%)

M0
36 (80%)

II
14 (31%)

T2
19 (40%)

N1
22 (49%)

M1
9 (20%)

III
20 (45%)

T3
11 (25%)

N2
13 (29%)

IV
9 (20%)

T4a N3
2 (4%)0

T4b
8 (20%)

T4c
2 (4%)

* N = Number of patients.

3. Results

Although the current study is based on a group of only 45 patients, it highlighted
important characteristics in patients with HER2-positive breast cancer. Main clinical
features of HER2-positive breast cancer patients and those with a family history of cancer
are described in Table 2. Analyzing the presence of right versus left tumors, we note
the more frequent location in the right breast in 27 cases (60%), compared to 18 cases in
the left mammary gland (40%). In most cases (82%), the tumors were singular, followed
by six cases with bifocal tumors (14%) and only two cases of multifocal tumors (4%).
Regarding the site of the breast tumors, the most frequent location was in the outer-upper
quadrant (42%), followed by the inner-upper quadrant (18%) and the union of the upper
quadrants (18%). Four patients had a tumor located in the central quadrant (9%) and
three patients had a tumor in the inner lower quadrant (6%). In addition, three cases with
occult breast carcinoma were identified (axillary adenopathy confirmed histologically and
immunohistochemically, without clinically detectable mammary tumor, respectively, or
imaging).
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Table 2. Main clinical features of HER2-positive breast cancer patients.

Localization of
HER2-Positive Tumors

Depending on the
Right/Left Breast

N * (%)

The Incidence of
HER2-Positive Breast

Tumors Depending on
the Quadrant

N (%)

Types of
HER2-Positive Tumors

N (%)

Family History of
Cancer
N (%)

Positivity of ER
******* and PR ********

in HER2-Positive
Patients

Right breast
27 (60%)

UOQ **
19 (42%)

Single
37 (82%)

First-degree relatives
with breast cancer

(ER+, PR+)
26 (58%)

5 (11%) (ER+, PR−)
3 (7%)

(ER−, PR−)
16 (35%)

Left breast
18 (40%)

UIQ *** Bifocal Other neoplasia
8 (18%) 6 (14%) 4 (9%)

UUQ ****
8 (18%)

Multifocal
2 (4%)

ILQ *****
3 (6%)

CQ ******
4 (9%)

Occult (Tx)
3 (7%)

* N = number of patients. ** UOQ = upper-outer quadrant. *** UIQ = upper-inner quadrant. **** UUQ = union
of the upper quadrant. ***** ILQ = inner-lower quadrant. ****** CQ = central quad-rant, ******* ER = estrogen
receptor; ******** PR = progesterone receptor.

The immunohistochemical determination of hormone receptors (Table 2) revealed
positivity at different degrees of estrogen receptors (ERs) and progesterone receptors (PRs).
Most of the HER2-positive patients had both positive hormone receptors (58%), followed
by patients with both negative hormone receptors (35%). Only 7% of the patients (three
cases) had positive estrogen receptors associated with negative progesterone receptors.

Regarding the immunohistochemical analysis related to the relevant breast, the HER2-
positive patients with negative estrogenic receptors and negative progesterone receptors
(ER−, PR−) are associated with right breast location (p < 0.05).

The histopathological and immunohistochemical characteristics of the HER2-positive
patients are described in Table 3. The histopathological subtype NST (no special type) or
invasive ductal carcinoma predominated in 41 cases (91%), compared to lobular carcinoma,
which was identified in only 3 cases (7%). A single case (2%) of metaplastic carcinoma with
squamous differentiation was detected (p = 0.633).

Table 3. Histopathological and immunohistochemical characteristics of HER2-positive patients.

Histopathological Type of
Breast Cancer

N * (%)

HER2
Overexpression

N (%)

KI67
N (%)

Tumor Grade
N (%)

Ductal invasive carcinoma
(NST **)
41 (91%)

HER2-positive (3+)
for IHC ***
40 (89%)

<30%
8 (18%)

G1
1 (2%)

Invasive lobular carcinoma
3 (7%)

HER2-equivocal (2+) 30–50%
20 (44%)

G2
27 (60%)5 (11%)

Metaplastic carcinoma with
squamous differentiation

1 (2%)

50–90%
17 (38%)

G3
17 (38%)

* N = number of patients; ** NST = no special type; *** IHC = immunohistochemistry.

The HER2 status of the patients included in our study was immunohistochemically
strongly positive in a percentage of 89% (40 cases), the remaining 11%, equating to five
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patients, displayed amplification in the immunofluorescence tests, being initially identified
with equivocal HER2 (2+).

The value of the KI67 proliferation index was 82%. An increased value of this index
corresponds to a higher tumor aggressiveness. Thus, from all the patients included in the
study, 17 patients (38%) presented KI67 between 50 and 90%, 20 patients (44%) between 30
and 50% and only 8 cases (18%) had KI67 reduced by below 30%.

We decided to analyze the value of KI67 in relation to hormone receptors. By using
the Likelihood ratio test, a highly significant association was found between patients with
RE+ RE− and a KI67 index < 30% (p = 0.001).

In terms of tumor grading, 38% (17 cases) had poorly differentiated tumors (G3),
27 patients (60%) had tumors with intermediate grading (G2), and only 1 patient (2%)
had well−differentiated tumors (p = 0.649). These data correlate with the value of the
proliferation index presented above and by the predominance of G2+G3 (98%). The KI67
index was 82%, with over 30% of values considered high, There is a percentage difference
of mathematical association between the KI67 value and G2 + G3 of about 16%, which can
be explained by the lack of a gold standard for assessing the percentage tumor aggression
in terms of the KI67 value. Regarding the classification of intrinsic HER2-positive subtypes,
31 patients (69%) were identified with LUMINAL B-HER2-positive tumors (positive estro-
genic hormone receptors, KI67 over 20%), and 14 patients (31%) displayed enriched HER2
tumors (hormone receptor-negative). The intrinsic subtype Luminal B HER2-positive refers
to a malignant phenotype characterized by positive estrogenic receptors (ERs), positive
or negative progesterone receptors (PRs), a KI67 value over 30%, and HER2 positivity.
The enriched HER2 subtype is immunohistochemically characterized by the negativity of
hormonal receptors and HER2 positivity.

We decided to analyze patients with HER2-positive breast cancer according to the
stage of the disease (Table 1). Nine patients (20%) were diagnosed as HER2-positive in
stage IV, only two in stage I (4%), fourteen cases in stage II (31%), and twenty cases in stage
III (45%). The data presented show that the majority of the patients (65%) had advanced
loco-regional and metastatic disease at diagnosis.

The patients included in the study group were analyzed according to the cTNM
staging system (Table 1), which revealed important features. The prevalence of T2 tumors
was 40% (19 cases), being the most frequent, followed by 11 cases with T3 tumors (25%)
and 10 patients (24%) with T4 tumors (T4b and T4c). Only five patients (11%) presented
small tumors classified as T1. The T category (tumor size) was established by clinical
ruler measurement of the palpable dimensions of two perpendicular diameters, taking into
account the maximum diameter. Statistical analysis does not show an association between
HER2 overexpression and tumor size (p = 0.053 in Likelihood ratio test).

On clinical palpation of the peripheral lymph nodes, 22 cases (49%) were identified
in the N1 stage and 13 patients (29%) in the N2 stage. Two cases (4%) were categorized
as N3 and only 18% (eight cases) had clinically negative axilla (p = 0,173). The clinical
status N (node) was established by palpation, without being histopathologically confirmed
by biopsy. Currently, there is a reluctance of some surgeons to perform a biopsy (post-
diagnosis) on any palpable peripheral adenopathy, a very important diagnostic element in
achieving correct staging.

Regarding the presence of metastases (M), 36 of the HER2-positive patients (80%)
did not have metastatic disease at diagnosis after performing imaging investigations
(abdominal–pelvic CT scan, bone scintigraphy as appropriate, brain or bone MRI). A
proportion of 20% of patients had distant metastases.

Neoadjuvant anti-HER2 treatment in combination with sequential chemotherapy
(Table 4) was administered to 32 HER2-positive patients (71%) as a double blockade of anti-
EGFR monoclonal antibodies (Pertuzumab + Tratuzumab), and to 2 patients (4%), following
monotherapy with Trastuzumab. Of the total number of patients included in the study,
11 (25%) did not benefit from neoadjuvant anti-HER2 therapy for various reasons (patient
preference, metastatic stage, per primam surgery with presentation to the Oncological
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Commission after surgery, cardiovascular comorbidities that risked decompensation by
administering the anti-HER2 therapy).

Table 4. Oncological treatment of HER2-positive patients.

Anti-HER2-NaT
+ ChT *******

N * (%)

Anti-HER2-AT *****,
1st Line
N (%)

Surgery
N (%)

RT ***
N (%)

(No) NaT ****
11 (25%)

Trastuzumab alone
3 (8%)

RM with
ALND ******

28 (62%)

No RT
14 (31%)

Double anti-HER2
blockade
32 (71%)

TDM-1 ** alone

RM ******** with
subsequent

reconstruction and
prophylactic

oophorectomy

Adjuvant RT
31 (69%)

12 (34%) 1 (2%)
Anti-HER2

monotherapy
2 (4%)

Double anti-HER2
blockade
21 (58%)

Sectorectomy with
ALND
7 (16%)

No surgery
9 (20%)

* N = number of patients; ** TDM-1 = Trastuzumab emtansine; *** RT = radiation therapy;
**** NaT = neoadjuvant treatment; ***** AT = adjuvant treatment; ****** ALND = axillary lymph node dissec-
tion; ******* ChT = chemotherapy; ******** RM = radical mastectomy.

After the end of the neoadjuvant treatment, as well as the clinical and imaging evalua-
tion of the therapeutic response, the patients were directed to the surgical sequence. A total
of 28 patients (62%) underwent radical surgery, performing radical Madden mastectomy
with axillary lymph node dissection, and 16% (7 cases) benefited from conservative surgery
(sectorectomy with axillary lymph node dissection). Mandatory postoperative adjuvant
radiotherapy for conservative surgery and residual tumor from the breast and/or lym-
phatic (axillary) nodes was indicated in 31 cases, representing a rate of 69%. In one case
with the identified BRCA mutation, bilateral mastectomy with homolateral axillary lymph
node dissection was performed followed by subsequent breast reconstruction, which was
performed in a plastic surgery center in the country. This case benefited from informed
consent and prophylactic oophorectomy. In the Sibiu County Emergency Clinical Hospital,
at the time of performing the mentioned surgical sequences, the sentinel lymph node
technique was not possible.

The post-surgical histopathological examination (Table 5) revealed complete pathologi-
cal responses (pCRs) in 19 patients (56%), without residual tumor or microscopic lymphatic
invasion (yT0N0M0) and in a percentage of 44% (15 cases), pathological responses with
residual disease either at the tumor level or lymphatic or both variants.

According to the postoperative therapeutic guidelines, the first anti-HER2 treatment
line was performed according to the postoperative histopathological response and the pres-
ence of axillary adenopathy (cN+) at diagnosis. Twelve cases (34%) received monotherapy
with TDM-1 for residual disease (ypT 6= ypT0 +/− ypN 6= ypN0 + M0). A proportion of
44% (20 cases) of HER2-positive patients who were treated with neoadjuvant or adjuvant
anti-HER2 therapy relapsed after first-line, while 56% had complete remission or stable
disease (without progression). The disease-free interval (DFI) or the time period in which
we recorded a stable disease at most, in other words without progression, was recorded
in 41 patients, representing 91% of the study group. The remaining four patients did not
reach DFI, still having disease progression despite anti-HER2 therapy. For progressive
disease (single or repeated progression), follow-up lines of anti-HER2 treatment have been
established. A total of 14 patients (31%) followed two lines of anti-HER2 drugs, while for
10 patients (22%), a third line of therapy was necessary.
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Table 5. The relationship between anti-HER2 positivity and the evolution of breast cancer.

The Occurrence of
Relapse after 1st

Anti-HER2
Therapeutic Line

N * (%)

Disease-Free
Interval (DFI)

N (%)

Anti-HER2
Treatment Lines

N (%)

Histopathological
Response after
Neoadjuvant

Anti-HER2 Therapy
N (%)

With relapse
20 (44%)

Without DFI
4 (9%)

Single treatment line
21 (47%)

pCR **
19 (56%)

No relapse
25 (56%)

With DFI Two lines of
treatment Partial response

41 (91%) 14 (31%) 15 (44%)
Three lines of

treatment
10 (22%)

* N = number of patients; ** pCR = pathological complete response.

The types of tumor relapse were either bilateralization (1 case), or remote, as single
metastasis (7 cases) or multiple metastases in different sites (12). Out of the total number
of patients who presented relapse in the form of metastases, the majority of the cases
presented liver and bone metastases each at a percentage of 61%, followed by regional
lymph node metastases in 45% of cases, lungs and brain metastases were detected in 22%,
while skin and retroorbital metastases were the rarest, being identified in one patient each
(5%). The BRCA status was determined in a small number of cases (13 patients) given the
financial aspects represented by the high cost of BRCA or multigene testing. Four BRCA
mutations were identified in young patients, less than 45 years of age, and in nine other
cases, the wild-type (non-mutant) profile was determined. In a number of 32 patients,
the determination of mutations was not performed either because testing was no longer
recommended at their age, or because of financial inconveniences.

4. Discussion

Out of 237 newly diagnosed breast cancer cases during the period January 2021–
December 2023 in our clinic, only 45 (19%) were HER2-positive tumors and were there-
fore included in our research. Most of them, 36 cases (80%), were in the early stages,
and benefited from neoadjuvant management with the anti-HER2 standard of care plus
chemotherapy. pCR was performed in 19 patients (56%), who continued the same anti-
HER2 treatment in the adjuvant setting as well. The remaining 15 cases had residual
tumor burden and received, therefore, adjuvant second-line anti-HER2 therapy. On the
other hand, 9 patients were diagnosed at stage IV and benefited from several anti-HER2
treatment lines depending on the PFS. Overall, the DFI was reached in a significant number
of patients, namely, 91% (41 out of 45 cases).

The multimodal treatment of breast cancer has made substantial progress in recent
years [42,43]. The involvement of modern oncology and surgical treatment options have
led to a substantial benefit to patients, defining the multidisciplinary treatment of breast
cancer [42,43]. The introduction of immunohistochemical testing and genetic screening has
led to the prioritization of therapy and a correct approach to initiating treatment [42,44].

The difference in the HER2 positivity rate of 19% for the 237 new cases diagnosed
at the Sibiu County Emergency Clinical Hospital, compared to the study of Rüschoff J.
et al., is probably due to the small group of patients included in our retrospective study,
compared to the 15,992 histopathological samples collected from 160 oncological centers in
Germany [45]. However, the 19% obtained in our group of patients diagnosed with breast
cancer falls within the range mentioned also by international studies and guidelines [46–48].

The histopathological gradings G2 and G3 and the KI67 proliferation index, both
variables characterizing the malignant phenotype specific to the tumor, correlate with
aggressive evolution, translating into the increased risk of loco-regional and remote relapse.
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An unfavorable influence on the evolution of the disease is the stage of the disease
and the lymph node status (palpable) at diagnosis; 82% of the HER2-positive patients had
cN+. The HER2-positive patients mainly were at advanced stages at presentation (III and
IV), equating to 65% of all the women included in our study group. A proportion of 11%
were identified as having a family history of breast cancer, which correlates with a high
susceptibility to breast neoplasia.

HER2-positive breast cancer has an unfavorable prognosis, with an amplified risk of
relapse and a more aggressive course of the disease, which is shown by the 44% of relapses
after the first line of treatment with monoclonal antibodies.

The percentage of complete post-neoadjuvant pathological responses (targeted anti-
HER2 combination therapy and sequential chemotherapy) reveals the effectiveness of
the targeted treatment. The discovery and implementation of the National Health Pro-
gram for new molecules directed against HER2 has allowed for the administration of
follow-up lines of targeted treatment so that the overall survival is prolonged. A total
of 14 patients benefited from two lines of therapy, and 10 patients received three lines of
anti-HER2 therapy.

The most widely used anti-HER2 treatment was double blockade with Pertuzumab
and Trastuzumab both as a neoadjuvant (71%) and adjuvant (58%) as well as in the first line
of therapy of metastatic disease (100%). The double blockade confers superior therapeutic
efficiency by blocking two loci of the EGFR/ERBB 2 receptor.

Our retrospective study, conducted over a limited period of time, did not allow for the
correlation of the tumor aggressiveness conferred by HER2 overexpression with the status
of the hormone receptors. The patients underwent radical surgical treatment (mastectomy)
over conservative surgery (64% versus 16%), possibly due to the preferences of women
with breast neoplasia and/or the surgeon. All the patients who underwent the surgical
sequence benefited from axillary lymphodissection, the sentinel lymph node technique not
being available in the Sibiu County Emergency Clinical Hospital during the period of our
study. At the end of the three-year follow-up analysis, there were no deaths among the
patients enrolled in our study. This is to highlight once again the effectiveness of treatment
and a rapidly evolving era of oncology therapies aimed at increasing survival and quality
of life.

More than half of the patients included in this study achieved pCR and continued
with the same anti-HER2 therapy in the neoadjuvant setting. The outcomes suggest the
importance of neoadjuvant therapy in prolonged DFS. Patients with HER2-positive stage
IV breast cancer have benefited from several subsequent lines of anti-HER2 therapy with a
prolonged PFS. It is important to emphasize once again that following the correct treatment
strategies in HER2-positive patients in the neoadjuvant–surgery–adjuvant settings led to
high pCR rates and favorable survival outcomes. Although the recommendations of the
international guidelines were followed, the chemotherapeutic regimens were personalized,
with the aim of increasing treatment compliance and maintaining the intensity of the doses.

5. Conclusions

The HER2 biomarker is a predictive prognostic indicator for the evolution of neo-
plastic disease, which gives it an augmented aggressiveness, marked in the results of our
study by the reduction in the disease-free interval (DFI) and by the occurrence of relapses
or by the evolution of metastatic disease.

Anti-HER2 therapy in any therapeutic stage (neoadjuvant, adjuvant, first line in
metastatic disease) has shown increased efficiency in blocking these tyrosine kinase recep-
tors, evidenced by the high percentage of complete pathological responses, as well as the
considerable percentage (47%) of complete remissions and stationary disease, in relation to
the HER2-positive patient group. The errors in our observational study can derived from
the short follow-up interval. This was chosen as a result of the introduction, in recent years,
of double anti-HER2 blockade in the targeted therapy of these patients. Until recently,
monotherapy with Trastuzumab was used. This is the reason why a correlation with the
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overall survival and mortality was not achieved, these variables requiring a much longer
evaluation period.

BRCA testing with the aim of prophylaxis of contralateral recurrence and oophorec-
tomy to decrease the risk of ovarian carcinoma failed for socioeconomic reasons due to the
high cost of these tests, which cannot be borne by most of our patients.

Due to the short time period in which the research was conducted, aspects such as
the correlation between tumor aggressiveness due to HER2 overexpression could not be
studied. A detailed analysis of survival data should also be considered, becoming a goal
of a future update of our research. We are very interested in the DFS rates of our HER2-
positive breast cancer patients, evaluated as the time to recurrence and recurrence sites.
Whether the immunohistochemical characteristics will change at relapse remains a question
to be answered in the future. Every relapse should undergo biopsy whenever possible,
since therapeutic strategies rely on pathological characteristics. In the future, we intend
to continue the current study, being part of another prospective study that envisages a
thorough follow-up of patients over a longer period of time.
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Abstract: (1) Background: Diabetes mellitus (DM) induces oxidative stress and inflammation with
negative effect on pregnancy outcomes. This study aimed to determine whether DM increases the
risk of pregnancy loss and to identify other potential risk factors; (2) Methods: We identified female
patients diagnosed with DM from 2000–2015 in the Taiwanese National Health Insurance Research
Database according to the International Classification of Diseases, Ninth Edition, Clinical Modification
(ICD-9 CM) code 250. The event was pregnancy loss, defined as ICD-9 CM codes 630–639, which was
tracked until 31 December 2015. The control group included 4-fold more non-DM female patients
who were matched for age and disease severity. Multivariate Cox regression was employed to
determine the risk factors associated with pregnancy loss; (3) Results: The hazard ratio (HR) for the
risk of pregnancy loss due to DM was 1.407 (95% confidence interval: 1.099–1.801, p = 0.007), and
the risk factors for older age, gynecological disorders and inflammation disorders were included.
(4) Conclusions: The study concluded that women with DM have a greater risk of experiencing
pregnancy loss. Healthcare providers should proactively manage and educate diabetic patients to
reduce their risk of pregnancy loss. Understanding other probable risk factors can help in developing
targeted interventions and support systems for women to improve pregnancy outcomes.

Keywords: diabetes mellitus; pregnancy loss; risk

1. Introduction

Pregnancy loss is a non-viable pregnancy, defined as the natural termination of a
pregnancy before the fetus is viable outside the uterus, and remains a significant clinical
concern with complex etiological factors [1]. It is a complex process with various potential
underlying mechanisms, including genetic abnormalities, uterine anatomical abnormalities,
progesterone deficiency [2], immunological factors, and environmental factors, such as
infections or toxicity [1].

There were more pregnancy outcomes in the Asian group. with a 5-fold greater risk of
poor pregnancy outcomes, including abortion and malformation, in pregnant Asian women
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with diabetes mellitus (DM) than in pregnant Caucasian women in a study conducted in
England [3]. A previous study reported an odds ratio (OR) of 1.11 for the risk of pregnancy
loss in mothers with higher fasting blood sugar than in mothers with normal fasting blood
sugar among pregnant women in China [4]. Compared with all live births in the USA,
women with recurrent pregnancy loss are associated with prediabetes, with an adjusted OR
of 1.9 [5]. Previous studies have indicated an increased risk of pregnancy loss in diabetic
women, highlighting the multifaceted interplay among metabolic dysfunction, endocrine
abnormalities, oxidative stress, and placental impairment [6].

Successful pregnancy relies on immune adaptations that allow fetal survival and
development while protecting the mother. The initial phase of pregnancy is characterized
by an inflammatory environment that supports embryo implantation, followed by an
immunotolerant phase for fetal development. Trophoblast invasion requires inflammatory
activity to invade the uterine cavity via decidual dendritic cells, uterine-natural killer cells,
and T helper 1 cells with interleukin (IL)-1, 6 and 8. Estrogen and progesterone are critical
for regulating endometrial receptivity [7]. Estrogen induces proliferation and prepares the
endometrium, whereas progesterone drives decidualization and maintains the window of
implementation. The blastocyst and endometrium secrete various factors (e.g., leukemia
inhibitory factor, integrins, and adhesion molecules) to synchronize their development and
facilitate implantation [8]. Endometrial glands produce histotrophs to support embryo
survival and implantation. Decidualization supports embryo implantation and controls
embryo quality. The maternal immune system creates an immunotolerant environment
at the maternal-embryo interface via immunoregulatory cells, including T helper 2 cells
with IL-10 and regulatory T cells, which are crucial for maintaining tolerance to paternal
antigens to maintain fetal development in the cavity after implementation [7].

Chronic hyperglycemia in DM can cause hypothalamic–pituitary–ovarian (HPO) dys-
function with hormone impairment, DNA damage, oxidative and endoplasmic reticulum
stress, and mitochondrial dysfunction [9]. High blood sugar causes protein misfolding in
the endoplasmic reticulum, which can trigger apoptosis and inflammation [10]. Oxidative
stress and inflammation disrupt normal cellular functions and induce damage to placental
tissues, increasing trophoblast differentiation and glycogen accumulation and dysregulat-
ing glucose metabolism, and angiogenesis affects nutrient and oxygen delivery to the fetus,
which are crucial for fetal development.

Pregnancy loss in a hyper-inflammatory state increases the risk of cardiovascular
events [11], chronic obstructive pulmonary disease [12] and rheumatoid arthritis [13]
within several years. Psychological morbidity is common after pregnancy loss, including
increases in the risk of anxiety, depression, posttraumatic stress disorder, and suicide [1].
There is little evidence that pre-pregnancy DM is related to pregnancy loss in the Asian
population. We retrospectively utilized data from Taiwan’s National Health Insurance
Research Database (NHIRD). By analyzing a large cohort of women of childbearing age,
we sought to elucidate the impact of DM on pregnancy outcomes and identify potential
comorbid conditions that may increase the risk of pregnancy loss.

This study aimed to evaluate the association between maternal DM and the risk of
pregnancy loss in the Chinese population. This study underscores the importance of
effective diabetes management and the need for targeted interventions to mitigate the risk
of pregnancy loss in women with DM. Therefore, healthcare staff need to develop clinical
strategies that can improve maternal and fetal health outcomes, comprehensively manage
diabetes, and address associated comorbidities to increase pregnancy viability.

2. Materials and Methods

The National Health Insurance system was implemented in 1995 for citizens’ health-
care and covers more than 99.9% of citizens in Taiwan. Each healthcare institution must
provide data for the payment of insurance claims every month. The NHIRD is a compre-
hensive dataset provided by the National Insurance Administration that includes patients’
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birthdays, visit dates, disease codes, procedure codes, medication codes and insurance
payments [14].

DM patients were identified from the Taiwanese NHIRD by the International Classifica-
tion of Diseases, 9th Revision, Clinical Modification (ICD-9 CM) code 250. The childbearing
age of women was defined as between 20 and 50 years. Females of childbearing age who
had been diagnosed with DM and had more than 3 visits from 2001–2015 were included in
the study group. The exclusion criteria were being male, having fewer than 3 visits, being
below or above childbearing age, being diagnosed with DM before 2001, and experiencing
pregnancy loss before inclusion. The control group included 4-fold more females who
were matched for sex, age, and disease severity according to the Charlson Comorbidity
Index (CCI) and index date. The event was pregnancy loss, defined as in ICD-9 CM codes
630–639, which was tracked until 31 December 2015.

Comorbidities were determined by ICD-9-CM codes and included polycystic ovary
syndrome (256.4), pelvic inflammatory disease (616), urinary tract infection (599), premen-
strual syndrome (625.4), endometriosis (617), autoimmune disease (710, 714), obesity (278),
hypertension (401–405), hyperlipidemia (272), chronic kidney disease (580–589), hyperthy-
roidism (242), fibromyalgia (729.1), chronic fatigue syndrome (780.71), chronic obstructive
pulmonary disease (491, 492, 494, 496), asthma (493), alcohol use disorders (291,303, 305.1,
571.0–571.4), depression (296, 300.4, 311), anxiety (300.1–300.3, 300.5–300.9), irritable bowel
syndrome (564.1), bladder disorder (596), and polyneuropathy (diabetic: 250.6 and 357.2;
other: 729.2). The flowchart of this study is shown in Figure 1. To understand the risk of dif-
ferent types of DM, the ICD-9-CM code of 250.01 was used to define as type 1 DM, and the
others (250 except 250.01) were used to define type 2 DM. This study was approved by the
Ethics Institutional Review Board of Tri-Service General Hospital (TSGHIRB: B-110-051).

The descriptive statistics, compared between groups for continuous variables, were
analyzed with Student’s t test, and categorical variables were analyzed with the chi-square
test. The significant difference in cumulative incidence was determined via Kaplan–Meier
curve with log rank test. Multivariate Cox regression was employed to determine the risk
factors associated with pregnancy loss. A p value less than 0.05 indicated a significant
difference. The analysis was performed with SPSS version 21 (Asia Analytics Taiwan Ltd.,
Taipei, Taiwan).
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Figure 1. Flowchart of study sample selection from the National Health Insurance Research Database
in Taiwan.

3. Results

There were 19,004 females with DM and 76,016 females without DM included in this
study. There were 123 pregnancy losses (cumulative incidence of 2.29%) in the DM group
and 398 pregnancy losses (1.7%) in the control group at the 14-year follow-up (p = 0.031)
(Figure 2). The rate of pregnancy loss was 87.53 per hundred thousand in patients with
DM and 71.06 per hundred thousand in patients without DM.

There was a greater prevalence of polycystic ovary syndrome, obesity, hypertension,
hyperlipidemia, hyperthyroidism, alcohol use disorder, polyneuropathy, low income and
hospital visits in females with DM. Premenstrual syndrome, endometriosis, autoimmune
disease, chronic kidney disease, fibromyalgia, chronic obstructive pulmonary disease,
asthma, depression, anxiety, irritable bowel disease, and bladder disorders were less
common in females with DM (Table 1).
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Table 1. Baseline data of women with and without diabetes mellitus.

Variables Total Diabetes Mellitus Without Diabetes
Mellitus p

Number 95,020 19,004 76,016 1
Low-income 1294 (1.4%) 383 (2%) 911 (1.2%) <0.001 *
Polycystic ovary syndrome 2968 (3.1%) 1081 (5.7%) 1887 (2.5%) <0.001 *
Pelvis inflammation disorder 63,262 (66.6%) 12,238 (64.4%) 51,024 (67.1%) <0.001 *
Urinary tract infection 31,863 (33.5%) 6460 (34%) 25,403 (33.4%) 0.144
Premenstrual syndrome 2786 (2.9%) 410 (2.2%) 2376 (3.1%) <0.001 *
Endometriosis 10,925 (11.5%) 2007 (10.6%) 8918 (11.7%) <0.001 *
Autoimmune disease 9531 (10%) 1163 (6.1%) 8368 (11%) <0.001 *
Obesity 3321 (3.5%) 1727 (9.1%) 1594 (2.1%) <0.001 *
Hypertension 17,705 (18.6%) 7565 (39.8%) 10,140 (13.3%) <0.001 *
Hyperlipidemia 21,161 (22.3%) 9319 (49%) 11,842 (15.6%) <0.001 *
Chronic kidney disease 7815 (8.2%) 1407 (7.4%) 6408 (8.4%) <0.001 *
Hyperthyroidism 7583 (8%) 1797 (9.5%) 5786 (7.6%) <0.001 *
Fibromyalgia 39,543 (41.6%) 7505 (39.5%) 32,038 (42.1%) <0.001 *
Chronic fatigue syndrome 1345 (1.4%) 277 (1.5%) 1068 (1.4%) 0.5907
Chronic obstructive pulmonary disease 15,567 (16.4%) 2085 (11%) 13,482 (17.7%) <0.001 *
Asthma 17,032 (17.9%) 2406 (12.7%) 14,626 (19.2%) <0.001 *
Alcoholic disorder 1658 (1.7%) 431 (2.3%) 1227 (1.6%) <0.001 *
Depression 10,722 (11.3%) 2006 (10.6%) 8716 (11.5%) 0. 003 *
Anxiety 10,141 (10.7%) 1804 (9.5%) 8337 (11%) <0.001 *
Irritable bowel disorder 13,057 (13.7%) 2063 (10.9%) 10,994 (14.5%) <0.001 *
Bladder disorder 2517 (2.6%) 455 (2.4%) 2062 (2.7%) 0.01 *
Polyneuropathies 471 (0.5%) 430 (2.3%) 41 (0.1%) <0.001 *
Urbanization levels 0.773
1 (The highest) 29,386 (30.9%) 5564 (29.3%) 23,822 (31.3%)
2 31,769 (33.4%) 6235 (32.8%) 25,534 (33.6%)
3 26,916 (28.3%) 5600 (29.5%) 21,316 (28%)
4 (The lowest) 6593 (6.9%) 1546 (8.1%) 5047 (6.6%)
Missing 356 (0.4%) 59 (0.3%) 297 (0.4%)
Hospital levels <0.001 *
Medical center 15,775 (16.6%) 3479 (18.3%) 12,296 (16.2%)
Regional hospital 18,644 (19.6%) 4851 (25.5%) 13,793 (18.1%)
Local hospital 14,649 (15.4%) 3901 (20.5%) 10,748 (14.1%)
Clinic 45,952 (48.4%) 6773 (35.6%) 39,179 (51.5%)

* p < 0.05.
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The hazard ratio (HR) for the risk of pregnancy loss in DM patients was 1.407 (95%
confidence interval (C.I.): 1.099–1.801, p = 0.007). The risk associated with different types
of DM had an adjusted HR of 1.498 (95% C.I.: 1.124–1.895, p = 0.001) in women with type
2 DM and 1.256 (95% C.I.: 1.058–1.762, p = 0.015) in women with type 1 DM. The risk
factors were age, with an HR of 1.020 (95% C.I.: 1.004–1.063, p = 0.002); pelvic inflammatory
disease, with an HR of 2.145 (95% C.I.: 1.911–2.22, p < 0.001); premenstrual syndrome, with
an HR of 2.067 (95% C.I.: 1.486–2.763, p < 0.001); polycystic ovary syndrome, with an HR
of 1.792 (95% C.I.: 1.403–2.121, p < 0.001); endometriosis, with an HR of 1.42 (95% C.I.:
1.197–1.683, p < 0.001); autoimmune disease, with an HR of 1.29 (95% C.I.: 1.111–1.543,
p < 0.001); urinary tract infection, with an HR of 1.803 (95% C.I.: 1.529–1.88, p < 0.001);
hyperthyroidism, with an HR of 1.234 (95% C.I.: 1.056–1.503, p = 0.001); fibromyalgia, with
an HR of 1.353(95% C.I.: 1.204–1.579, p < 0.001); chronic fatigue syndrome, with an HR of
1.835 (95% C.I.: 1.106–2.978, p < 0.001); asthma, with an HR of 1.382 (95% CI: 1.204–1.595,
p < 0.001); alcohol use disorder, with an HR of 1.562 (95% C.I.: 1.303–2.701, p < 0.001);
depression, with an HR of 1.528 (95% C.I.: 1.131–1.735, p < 0.001); irritable bowel syndrome,
with an HR of 1.340 (95% C.I.: 1.104–1.532, p < 0.001); a high CCI score, with an HR of 1.221
(95% C.I.: 1.133–1.468, p < 0.001); and fewer visits to medical centers, with an HR of 0.678
(95% C.I.: 0.586–0.917, p = 0.001) (Table 2). The risk of pregnancy loss in the first trimester
(HR of 1.296 (95% C.I.: 1.089–1.792)) and after the first trimester (HR of 1.724 (95% C.I.:
1.250–1.996)) were noted.

Table 2. Risk of pregnancy loss according to multivariate Cox regression.

Crude Hazard Ratio p Adjusted Hazard Ratio p

Diabetes mellitus 1.682 (95% C.I.: 1.423–1.971) <0.001 * 1.407 (95% C.I.: 1.099–1.801) 0.007 *
Age 1.034 (95% C.I.: 1.025–1.073) <0.01 * 1.020 (95% C.I.: 1.004–1.063) 0.002 *
Post CCI 1.311 (95% C.I.: 1.164–1.571) <0.001 * 1.221 (95% C.I.: 1.133–1.468) <0.001 *
Low-income 1.567 (95% C.I.: 0.795–1.798) 0.246 1.268 (95% C.I.: 0.575–1.483) 0.387
Polycystic ovary syndrome 6.765 (95% C.I.: 4.282–8.835) <0.01 * 1.792 (95% C.I.:1.403–2.121) <0.001 *
Pelvis inflammation disorder 2.245 (95% C.I.: 2.013–2.498) <0.001 * 2.145 (95% C.I.: 1.911–2.220) <0.001 *
Urinary tract infection 1.894 (95% C.I.: 1.625–1.972) <0.001 * 1.803 (95% C.I.: 1.529–1.880) <0.001 *
Premenstrual syndrome 2.701 (95% C.I.: 1.941–3.177) <0.001 * 2.067 (95% C.I.: 1.486–2.763) <0.001 *
Endometriosis 1.443 (95% C.I.: 1.202–1.694) <0.001 * 1.420 (95% C.I.: 1.197–1.683) <0.001 *
Autoimmune disease 1.382 (95% C.I.: 1.125–1.553) <0.001 * 1.290 (95% C.I.: 1.111–1.543) <0.001 *
Obesity 1.843 (95% C.I.: 1.354–2.241) <0.001 * 1.068 (95% C.I.: 0.867–1.798) 0.465
Hypertension 1.006 (95% C.I.: 0.435–1.972) 0.904 0.986 (95% C.I.: 0.421–1.933) 0.804
Hyperlipidemia 1.343 (95% C.I.:0.791–1.597) 0.803 1.146 (95% C.I.:0.682–1.371) 0.201
Chronic kidney disease 1.262 (95% C.I.: 0.679–1.486) 0.797 1.135 (95% C.I.: 0.597–1.337) 0.663
Hyperthyroidism 1.680 (95% C.I.: 1.423–1.986) <0.001 * 1.234 (95% C.I.: 1.056–1.503) 0.001 *
Fibromyalgia 1.403 (95% C.I.: 1.276–1.688) <0.001 * 1.353 (95% C.I.: 1.204–1.579) <0.001 *
Chronic fatigue syndrome 2.561 (95% C.I.: 1.897–3.808) <0.001 * 1.835 (95% C.I.: 1.106–2.978) <0.001 *
Chronic obstructive pulmonary disease 1.264 (95% C.I.: 0.925–1.440) 0.703 1.116 (95% C.I.: 0.875–1.438) 0.069
Asthma 1.467 (95% C.I.: 1.303–1.765) <0.001 * 1.382 (95% C.I.: 1.204–1.595) <0.001 *
Alcoholic disorder 2.016 (95% C.I.: 1.513–2.897) <0.001 * 1.562 (95% C.I.: 1.303–2.701) <0.001 *
Depression 1.680 (95% C.I.: 1.27–1.864) <0.001 * 1.528 (95% C.I.: 1.131–1.735) <0.001 *
Anxiety 1.065 (95% C.I.: 0.755–1.279) 0.301 0.972 (95% C.I.: 0.734–1.186) 0.702
Irritable bowel disorder 1.513 (95% C.I.: 1.331–1.792) <0.001 * 1.340 (95% C.I.: 1.104–1.532) <0.001 *
Bladder disorder 1.030 (95% C.I.: 0.681–1.156) 0.333 0.972 (95% C.I.: 0.513–1.097) 0.498
Polyneuropathies 0.998 (95% C.I.: 0.425–1.201) 0.505 0.706 (95% C.I.: 0.342–1.084) 0.488
Urbanization level
1 (The highest) Reference Reference
2 1.098 (95% CI:0.511–1.584) 0.465 1.003 (95% C.I.: 0.408–1.438) 0.565
3 1.145 (95% C.I.: 0.562–1.601) 0.43 1.072 (95% C.I.: 0.492–1.483) 0.551
4 (The lowest) 1.246 (95% C.I.: 0.678–1.65) 0.301 1.125 (95% C.I.: 0.533–1.572) 0.48
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Table 2. Cont.

Crude Hazard Ratio p Adjusted Hazard Ratio p

Hospital levels
Medical Center 0.655 (95% C.I.: 0.512–0.834) <0.001 * 0.687 (95% C.I.: 0.586–0.917) 0.001 *
Regional hospital 0.724 (95% C.I.: 0.409–0.978) 0.014 * 0.782 (95% C.I.: 0.432–1.034) 0.132
Local hospital 0.832 (95% C.I.: 0.335–1.106) 0.505 0.89 (95%C.I.: 0.356–1.297) 0.202
Clinic Reference Reference

* p < 0.05; C.I.: confidence interval; CCI: Charlson Comorbidity Index.

4. Discussion

Patients with DM experience a greater rate of pregnancy loss than patients without DM,
and patients with DM have a 1.4-fold greater risk of pregnancy loss. Effective management
of blood sugar levels is crucial for minimizing these risks and improving pregnancy
outcomes for women with DM. Several other conditions also increase the risk of pregnancy
loss. Gynecological disorders, autoimmune diseases, mood disorders, irritable bowel
syndrome, chronic fatigue syndrome, and fibromyalgia are also risk factors for pregnancy
loss, and healthcare professionals need to be aware of these risks and manage patients
according to the findings of this study.

A total of 4.9% of these cases occurred in India, which is a developing country [15]. The
rate of pregnancy loss was 2.6% in type 1 DM patients and 3.7% in type 2 diabetes patients
in New Zealand [16]. Mothers with diabetes mellitus receive more healthcare related to
metabolism and obstetrics. DM care programs and pregnancy care programs have been
developed for several decades, hence the lower incidence of pregnancy loss in Taiwan.
The risk ratio was 1.6 for spontaneous pregnancy loss, whereas HbA1c levels ≥ 5.6% and
for risk ratio of 2.1 in every 1 mmol/L increase in fasting blood sugar levels in non-DM
mothers were reported [17].

More fetal chromosomal abnormalities occur with increasing maternal age, increasing
the likelihood of miscarriage [18]. The most common cause of early pregnancy loss is
chromosomal abnormalities in the fetus. A decrease in uterine and hormonal function in
older mothers increases the risk of abortion. Older women had a greater risk of abortion
than women aged 15–19 years in Ethiopia, with an adjusted OR of 6.13 for women aged
45–49 years [19]. Advanced maternal age showed an adjusted OR of 5.83 in Syrian refugee
women [20]. Women who married at more than 26 years of age in Iran were found to have
an increased risk of abortion [21]. Our study revealed a 2% increase in pregnancy loss risk
with every one-year increase in maternal age.

Polycystic ovary syndrome (POCS) is often associated with insulin resistance, the
prevalence of which is increasing in patients with DM. Patients with polycystic ovary
syndrome exhibit impaired trophoblast differentiation, increased placental glycogen ac-
cumulation, and reduced placental angiogenesis. A mouse study revealed that hyperan-
drogenism and insulin resistance negatively affect fetal survival through alterations in the
mitochondria–ROS–SOD1/Nrf2 axis in the placenta [22]. Our study revealed a 1.8-fold
greater risk in women with polycystic ovary syndrome.

Women with endometriosis exhibit a greater inflammatory state. Successful implan-
tation requires a transient increase in proinflammatory cytokines (T helper 1 cells) via
immunomodulation, followed by a switch to an anti-inflammatory state (Th2 profile).
Recurrent pregnancy loss is linked to immune dysregulation with an increase in proinflam-
matory cytokines and a decreased anti-inflammatory state [23]. Endometriosis increases
the risk of gestational diabetes with an OR of 1.23 [24]. Patients with endometriosis suffer
from uncomfortable pain when nonsteroidal anti-inflammatory drugs are used, with an
OR of 2.45 spontaneous abortion [25]. The risk of miscarriage in endometriosis had an OR
of 1.27 [26]. Our study showed similar results.

DM increased the risk of premenstrual dysphoric disorder (PMDD) in a previous
study [27]. Women with PMDD have higher cortisol levels in the late-luteal stage than
women without PMDD [28]. Sympathetic overactivity and parasympathetic dysfunction
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were noted in young females with premenstrual dysphoric syndrome. Depression symp-
toms decreased the levels of brain-derived neurotrophic factor in a previous study [29].
Sympathetic activity increases inflammation, and parasympathetic dysfunction decreases
anti-inflammatory function, increasing the risk of pregnancy loss. Our study revealed an
HR of 2.1.

The expression of apoptosis-related Fas and Fas-L and inflammation-related cytokines
was seen in the ovaries and uterus in mice treated with lipid polysaccharides [30]. Bacterial
lipopolysaccharide induces apoptosis by decreasing Bcl-2 and increasing caspase-3 in the
ovaries [31]. Dysbiosis of the vaginal microbiota was related to proinflammatory cytokine
levels in a previous study [32]. In our study, women with pelvic inflammatory disease had
a 2.1% risk, and those with urinary tract infection had a 1.8% risk of pregnancy loss.

Autoimmune diseases included systemic lupus erythematosus (SLE) and rheumatoid
arthritis. Patients with arthritis exhibit sympathetic overactivity with chronic inflammation.
There was a greater risk of autoimmune diseases in patients who experienced pregnancy
loss with higher proinflammatory cytokine levels with TH1/TH2 imbalance, atherosclero-
sis, hormone decreases and complement products influencing placental development [7].
Women with Sjögren’s syndrome have a greater risk of pregnancy loss with an RR of 8.85,
and of systemic lupus erythematosus with OR 4.90 [33]. Women with rheumatoid arthritis
have an increased incidence of PCOS and endometriosis [34]. In a Danish study, women
with rheumatoid arthritis had a 1.25-fold increased risk of pregnancy loss [35]. Thyroid
antibodies were related to increased risk of gestational diabetes mellitus with a pooled RR
of 1.12 [36]. Our study revealed a lower risk of pregnancy loss in women with autoimmune
diseases due to the use of regular anti-inflammatory medication.

Hyperthyroidism leads to increased ROS production in mitochondria with oxidative
stress [37]. Inadequate treatment for hyperthyroidism in early pregnancy was the main risk
factor for pregnancy loss, with an adjusted HR of 1.28 for women who were not treated in
early pregnancy and 1.18 for women treated with antithyroid agents in early pregnancy in
a Danish population-based study [38]. Our study showed similar results.

Alcohol use during pregnancy is a serious public health issue since it has several
detrimental impacts on mothers’ and unborn children’s health. Alcohol consumption
during pregnancy is related to the amount of alcohol consumed before pregnancy, the
number of pregnancies and a lower education level [39]. The risk of miscarriage was
adjusted to an OR of 1.38 for women who consumed alcohol in Ethiopia [19]. Our study
revealed a greater risk of pregnancy loss because alcohol use disorder was identified by
more severity codes in claims data.

The OR for the risk of miscarriage was 1.25 in patients with depressive disorders in
Norway [40]. A higher education level and socioeconomic status and greater stress were
associated with an increased risk of abortion in Iran. Serotonin reuptake inhibitors for
ant-depressant treatment induce placental insufficiency and increase the risk of miscarriage,
with an HR of 1.27 [41]; our study showed similar findings. The discontinuation of
treatment before pregnancy was suggested.

Fibromyalgia and chronic fatigue syndrome induce inflammation [42] and increase
the risk of pregnancy loss, with an HR of 1.4 in our study. Chronic fatigue syndrome is
associated with oxidative stress and immune dysregulation [43,44], and increased the risk
of pregnancy loss, with an HR of 1.8 in our study. A mother with asthma has increased
chronic inflammation, altered hormonal balance, and medication effects; these factors
increase oxidative stress and impair placental function. The risk of pregnancy loss in
mothers with asthma had an adjusted HR of 1.21 in Sweden [45]. Our study showed
similar results.

The pathophysiology of irritable bowel syndrome involves complex mechanisms,
including visceral hypersensitivity and immunoinflammatory disturbances. Inflamma-
tion induces the apoptosis pathway, resulting in pregnancy loss. Maternal irritable bowel
syndrome is associated with a risk of miscarriage, with an OR of 1.21, and ectopic preg-
nancy, with an OR of 1.28 [46]. Our study showed similar results. Women with more
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severe disease and a higher CCI are at greater risk. Our study revealed a lower risk of
pregnancy loss, with an HR of 0.7 in women with frequent medical center visits, indicating
that better pregnancy care was provided in medical centers. More vigilance is needed
regarding the risks associated with diabetes during pregnancy. Good control of DM with
HbA1c can reduce adverse pregnancy outcomes [47]. Understanding and addressing the
multifaceted risks associated with these conditions can improve pregnancy outcomes for
affected women.

There was no significant increase in the risk of pregnancy loss in women with low
incomes. High blood sugar levels in diabetic patients also contribute to the accumulation
of lipids in the body, leading to hyperlipidemia and obesity. Mothers with pregestational
T2DM had greater body weights than mothers without diabetes did in England [48]. The
risk of early miscarriage in obese women has an OR of 1.2 [49]., but our study revealed no
significant risk of obesity due to the lower prevalence of a body mass index greater than
25 kg/m2 in women (23.1 ± 0.24 kg/m2 in the 19- to 44-year-old group [50].

There is no significant increase in the risk of hyperlipidemia in the USA [5]. The
majority of patients received antilipidemic treatment, which reduced the risk of pregnancy
loss in claim data. In Iran, mothers with hypertension had a lower risk of abortion, with
an adjusted OR of 0.6, and they received better healthcare to prevent abortion [21]. Our
study revealed no significant findings. Abortion increased chronic obstructive pulmonary
disease, with an OR of 1.12, with increased inflammation in China [12]. Chronic obstructive
pulmonary disease is characterized by increased smoke exposure with hypoxia resulting
in lower ovum activity, a lower pregnancy rate and severe symptoms, with asthma attack
significantly increasing risk. The OR for the risk of miscarriage was 1.25 in patients with
anxiety disorders in Norway [40], but our study revealed no significant difference in the risk
of pregnancy loss associated with the lower toxicity of antianxiety agents. More cases of
pregnancy loss were induced by bladder disorders, and there was no risk of pregnancy loss.
There was no significant risk of chronic kidney disease or polyneuropathy, possibly because
renal or peripheral nerve involvement is an end complication of DM with inflammation,
and these patients have less pregnancy willingness and pregnancy rates.

In addition to controlling blood sugar, treatments that target oxidative stress, mi-
tochondrial impairment and hyperinflammation reduce DM complications [51]. These
findings suggest that managing oxidative stress could be a potential therapeutic approach.
Treatment with the antioxidant N-acetylcysteine improved fetal survival in DHT+insulin-
treated pregnant rats [22]. The antioxidant and anti-inflammatory effects of melanin reduce
diabetic complications [52]. Suitable exercise to increase parasympathetic activity decreases
inflammation and reduces pregnancy complications [53]. A Mediterranean diet is asso-
ciated with a lower risk of preterm birth in Western countries [54]. Vaginal micronized
progesterone has an effect on threatened miscarriage, with a risk ratio of 1.03, and increases
the live birth rate, with a risk ratio of 1.08 for women with one or more previous miscar-
riages and early pregnancy bleeding [55]. Insulin use causes insulin receptor overload,
reducing FSH and LH secretion [56]. Metformin and insulin can control blood sugar equally
but, compared with insulin, metformin has a lower risk of abortion, with an OR of 0.81 [57].
Metformin and glucagon-like peptide-1 (GLP-1) agonists have anti-inflammatory effects
and are potential treatments for controlling diabetes in pregnant women [57,58].

There were several limitations in this study. First, the blood sugar control conditions
were unavailable in the claims data. The relationship between diabetes control and preg-
nancy loss is worthy of investigation, and registry studies are needed in the future. Second,
smoking status, pregnancy number and body mass index data were not provided in the
NHIRD. Smoking increased the OR of pregnancy loss by 1.31 in China [59]. More than
three pregnancies are associated with a greater risk of abortion in Iran [21]. A higher body
mass index is associated with a greater risk of abortion [21,49], and this relationship needs
to be studied in Chinese women. Third, fetal loss was similar in mothers with type 1 DM
or type 2 DM in previous studies [16,60]. The risk of pregnancy loss was higher with
adjusted HR of 1.5 in women with type 2 DM than in women with type 1 DM. The medica-
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tions used to treat DM were not surveyed, and neither metformin nor GLP-1 agonists had
anti-inflammatory effects. However, further studies are needed to address this gap.

5. Conclusions

This study revealed that women with DM have an increased risk of pregnancy loss. It
is important to educate and aggressively manage blood sugar in women of childbearing
age. Older women with other gynecological disorders have a greater risk of pregnancy
loss. Early pregnancy at a young age should be encouraged, and gynecological disorders
should be managed. Inflammatory conditions caused by other disorders were noted
in this study, and reducing inflammation and oxidative stress could reduce the risk of
pregnancy complications.
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44. Maes, M.; Kubera, M.; Kotańska, M. Aberrations in the Cross-Talks Among Redox, Nuclear Factor-κB, and Wnt/β-Catenin
Pathway Signaling Underpin Myalgic Encephalomyelitis and Chronic Fatigue Syndrome. Front. Psychiatry 2022, 13, 822382.
[CrossRef] [PubMed]

45. Jöud, A.; Nilsson-Condori, E.; Schmidt, L.; Ziebe, S.; Vassard, D.; Mattsson, K. Infertility, pregnancy loss and assisted reproduction
in women with asthma: A population-based cohort study. Hum. Reprod. 2022, 37, 2932–2941. [CrossRef] [PubMed]

46. Khashan, A.S.; Quigley, E.M.; McNamee, R.; McCarthy, F.P.; Shanahan, F.; Kenny, L.C. Increased risk of miscarriage and ectopic
pregnancy among women with irritable bowel syndrome. Clin. Gastroenterol. Hepatol. 2012, 10, 902–909. [CrossRef]

47. Davidson, A.J.F.; Park, A.L.; Berger, H.; Aoyama, K.; Harel, Z.; Cohen, E.; Cook, J.L.; Ray, J.G. Association of Improved
Periconception Hemoglobin A1c With Pregnancy Outcomes in Women with Diabetes. JAMA Netw. Open 2020, 3, e2030207.
[CrossRef] [PubMed]

48. Coton, S.J.; Nazareth, I.; Petersen, I. A cohort study of trends in the prevalence of pregestational diabetes in pregnancy recorded
in UK general practice between 1995 and 2012. BMJ Open 2016, 6, e009494. [CrossRef] [PubMed]

49. Lashen, H.; Fear, K.; Sturdee, D.W. Obesity is associated with increased risk of first trimester and recurrent miscarriage: Matched
case-control study. Hum. Reprod. 2004, 19, 1644–1646. [CrossRef]

50. Nutrition Health Survey in Taiwan, 2017–2020. Available online: https://www.hpa.gov.tw/File/Attach/15562/File_18775.pdf.
(accessed on 1 February 2024).

51. Teodoro, J.S.; Nunes, S.; Rolo, A.P.; Reis, F.; Palmeira, C.M. Therapeutic Options Targeting Oxidative Stress, Mitochondrial
Dys-function and Inflammation to Hinder the Progression of Vascular Complications of Diabetes. Front. Physiol. 2019, 9, 1857.
[CrossRef]

52. Yang, H.L.; Zhou, W.J.; Gu, C.J.; Meng, Y.H.; Shao, J.; Li, D.J.; Li, M.Q. Pleiotropic roles of melatonin in endometriosis, recurrent
spon-taneous abortion, and polycystic ovary syndrome. Am. J. Reprod. Immunol. 2018, 80, e12839. [CrossRef]

53. Picard, M.; Tauveron, I.; Magdasy, S.; Benichou, T.; Bagheri, R.; Ugbolue, U.C.; Navel, V.; Dutheil, F. Effect of exercise training on
heart rate variability in type 2 diabetes mellitus patients: A systematic review and meta-analysis. PLoS ONE 2021, 16, e0251863.
[CrossRef] [PubMed]

54. Yang, J.; Song, Y.; Gaskins, A.J.; Li, L.J.; Huang, Z.; Eriksson, J.G.; Hu, F.B.; Chong, Y.S.; Zhang, C. Mediterranean diet and female
repro-ductive health over lifespan: A systematic review and meta-analysis. Am. J. Obstet. Gynecol. 2023, 229, 617–631. [CrossRef]
[PubMed]

55. Devall, A.J.; Papadopoulou, A.; Podesek, M.; Haas, D.M.; Price, M.J.; Coomarasamy, A.; Gallos, I.D. Progestogens for preventing
mis-carriage: A network meta-analysis. Cochrane Database Syst. Rev. 2021, 4, CD013792. [CrossRef] [PubMed]

56. Evans, M.C.; Hill, J.W.; Anderson, G.M. Role of insulin in the neuroendocrine control of reproduction. J. Neuroendocrinol. 2021, 33,
e12930. [CrossRef] [PubMed]

57. Wang, T.; Zhang, W. Application of Gestational Blood Glucose Control During Perinatal Period in Parturients with Diabetes
Mellitus: Meta-Analysis of Controlled Clinical Studies. Front. Surg. 2022, 9, 893148. [CrossRef]

58. Mehdi, S.F.; Pusapati, S.; Anwar, M.S.; Lohana, D.; Kumar, P.; Nandula, S.A.; Nawaz, F.K.; Tracey, K.; Yang, H.; LeRoith, D.; et al.
Glucagon-like peptide-1: A multi-faceted anti-inflammatory agent. Front. Immunol. 2023, 14, 1148209. [CrossRef] [PubMed]

138



Life 2024, 14, 903

59. Yuan, S.; Liu, J.; Larsson, S.C. Smoking, alcohol and coffee consumption and pregnancy loss: A Mendelian randomization
inves-tigation. Fertil. Steril. 2021, 116, 1061–1067. [CrossRef] [PubMed]

60. Murphy, H.R.; Howgate, C.; O’Keefe, J.; Myers, J.; Morgan, M.; Coleman, M.A.; Jolly, M.; Valabhji, J.; Scott, E.M.; Knighton, P.;
et al. Characteristics and outcomes of pregnant women with type 1 or type 2 diabetes: A 5-year national population-based cohort
study. Lancet Diabetes Endocrinol. 2021, 9, 153–164. [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.

139



life

Article

The Role of Neutrophyl-to-Lymphocyte Ratio as a Predictor
of Ovarian Torsion in Children: Results of a Multicentric Study
Carlos Delgado-Miguel 1,2,*, Javier Arredondo-Montero 3, Julio César Moreno-Alfonso 4, María San Basilio 5,
Raquel Peña Pérez 6, Noela Carrera 7, Pablo Aguado 1, Ennio Fuentes 1,6,8, Ricardo Díez 1,6,8,†

and Francisco Hernández-Oliveros 2,5,†

1 Pediatric Surgery Department, Fundación Jiménez Díaz University Hospital, Avenida de los Reyes Católicos,
2, 28040 Madrid, Spain

2 Institute for Health Research IdiPAZ, La Paz University Hospital, 28046 Madrid, Spain
3 Pediatric Surgery Department, Complejo Asistencial Universitario de León, 24071 Castilla y León, Spain
4 Pediatric Surgery Department, Navarra University Hospital, 31008 Pamplona, Spain
5 Pediatric Surgery Department, La Paz University Hospital, 28046 Madrid, Spain
6 Pediatric Surgery Department, Rey Juan Carlos University Hospital, 28933 Móstoles, Spain
7 Pediatric Surgery Department, Toledo University Hospital, 45005 Toledo, Spain
8 Pediatric Surgery Department, Villalba University Hospital, 28400 Villalba, Spain
* Correspondence: carlosdelgado84@hotmail.com
† These authors contributed equally to this work.

Abstract: Introduction: Pediatric ovarian torsion (OT) is an emergency condition that remains
challenging to diagnose because of its overall unspecific clinical presentation. The aim of this
study was to determine the diagnostic value of clinical, ultrasound, and inflammatory laboratory
markers in pediatric OT. Methods: We performed a retrospective multicentric case–control study in
patients with clinical and ultrasound suspicion of OT, in whom surgical examination was performed
between 2016–2022 in seven pediatric hospitals. Patients were divided into two groups according to
intraoperative findings: OT group (ovarian torsion), defined as torsion of the ovarian axis at least
360◦, and non-OT group (no torsion). Demographics, clinical, ultrasound, and laboratory features
at admission were analyzed. The diagnostic yield analysis was performed using logistic regression
models, and the results were represented by ROC curves. Results: We included a total of 110 patients
(75 in OT group; 35 in non-OT group), with no demographic or clinical differences between them.
OT-group patients had shorter time from symptom onset (8 vs. 12 h; p = 0.023), higher ultrasound
median ovarian volume (63 vs. 51 mL; p = 0.013), and a significant increase in inflammatory markers
(leukocytes, neutrophils, neutrophil-to-lymphocyte ratio, C-reactive protein) when compared to the
non-OT group. In the ROC curve analysis, the neutrophil-to-lymphocyte ratio (NLR) presented the
highest AUC (0.918), with maximum sensitivity (92.4%) and specificity (90.1%) at the cut-off point
NLR = 2.57. Conclusions: NLR can be considered as a useful predictor of pediatric OT in cases with
clinical and ultrasound suspicion. Values above 2.57 may help to anticipate urgent surgical treatment
in these patients.

Keywords: ovarian torsion; neutrophil-to-lymphocyte ratio; predictive factors; children

1. Introduction

Ovarian torsion (OT) is a relatively rare cause of acute abdominal pain in children,
with challenging diagnosis due to nonspecific clinical presentation and poor specificity of
radiologic tests [1,2]. Severe pain and the sudden onset of the pain are highly suggestive
but are not always found. However, delay in establishing the diagnosis and treatment
in a timely fashion can result in irreversible ovarian ischemia with functional loss of the
ovary [3].
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Ultrasound is the mainstay of evaluation for OT in the pediatric population, with
a sensitivity of around 80% [4], and some findings related to OT have been described,
such as the absence of ovarian Doppler flow, although none of them is pathognomonic [5].
Further, there is near-universal agreement that presence of intra-ovarian blood flow does
not exclude torsion [6].

Neutrophil-to-lymphocyte ratio (NLR) has been postulated as an inflammatory biomarker
in several ischemic diseases in children such as testicular torsion [7]. In addition, few
studies have demonstrated its role as a diagnostic predictor in diseases with significant
intra-abdominal inflammatory involvement, such as Henoch–Schönlein purpura and acute
appendicitis with peritonitis or intra-abdominal abscess [8–10]. Recently, its relationship
with adnexal torsion and ovarian tumors in adult women has been investigated, but there
is scarce evidence in the pediatric population [11,12]. The aim of this study is to analyze the
role of the NLR as a predictor of ovarian torsion in children and adolescents and compare
it with other potential clinical, ultrasound, and inflammatory factors.

2. Methods

A retrospective multicenter case–control study was performed in patients with clinical
and ultrasound OT suspicion, in whom diagnostic laparoscopy was performed at seven
pediatric institutions between January 2016 and December 2022. Patients were divided
into two groups according to the intraoperative diagnosis of OT, which was defined as
the ovary twisting on its axis at least 360 degrees: OT group (ovarian torsion) and non-OT
group (no torsion observed).

Demographic variables, clinical features, menstruation status, time since symptoms
onset, laboratory variables, ultrasound characteristics, and intraoperative findings were
analyzed. Clinical features recorded included the presence of abdominal pain, vomiting,
diarrhea or constipation, fever (temperature ≥38.0 ◦C), dysuria, anorexia, as well as the oc-
currence of previous similar episodes. Among ultrasonographic features, imaging features
(cystic, solid or mixed), ovarian volumen (measured in mL), ovarian volumen ratio (ratio
between the volume of both ovaries), absence of Doppler flow, and the presence of pelvic
free fluid were reported. Patients with missing data were excluded from the analysis.

Laboratory data were gathered from blood tests conducted in the Emergency De-
partment (ED) upon the patients’ arrival. These tests encompassed a complete blood
count, including leukocyte count and absolute counts of neutrophils, lymphocytes, mono-
cytes, basophils, and eosinophils. Additionally, biochemistry parameters such as glucose,
fibrinogen, and ion levels were measured, along with C-reactive protein (CRP) levels.
NLR was calculated by dividing the absolute number of neutrophils by the absolute
number of lymphocytes. Platelet-to-Lymphocyte Ratio (PLR) was obtained by the ratio
between the total number of platelets (×109/L) and lymphocytes (×109/L). Systemic In-
flammation Response Index (SIRI) was obtained by the following formula: neutrophil ×
monocytes/lymphocytes [13]. Systemic Immune-Inflammation Index (SII) was obtained
by calculating neutrophil × platelets/lymphocytes. Serum levels of human chorionic
gonadotropin (hCG), alpha-fetoprotein (AFP), CA 125, CA 19-9, CA 15-3, and carcinoem-
bryonic antigen (CEA) were also measured. The study protocol received approval from the
Institutional Review Board (IRB number PI-263-23) and adhered to the principles outlined
in the Declaration of Helsinki (2013 revision). Due to the retrospective design of the study
and the absence of human samples, informed consent was not required, consistent with
institutional ethical standards.

Data were collected using Microsoft Excel software version 2010 (Redmond, WA, USA)
and analyzed using SPSS Statistics version 25 (Chicago, IL, USA). Normality of variables
was assessed using Kolmogorov–Smirnov and Shapiro–Wilk tests. For normally distributed
continuous variables, independent samples t-tests were utilized, with results expressed
as mean and standard deviation. Mann–Whitney tests were employed for continuous
data not following a normal distribution, and results were presented as median and
interquartile range (IQR). Discrete variables were presented as frequency and percentage
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and analyzed using the Chi-square test or Fisher’s test when applicable. Odds ratios (OR)
with 95% confidence intervals were calculated. All statistical analyses were two-tailed,
and significance was set at p < 0.05. The OT diagnostic yield analysis was performed
using logistic regression models, and the results were represented by receiver operating
characteristic (ROC) curves by calculating the area under the curve (AUC). The DeLong
method was employed to compare these curves [14]. Optimal cut-off values for maximal
diagnostic accuracy of each analytical parameter were determined using the Youden index
with this formula “sensitivity + specificity − 1” [15].

3. Results

A total of 110 patients were included, with a median age at diagnosis of 11.5 years
(IQR 8.2–13.6 years), and a median weight of 43 kg (24.5–53.2). In 75 patients, OT was
observed during diagnostic laparoscopy (OT group), and in the remaining 35, no OT was
observed (non-OT group). Patients in the OT group had a median age of 10.9 years, which
was significantly lower than those in the non-OT group (median 12.1 years; p < 0.001),
although no differences in menstruation status were observed, most of them being in the
premenarcheal stage.

Regarding associated symptoms, abdominal pain was the form of presentation in 70%
of both groups. Nausea or vomiting was more frequent in the OT group (74% of patients),
compared to only 42% in the non-OT group (p < 0.001). Hyperthermia, on the other hand,
was more frequent in the non-OT group. Time from symptoms onset to ED consultation
was also higher in the non-OT group (median 18 h) compared to 12 h in the OT-group
(p = 0.029). About 20% of patients in both groups had previous episodes. Table 1 shows the
demographic and clinical features in both groups.

Table 1. Demographic and clinical features in both groups.

Group OT
(n = 75)

Group Non-OT
(n = 35) p-Value OR (95%CI)

Age (years); median (IQR) 10.9 (7.3–13.2) 12.1 (11.2–13.7) <0.001 -

Weight (kg); mean (SD) 35.9 (12.1) 49.4 (16.1) <0.001 -

Menstruation status; n (%)

• Premenarchal
• Postmenarchal

54 (72) 23 (65.7)

0.449 1.34 (0.56–3.17)
21 (28) 12 (34.3)

Clinical features; n (%)

• Abdominal pain
• Vomiting
• Diarrhea
• Constipation
• Fever
• Dysuria
• Anorexia

59 (78.7) 25 (71.4) 0.405 1.47 (0.58–3.69)
56 (74.7) 15 (42.9) 0.001 3.92 (1.68–9.18)

2 (2.7) 1 (2.9) 0.577 0.93 (0.08–10.63)
10 (13.3) 5 (14.3) 0.892 0.92 (0.29–2.94)

4 (5.3) 6 (17.1) 0.046 0.27 (0.07–1.03)
5 (6.7) 5 (14.3) 0.195 0.42 (0.12–1.59)

7 (9.3) 5 (14.3) 0.438 0.62 (0.18–2.10)

Time since symptoms onset
(hours); median (IQR) 12 (4–48) 18 (7–72) 0.029 -

Previous episodes; n (%) 15 (20) 6 (17.1) 0.722 1.21 (0.42–3.44)

95% CI, 95% Confidence Interval; OR, odds ratio; IQR, interquartile range; SD standard deviation.

Concerning ultrasound features (Table 2), the right side was the most affected in
both groups. More than half of the lesions had cystic characteristics, followed by mixed
lesions. Solid lesions were found in 10–14% of patients, with no differences between the
two groups. Patients in the OT group had a higher ovarian volume affected and a higher
affected/healthy ovarian volume ratio when compared to those in the non-OT group. In
more than 90% of cases, no ovarian Doppler flow was identified. The presence of free
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fluid in the pelvis was observed in more than half of the patients in both groups, with no
differences between them.

Table 2. Preoperative ultrasound characteristics in both groups.

OT Group
(n = 75)

Non-OT Group
(n = 35) p-Value

Affected side; n(%)

• Right
• Left

45 (60)
30 (40)

29 (82.9)
6 (17.1) 0.017

Adnexal mass; n(%)

• Cystic
• Solid
• Mixed

38 (50.7)
8 (10.7)

29 (38.7)

23 (65.7)
5 (14.3)
7 (20.0)

0.064

Ovarian volumen (ml); median (IQR) 63 (42–97) 51 (34–78) 0.013

Ovarian volumen ratio; median (IQR) 2.8 (2.1–3.5) 1.9 (1.5–2.4) 0.021

Absence of Doppler flow; n(%) 72 (96) 32 (91.4) 0.325

Pelvic free fluid; n(%) 40 (53.3) 22 (62.9) 0.348
IQR, interquartile range.

In relation to laboratory data, patients in the OT group presented elevated values of
leukocytes, neutrophils, NLR, PLR, SIRI, and SII (all p < 0.001). There were no differences
in monocyte counts, nor in biochemical parameters such as CRP, glucose, fibrinogen, or
ionogram. There were also no differences in tumor markers between the two groups. A
summary of the laboratory findings is provided in Table 3.

Finally, the statistically significant quantitative variables in the univariate analysis
were represented by ROC curves (Figure 1, Table 4). NLR was the parameter with the
highest AUC (0.918), followed by SII (0.895), WBC (0.874), and SIRI (0.824). The cut-off
point of NLR = 2.57 was the one with the highest sensitivity (92.4%) and specificity (90.1%).
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Table 3. Laboratory variables collected in both groups.

OT Group
(n = 75)

Non-OT Group
(n = 35) p-Value

Leukocytes (×109/L) 10.8 (8.6–13.4) 7.84 (5.73–10.2) <0.001

Neutrophils (×109/L) 8.58 (6.34–13.22) 3.48 (2.81–6.04) <0.001

Lymphocytes (×109/L) 1.64 (1.34–1.99) 2.59 (1.84–3.62) <0.001

Monocytes (×109/L) 0.43 (0.34–0.76) 0.44 (0.32–0.61) 0.942

Platelets (×109/L) 289 (243–329) 295 (240–355) 0.785

NLR 4.6 (3.1–7.9) 1.58 (1.02–2.07) <0.001

PLR 174.4 (126.8–278.4) 185.7 (99.1–295) <0.001

SIRI (×109/L) 2.2 (1.1–3.9) 0.6 (0.4–1.2) <0.001

SII (×109/L) 1385 (796–2542) 391 (265–673) <0.001

CRP (mg/L) 2.9 (1.5–4.1) 0.9 (0.5–3.5) 0.145

Glucose (mg/dL) 100 (84–114) 98 (83–101) 0.352

Fibrinogen (mg/dL) 337 (255–427) 286 (257–402) 0.589

Ionogram

• Na+
• K+
• Cl−

138 (136–140)
4 (3.7–4.4)

105 (103–106)

138 (136–140)
3.9 (3.8–4.2)

106 (105–108)

0.863
0.599
0.242

Tumour markers

• hCG
• AFP
• CA 125
• CA 19-9
• CA 15-3
• CEA

1.2 (0.2–2) 2 (1.2–2) 0.089
1.7 (1.3–3.2) 1.8 (1.3–10.5) 0.415

23.7 (15.9–44.7) 14.8 (11.4–26.4) 0.072
17.7 (9.7–26.0) 16.9 (12.1–35.5) 0.949
10.4 (9.4–19.8) 10.4 (8.7–15.3) 0.853

1.0 (0.5–1.2) 0.5 (0.5–4) 0.600

NLR, Neutrophil-to-Lymphocyte Ratio; PLR, Platelet-to-Lymphocyte Ratio; SIRI, Systemic Inflammation Response
Index; SII, Systemic Immune-Inflammation Index; hCG, human chorionic gonadotropin; AFP, alpha-fetoprotein;
CA 125, cancer antigen 125; CA 19-9, cancer antigen 19-9; CA 15-3, cancer antigen 15-3; CEA, carcinoembry-
onic antigen.

Table 4. Area under the curve (AUC) values, cut-off point, sensitivity, and specificity for OT intraop-
erative finding.

AUC Cut-Off Point Sensibility Specificity p Value

NLR 0.918 2.57 92.4 90.1 <0.001

SII (×109/L) 0.895 717.8 88.9 81.8 <0.001

WBC (×109/L) 0.872 9,235 84.4 81.8 <0.001

SIRI (×109/L) 0.824 1.25 75.6 81.8 <0.001

OV (mL) 0.797 58 77.4 75.1 0.025

OVR 0.794 2.3 77.8 72.7 0.012

PLR 0.739 157 73.8 78.2 0.002

TSSO (min) 0.588 296 68.1 79.3 0.245
NLR, Neutrophil-to-Lymphocyte Ratio; SII, Systemic Immune-Inflammation Index; WBC, white blood cells; SIRI,
Systemic Inflammation Response Index; OV, ovarian volumen; OVR, ovarian volumen ratio; PLR, Platelet-to-
Lymphocyte Ratio; TSSO, time since symptoms onset.

4. Discussion

This study analyzes different clinical, radiological, and laboratory factors as predictors
of ovarian torsion in children. Although clinical symptoms and ultrasound data provide
the basis for a diagnosis of suspicion, the NLR has the strongest predictive ability for
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ovarian torsion in infants. Diagnosis complexity in these patients can cause delays in
optimal treatment, and therefore seeking potential predictive biomarkers is important for
the prognosis of this disease.

The incidence of ovarian torsion is estimated to be between 0.5 and 2 cases per
10,000 patients, representing approximately 2% to 3% of all visits for abdominal pain in
EDs [1,16]. Symptoms can also be very vague and may range from mild to severe pelvic
or abdominal pain, nausea, vomiting, or fever, and can even mimic other etiologies of
abdominal pain, including acute appendicitis, mesenteric adenitis, constipation, functional
ovarian cysts, renal colic, pyelonephritis, and even colitis [17,18]. In postmenarcheal cases,
a possible ectopic pregnancy should also be considered [19]. Furthermore, in the pediatric
population, reproductive organs lie high in the abdomen and may be difficult to evaluate
on physical examination, which may additionally complicate reaching an appropriate
diagnosis [20,21]. Abdominal pain is the most common presentation, which was present in
more than 70% of patients in both groups. Vomiting and/or nausea are the most common
accompanying complaints [4]. In our study, we found that the presence of vomiting was
more frequently associated with OT, which may be secondary to the parasympathetic
reaction induced by ischemia. In contrast, we observed that hyperthermia was more
frequent in patients without OT, more related to abdominal or pelvic infectious causes.

A prolonged interval between the onset of pain and the diagnosis of torsion correlates
with a decreased rate of ovarian salvage [16]. However, it is difficult to influence the
duration between the first symptoms and consultation in the ED. In our study, patients
in the OT group had a shorter time from symptom onset to ED consultation than girls
in the non-OT group. The ischemia maintained during the time in the OT may explain
that the pain is less bearable in these cases, and that is why the time to go to the ED is
shorter. Although ovarian torsion is more common in the postmenarcheal girls due to the
increased prevalence of ovarian cysts in these patients, it can also be found in premenarcheal
children [22]. Other common acute adnexal pathologies such as simple ovarian cysts with
or without rupture are more frequent during menstruation and may be confused with
an OT. This may justify the findings found in our study, where the majority of girls in
the non-OT group were postmenarcheal, unlike those in the OT group, and consequently,
ovarian torsion may still remain a potential diagnosis in both pre- and postmenarcheal
girls. The association of vomiting, shorter time from symptom onset and premenarcheal
age have been identified by other authors as clinical predictors of OT in girls [23]. However,
these studies do not include ultrasound data or inflammatory laboratory parameters.

Ultrasonography is the preferred imaging modality when ovarian pathology is clini-
cally suspected. Signs such as increased ovarian size, the presence of a complex mass, and
free fluid can indicate adnexal torsion [5]. However, the ultrasound appearance of ovarian
torsion varies depending on factors like the duration and extent of torsion, whether it is
complete or incomplete, and the presence or absence of an ovarian mass. Color Doppler
sonography has emerged as a potential tool for identifying interruptions in ovarian blood
flow in recent years [24,25]. Yet, it is essential to recognize that the presence of vascular
flow on Doppler studies does not conclusively exclude torsion, nor does the flow absence
confirm OT. Shadinger et al. found arterial flow in 54% and venous flow in 33% of patients
with pathologically proven OT [5]. In our study, we found significantly higher ovarian
volume and ovarian volume ratio in patients with OT, with no differences in the rates of
absence of Doppler flow or pelvic free fluid. We also observed a predominant occurrence
of torsion on the right side in both groups, similar to previous studies [26–28]. This might
be attributed to the presence of the sigmoid colon in the left iliac fossa, which reduces the
mobility of the tubal structure and consequently lowers the risk of left adnexal torsion.

Some laboratory data have been tested to predict OT, although several authors found
them unhelpful in the diagnostic process [29,30]. CRP levels rise in response to inflam-
mation and tissue necrosis several hours after torsion, making it of little use for early
diagnosis [31]. In addition, alternating CRP concentrations during the menstrual cycle have
been reported, although they are not usually as high as that encountered in ovarian torsion,
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but this could potentially make interpretation difficult [31]. In OT, tissue ischemia initiates
systemic inflammation that can be quantified in peripheral blood. In adults, markers such
as interleukin-6, interleukin-8, tumor necrosis factor-α, and E-selectin have been proposed,
but low availability and high cost make their use in clinical practice complicated [31]. In
contrast, white blood cell data reflect systemic inflammation, being universally available,
quickly analyzed, and cost effective. In this context, the usefulness of NLR as a diagnostic
marker of OT has been described, mainly in adult women [11,32]. However, there is scarce
experience in pediatric patients. Nissen et al. analyzed laboratory data from 18 girls with
OT and 58 controls with ovarian pathology other than torsion and observed that NLR
and PLR allowed differentiation between the two cohorts [12]. Nonetheless, they did not
include ultrasound data in the analysis, so our present study represents a novelty in this
aspect. Furthermore, our study is the first to analyze different inflammatory indices (NLR,
PLR, SIRI, SII), which are easily calculated from blood count data, and also compares
them with clinical and ultrasound data, similar to what occurs in clinical practice. The
results obtained demonstrate that the NLR is the most sensitive and specific predictor
for the diagnosis of OT in girls. On the one hand, it is a more objective parameter than
clinical data such as time from symptom onset, which is sometimes not very accurate
since the presentation sometimes begins with progressive pain. In addition, it avoids the
explorer-dependent variability of radiological tests such as ultrasound.

Inflammatory response secondary to ovarian ischemia results in neutrophilia due to
chemotaxis and increased release of these cells from the bone marrow to the peripheral
blood, which is combined with lymphopenia induced by elevated levels of endogenous
cortisol due to ischemia [33]. All this leads to an elevation of the NLR by two combined
pathways. This may explain the higher AUC with respect to other inflammatory indices
such as PLR, SIRI, or SII that involves monocytes or platelets, as NLR translates the com-
bined cellular response of neutrophilia and lymphopenia. These observations may extend
beyond female reproductive organs, as the role of NLR as a predictor of testicular torsion in
adolescents has also been recently described [7]. Other authors have described the useful-
ness of NLR for the differentiation of ruptured ovarian cysts and adnexal torsion, although
no analysis of additional inflammatory indices has been performed [34]. Tayyar et al. re-
ported a marked reduction of platelets in patients with OT with comparably unaltered
lymphocyte counts, which conditioned a low predictive capacity of the PLR, consistent
with the results obtained in our study [35]. In summary, the main advantage of NLR is that
it incorporates the informative aspects of two variables representing contrasting immune
pathways through the leukocyte subtype ratio, which provides a more accurate depiction
of the overall impact of alterations in ovarian torsion. NLR demonstrated superior discrim-
inatory power compared to leukocytes, neutrophils, PLR, SIRI, and SII, as evidenced by
higher AUC values in ROC curves analysis.

The main strength of this study is the inclusion of clinical, ultrasound, and laboratory
data, which allows ovarian torsion to be analyzed from a holistic perspective, which consti-
tutes a novelty in this aspect. This translates into high applicability, as it includes the same
parameters that are used in routine clinical practice in this type of patient. This translates
into the need for urgent diagnostic laparoscopy in cases with NLR values are above 2.57,
avoiding delays in the management of these patients, while in cases with low inflammatory
parameters, initial conservative management can be considered, with subsequent clinical,
ultrasound, and analytical reevaluation. However, our study has limitations that should be
taken into account. The retrospective design is the main limitation, since it only allows us
to analyze the data previously collected in the medical record. In addition, the absence of
similar studies in pediatric patients makes it difficult to compare the results obtained. The
sample size is also limited, despite the multicenter participation, due to the relatively low
incidence of this pathology. Therefore, caution should be adopted when extrapolating or
generalizing these results. Prospective studies are required to validate these findings.
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5. Conclusions

NLR can be considered as a useful predictor of pediatric OT in cases with clinical and
ultrasound suspicion. Values above 2.57 may help to anticipate urgent surgical treatment
in these patients, avoiding delays in surgical care in these cases. In patients with low
inflammatory values, an initial conservative management can be considered, with clinical,
ultrasound, and analytical reevaluation. However, prospective studies are required to
validate these findings.
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Abstract: Introduction: Cervical cancer is the fourth most common cancer in women, the highest
mortality being found in low- and middle-income countries. Abdominal parietal metastases in
cervical cancer are a very rare entity, with an incidence of 0.1–1.3%, and represent an unfavorable
prognostic factor with the survival rate falling to 17%. Here, we present a review of cases of
abdominal parietal metastasis in recent decades, including a new case of a 4.5 cm abdominal parietal
metastasis at the site of the scar of the former drain tube 28 months after diagnosis of stage IIB
cervical cancer (adenosquamous carcinoma), treated by external radiotherapy with concurrent
chemotherapy and intracavitary brachytherapy and subsequent surgery (type B radical hysterectomy).
The tumor was resected within oncological limits with the histopathological result of adenosquamous
carcinoma. The case study highlights the importance of early detection and appropriate treatment
of metastases in patients with cervical cancer. The discussion explores the potential pathways
for parietal metastasis and the impact of incomplete surgical procedures on the development of
metastases. The conclusion emphasizes the poor prognosis associated with this type of metastasis
in cervical cancer patients and the potential benefits of surgical resection associated with systemic
therapy in improving survival rates.

Keywords: parietal; metastasis; cervical cancer; HPV; hysterectomy; radiotherapy; lymph node

1. Introduction

Cervical cancer is the fourth most frequent cancer in women worldwide, with about
604,000 new cases and 342,000 deaths reported in 2020 [1]. Almost 90% of cases take
place in low- and middle-income countries [2]. The most prevalent cause is chronic
infection with human papillomavirus (HPV) [3], favored by a series of additional risk
factors such as a weaker immune system caused by coinfection with HIV/AIDS [4,5],
obesity [6], smoking [7], multiple sexual partners, multiparity [8], and a diet poor in fruits
and vegetables [9]. Also, some studies have shown that women with a first-degree relative
who has had cervical cancer may have a higher risk of developing the disease themselves [10].

The treatment options for this type of cancer vary depending on its stage, established
by the International Federation of Gynecology and Obstetrics (FIGO). In the early stages
(IA1, IA2), the patient can opt for fertility preservation methods such as cervical coniza-
tion or radical trachelectomy, or, if fertility preservation is not desired, an extrafascial
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hysterectomy can be performed (also known as hysterectomy type A according to the
Querleu–Morrow classification) for stage IA1 or a modified radical hysterectomy (hysterec-
tomy type B) for stage IA2. For stages IB1, IB2, and IIA1, in which the tumor does not
exceed 4 cm in diameter and is limited to the cervix, the recommended intervention is a
radical hysterectomy type C with pelvic lymphadenectomy [11].

For stages IB3 and IIA2, external radiotherapy combined with concurrent platinum-
based chemotherapy followed by intracavitary brachytherapy is recommended. Another
alternative is external pelvic radiotherapy associated with concurrent chemotherapy and
brachytherapy followed by a complementary radical hysterectomy (type C), but only for
certain selected cases. Starting with stage IIB, the NCCN recommends concurrent chemora-
diotherapy with the possibility of additional external beam irradiation with 5–10 Gy in
case of parametrial invasion, as well as irradiation of the para-aortic lymph nodes [11].

The local guideline of the Bucharest Oncological Institute follows the ESGO/ESTRO/
ESP [12] and NCCN treatment guidelines but also provides an alternative treatment option
for selected cases of patients with stages considered locoregionally advanced (Stages
IIB, III, and IVA) but nonmetastatic. In these cases, our guideline recommends that the
concurrent radio-chemotherapy be followed, after an interval of 6–8 weeks, by open
radical surgery [13].

The abdominal wall is a complex structure consisting of connective tissue, muscle,
fat, and skin. Parietal metastases from internal malignancies range in frequency from
1–4.6% [14], a number that is even lower when it comes to cervical cancer—0.1 to 1.3% [15].

Parietal metastases can involve the skin and can invade conjunctive tissue, and muscles
typically appear near metastatic lymph nodes, surgical scars, such as laparoscopic port
sites [16], or the umbilicus [17]. They are often a late indicator of the disease, although
occasionally they might be the first indication of internal cancers like lung, renal, and
ovarian cancers [17]. The most common initial tumors that present parietal metastasis are
the breast and ovaries in women and the lung and colon in men [18].

Parietal metastases are divided into two main categories based on the location of
the lesion and the past surgical history of the patients: Sister (Mary) Joseph Nodules
(SJNs), which are metastatic umbilical tumors [19], and non-SJN skin metastases. SJNs
usually develop in patients with gastrointestinal and gynecological cancers [20]. However,
umbilical metastases that appear as a port-site recurrence following laparoscopic surgery
are not included in the SJNs group. Also, in individuals with peritoneal dissemination,
an SJN may appear as the initial presentation of a tumor or as a marker of recurrence [21].
Although chemotherapy can resolve peritoneal dissemination, an SJN may still arise even
in the absence of other concomitant peritoneal recurrences [22]. Furthermore, patients with
severe involvement of the superficial lymph nodes, such as the axillary and inguinal nodes,
may develop SJNs [23].

Based on previous medical treatments or situations, non-SJN parietal metastases
can be further classified into three major patterns such as parietal metastasis following
surgery, injury, or the presence of lymphadenopathy. After surgery, parietal metastases
frequently appear at the location of the incisions following surgery for gynecological and
gastrointestinal malignancies and it is claimed that about 1–2% of patients who have
undergone laparoscopic surgery for malignant illness have port-site recurrences [24].

Non-SJN metastasis following injury can appear even when the location of a traumatic
injury is far from the source of the primary tumor. The literature describes a few such
cases: skin metastases occurred at the injection site in a patient with advanced prostate
cancer receiving subcutaneous goserelin treatment [25]; also, a patient with colon cancer
developed skin metastases at the site of the inflammatory reaction to skin test antigen
(Dinitrochlorobenzene) [26]. Last, but not least, a patient with laryngeal cancer who
did not have lymph node metastases experienced the development of many superficial
nodules encircling the region that previously had the body spica cast applied on from an
earlier incident [27].
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Finally, skin metastases may appear in the region of the metastatic superficial lym-
phadenopathy. In some cases, patients with breast cancer experienced skin metastases in
the chest wall after axillary node metastases [28]. In patients with prostate cancer, inguinal
node metastasis was followed by skin metastases in the lower abdomen, scrotum, and
penis [29]. Moreover, in patients with cervical cancer, skin metastases to the vulva, upper
thigh, and lower abdomen appeared after inguinal node metastasis [30,31].

During surgical intervention, certain steps must be taken to prevent the dissemination
of tumor cells, such as clamping fallopian tubes at the start of the surgery, washing the
abdominal cavity with sodium chloride 0.9% at the end of the operation, and obtaining all
lymph nodes and lymphadenectomy specimens without lymph node fragmentation [32]. In
Figure 1, there is a brief description of the main pathways of dissemination of tumor cells.
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Figure 1. Schematic description of tumor dissemination pathways.

Here, we also present a rare case of abdominal parietal metastasis that occurred
28 months after treatment for stage IIB cervical carcinoma and a review of other similar
cases. Informed consent for the research and publication of the data was obtained from the
patient according to the Declaration of Helsinki, revised in 2000 in Edinburgh.

2. Case Description

A 47-year-old patient was admitted to the Department of Oncological Surgery of the
Bucharest Oncological Institute in November 2019 for vaginal bleeding and leucorrhea
and was diagnosed with stage IIB adenosquamous carcinoma. From her medical history,
we found that she was nulliparous and had frequent episodes of depression that have
intensified in the last 3 years, for which she did not take medication.

A multidisciplinary committee consisting of a surgeon, an oncologist, and a radiothera-
pist was convened, who decided to perform radiotherapy with concurrent chemotherapy as
the first step of treatment. Six weeks after the neoadjuvant treatment was completed, only if
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the patient had a good response, meaning that the tumor had significantly decreased in size
or had completely disappeared, radical hysterectomy type C with pelvic lymphadenectomy
was recommended.

The patient was directed to the radiotherapy department to perform neoadjuvant
radiotherapy with concurrent chemotherapy. The preirradiation CT examinations revealed:
an enlarged uterus of 11/7.5 cm, a tumorous cervix of 7/3.5 cm with fine irregular external
contour especially on the left lateral circumference, and apparent left parametrial invasion.
Some small infracentimetric inguinal and external iliac adenopathies were also described.
Twenty-five sessions of external radiotherapy with a total dose of 50 Gray (Gy) and five
sessions of concurrent chemotherapy (Cisplatin) (until February 2020) were performed,
followed by three sessions of endocavitary brachytherapy (until March 2020).

At the imaging examinations after the completion of radiotherapy treatment (April 2020),
the patient showed a favorable response with a decrease in the size of the uterus and the
complete disappearance of the cervical tumor, leaving an area of 9 mm of fibrous tissue at
the site of the former tumor. Small bilateral external iliac and inguinal lymph nodes were
still present. However, the PET-CT examination did not reveal any metabolically active
lesions with an oncological substrate.

Although the internal guide recommends that the operation should be performed
6 weeks after the end of the neoadjuvant treatment, it was performed after 12 weeks because
of the patient’s hesitation, in August 2020. Intraoperatively, a uterus of quasinormal size
was visualized, with the bladder intimately adherent to the cervix, (as shown in Figure 2),
with slight retraction of the parameter and the left paracolpium. At the level of both
ilio-obturator fossae, a fibroinflammatory remodeling process was observed, probably
postradiation, without palpable adenopathies.
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Figure 2. Intraoperative view during radical hysterectomy. The cervix is adherent to the urinary
bladder. U—uterus; UB—urinary bladder (image from video archive of Bucharest Oncological
Institute, personal collection of Dr. Marincas, ).

A radical hysterectomy type B2 according to the Querleu–Morrow Classification
(classical “modified” radical hysterectomy) was performed, consisting of excision of the
uterus and both adnexa, with the lateral mobilization of the ureter and resection of the
nodes of the lateral part of the paracervix with a vaginal cuff of 10 mm. The resection
margin was free of tumor cells. Radical lymphadenectomy could not be performed due
to fibrotic changes developed postirradiation, but we managed to take biopsies from both
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ilio-obturator lymph node tissue. To prevent tumor dissemination, both fallopian tubes
were clamped at the beginning of the operation, the pelvic cavity was washed at the end,
and the sampling of lymph nodes was performed without lymph node fragmentation. At
the histopathological examination of the resection piece, no residual tumor was identified
at the level of the cervix.

Postoperative, the clinical evolution was favorable and the patient was discharged after
five days. No immediate complications were noted. A periodic check-up, including clinical
examinations, vaginal swab cytology, and CT and MRI examinations was performed.

Until December 2022, no signs of locoregional tumor recurrence, distant metastasis, or
abdominopelvic tumoral adenopathy were detected. However, in March 2023, 28 months
after surgery, the patient presented in the clinic complaining of slight pain in the right iliac
fossa and the appearance of a 4 cm palpable tumor in the same place, with skin retraction
and erythema, a hard consistency, being fixed to the muscle plane, and also painful when
the right abdominal muscle was contracted.

An abdominopelvic CT scan revealed a 37/28 mm tumor in the right iliac fossa in the
full thickness of the abdominal wall (Figure 3). Also, there were numerous pelvic lymph
nodes in the left ilio-obturator fossa with a tendency to form adenopathic blocks (Figure 4).
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The multidisciplinary committee decided that surgery should be the next step of
treatment due to the benefits it can bring on the histological result and also through
the removal of the painful right iliac fossa tumor. Intraoperative findings included a
4.5 cm parietal tumor, corresponding to the scar of the former abdominal drain tube at
the level of the right iliac fossa, with the great omentum adhering to it, without any other
intraperitoneal metastases. We also found a left iliac adenopathic tumor block surrounding
the left external iliac vein (Figure 5), which was biopsied, as it could not be completely
resected due to the vascular risks involved. A pelvic drain tube was placed at this level as
shown in Figure 5.
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Figure 5. Intraoperative view. The left adenopathic block surrounds the external iliac artery (EIA).
SI—small intestine (image from video archive of Bucharest Oncological Institute, personal collection
of Dr. Marincas, ).

Unfortunately, relevant pre-excisional images of the parietal tumor could not be taken
as it crossed the entire abdominal wall with a small area of skin retraction and intense
adhesions to the omentum. Excision of the parietal tumor was performed with 1 cm safety
margins around and the abdominal wall was reconstructed using a textile Dual Mesh
prosthesis. Below in Figure 6, we present the parietal defect left after tumor excision.
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Figure 6. Intraoperative view. The dual mesh prosthesis, with the small intestine below (image from
video archive of Bucharest Oncological Institute, personal collection of Dr. Marincas, ).

The intraoperative histopathological result of the parietal tumor was an adenosqua-
mous carcinoma with areas of ossification. The left iliac adenopathic block shared the same
histopathological result. Figure 7 below shows various sections of the parietal tumor in
different magnifications.

The postoperative recovery was favorable again with the drainage tube suppressed
on the third day after surgical intervention. The patient was discharged home six days
later in good general condition, with the wound healing. However, when she returned at
30 days for re-evaluation taking into account the final histological result of adenosquamous
carcinoma metastasis, the multidisciplinary committee recommended the continuation of
the chemotherapy treatment, an option that the patient firmly refused.

After another 36 days, she presented to the emergency room asthenic, underweight,
and complaining of moderate joint and bone pain. The next day, unfortunately, the patient
requested to be discharged for personal reasons before any further evaluation. In the
following week, we tried several times to contact her by phone but without success. After
ten days from discharge, we found out that she died at home.
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3. Discussion

Parietal abdominal metastases in cervical cancer are very rare with less than 20 cases
reported in recent decades. Implementing HPV vaccines for females and males, early
detection of cervical dysplasia including the Pap smear, liquid-based cytology, and high-risk
HPV identification test has been shown to reduce the incidence and mortality of cervical
cancer in the United States of America [33,34].

A way to avoid the reluctance of patients to screening through classical methods
(cervical cytology) can be the wide spread of self-testing devices for HPV detection [35].
Also, the education of patients regarding the risks and benefits of screening methods is
deficient. Moreover, genital diseases are often seen as shameful topics for discussion so
the stages of presentation are usually advanced, and associated with symptoms such as
vaginal bleeding, vaginal pain, or abnormal vaginal discharge.

Table 1 presents a summary report of some of the most representative cases of ab-
dominal parietal metastasis. We can observe that the most frequent places of occurrence
of metastases are the pelvis, chest, and lower limbs. Also, the stages usually associated
with skin metastases are IIB and above, and, in most cases, they involve multiple areas of
the body.

Table 1. Summary of reported cases of cervical cancer with abdominal parietal metastasis.

No Author Age Neoadjuvant
Therapy Surgery Stage of

Disease
Time of
Recurrence
(Months)

Location of
Metastasis

Survival after
Metastasis
(Months)

1 Agrawal et al. [36] 66 Yes No IVA 2 Pelvis 6
2 Basu et al. [37] 60 Yes Yes IIA 12 Pelvis, lower thigh 7
3 Benoulaid et al. [38] 63 Yes No IIIB 6 Chest, Pelvis 2
4 Malfetano et al. [39] 59 Yes No IIIB 1 Pelvis 1
5 Malfetano et al. [39] 58 Yes Yes IB 60 Pelvis 1
6 Katiyar et al. [40] 60 Yes No IIA 86 Pelvis, back, thigh 1

In addition, as expected, the more advanced the stage of the disease, the shorter the
period of occurrence of metastases, with a period of 1–2 months in stage IIIB. The prognosis
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is very poor, with a survival period of 1 and 7 months at most after the appearance of
metastases, with an overall 5-year survival of 17% [41].

We also discussed the case of a 47-year-old patient who initially presented with
vaginal bleeding and leucorrhea. These are usually the most common symptoms when
it comes to genital neoplasia [42]. The result of the patient’s cervical biopsy was cervical
adenosquamous carcinoma. This histological type is quite rare, with an incidence of only
5–10% of the total number of cases, and it is also associated with a poorer response to
neoadjuvant treatment [43]. According to some studies, the response of this histological
type is only 55–60%, so after neoadjuvant treatment, 45% of patients will still have residual
tumor cells at the level of the cervix [44].

This case, in particular, emphasizes the importance of pelvic lymphadenectomy in
assessing the lymph node status in patients with cervical cancer. Lymph nodes can act
as a potential reservoir of tumor cells even after neoadjuvant treatment. It also shows
the importance of the time recommended by the local guidelines (six weeks after the
nonadjuvant treatment) in order to avoid post-irradiation fibrosis, which may limit the
optimal extent of surgical intervention.

The imaging examinations before neoadjuvant treatment showed a cervical tumor
with a diameter greater than 4 cm with an apparent invasion of the left parameter without
reaching the pelvic wall, which is consistent with stage IIB. The reported 5-year survival
rate at this stage is 63.9% [45].

The Guide of the Oncological Institute of Bucharest follows the ESGO/ESTRO/ESP [12]
and NCCN treatment guidelines but also maintains a treatment alternative for locoregion-
ally advanced (IIB, III, IVA) but nonmetastatic cervical cancers. This is represented by the
performing of open surgical intervention six weeks after the completion of neoadjuvant
treatment (radio-chemotherapy), consisting of radical hysterectomy type C whenever pos-
sible [13]. In this case, the entire neoadjuvant treatment scheme (radio-chemotherapy and
brachytherapy) was carried out according to international guidelines. However, due to
the patient’s hesitation and other personal issues, the surgical intervention was performed
12 weeks after neoadjuvant treatment. Due to post-radiation sclero-inflammatory changes,
only a type B hysterectomy was performed (the uterus and both ovaries were excised
with lateral mobilization of the ureter and resection of the nodes of the lateral part of the
paracervix, with a vaginal cuff of 10 mm).

The impossibility of performing the surgical intervention in its entirety due to po-
stirradiation fibrosis is a relatively common adverse reaction; according to some studies,
grade 1 and 2 perivaginal fibrosis and stenosis are found in 21.7% of patients with EBRT
(external beam radiotherapy) [46]. In this case, the surgery was limited to lymph node sam-
pling with the excision of only three or four lymph nodes on each side, which is considered
insufficient to reflect the real state of lymph node invasion. This can represent a negative
prognostic factor since the sampling of at least 10 pelvic lymph nodes can help to better
stage the disease [47].

As suggested by the imaging investigations after neoadjuvant treatment and later by
intraoperative anatomopathological examination, no residual tumor could be identified,
which means that the patient had a complete therapeutic response. However, given the
fact that the patient presented perivaginal fibrosis that did not allow the resection of the
upper third of the vagina and the impossibility of performing pelvic lymphadenectomy,
although there was no more tumor tissue, we can consider that the absolute radicality of
the intervention was not reached [48].

The patient was in perfect health without any signs of recurrences for almost two and
a half years of follow-up but after she presented directly with a parietal mass localized
in the right iliac fossa, the imaging investigations also described a left iliac adenopathic
block. According to some studies, this is the typical period of tumor recurrence, local or
metastatic, which occurs between the second and third year post-treatment [49]. On the
other hand, it is a very rare situation for metastasis to appear firstly subcutaneously, in
cervical cancer the prevalence being between 0.1–1.3% [15].
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Usually, there are two phases in the process of parietal metastasis: the first is the
dissemination of the tumor cells to the abdominal wall and the second is the growth of
the tumor cells at the new location, which is favored by inflammation, wound healing,
and the presence of adipose tissue. Some studies show that tumor cells exploit the healing
mechanisms of surgical wounds or other injuries [50]. Mesenchymal, epithelial, endothelial,
and immune cells interact through cytokines and growth factors for tissue restoration but
tumor cells use these stimuli for their own proliferation [51]. Another factor is the presence
of adipose tissue. Some studies claim that around metastases, adipocytes are smaller in
size and have a lower lipid content; the tumoral cells use them as a source of energy [52,53].
This fact can explain the rapid progression of metastases for our patient in just 3 months
after the periodical check-up, with the abdominal wall having a well represented adipose
tissue. In addition, because the tumor was on the site of the old drain tube, it can be argued
that the healing mechanism after the drain tube was removed also enabled the recurrence.

Another aspect that has to be discussed is that, in some cases, young patients who
want to avoid the unwanted side effects of irradiation on the ovaries and those of early
menopause induced by treatment can opt for ovarian transposition intervention, which
involves preserving ovarian function by repositioning the ovaries out of the field of radi-
ation. This intervention is generally performed laparoscopically. However, laparoscopic
interventions, especially in advanced locoregional stages (IIB and above) have increased
risks of tumor cell dissemination [54]. We did not opt for this therapeutic strategy in our
patient because she understood all the risks and benefits and accepted radio-chemotherapy
as the first treatment.

However, the fact that, after the recurrence of the disease, the patient refused the
chemotherapy treatment can be attributed, in part, to the depression that she has had
since she was first diagnosed with cervical cancer, with the worsening of symptoms in the
last period. According to the latest studies, the prevalence of depression in patients with
cervical cancer who received neoadjuvant treatment is 72%, this relation varying according
to the quality of life and marital relations [55]. Depressed patients may have problems in
compliance with treatment and also it can influence their general clinical condition and
quality of life [56].

We believe it is of great importance to provide cancer patients with a variety of
resources for multidisciplinary care, such as the aid of psychosocial services during and
after the completion of cancer treatment [57]. According to some studies, cancer patients
have stated that they generally tend to get oncology-related information or psychological
support on their own, rather than from medical staff, after treatment is completed [58].
Therefore, the medical teams should provide more comprehensive post-treatment care
through referrals to appropriate psychosocial services.

4. Conclusions

Surgery after neoadjuvant treatment for patients with advanced locoregional non-
metastatic cervical cancer (stages IB3–IIB) is practiced in some countries in Eastern Europe
with a high incidence of this type of cancer. In our Oncological Surgery Department, an
open Type C radical hysterectomy is recommended six weeks after the neoadjuvant treat-
ment if the patient has a complete response to the treatment and good physiological status.
However, the fibroinflammatory changes after neoadjuvant treatment can represent an
impediment to the radicality of the surgical intervention. Also, a fact of utmost importance,
but also limited by the fibrous and inflammatory changes, is the proper evaluation of the
lymph node status as they can represent a reservoir for tumor cells and, therefore, the
starting point for subsequent dissemination.

Parietal metastases are a very rare entity, especially for gynecological cancers such
as cervical cancer. The occurrence of metastasis is also related to the histological type
of cancer, some types being more aggressive than others. In the case of our patient,
adenosquamous carcinoma, although not so common, is associated with a poorer response
to neoadjuvant treatment.

158



Life 2024, 14, 667

The spreading pathways of parietal metastasis are varied and include dissemination
by contiguity, hematogenous, lymphatic, or direct involuntary implantation of tumor cells
during surgery. Local factors such as cytokines or growth factors secreted after injuries
promote tumor proliferation. Adipose tissue also contributes to tumor growth, being a
source of energy. The average time duration of occurrence of metastases is between two
and three years after treatment, as was the case of our patient. The overall survival rate is
poor, falling to 17% at 5 years, a fact that should encourage further research in order to find
the optimal therapeutic strategies.
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Abstract: Over the last century, the narrative of cervical cancer history has become intricately tied
to virus research, particularly the human papillomavirus (HPV) since the 1970s. The unequivocal
proof of HPV’s causal role in cervical cancer has placed its detection at the heart of early screening
programs across numerous countries. From a historical perspective, sexually transmitted genital warts
have been already documented in ancient Latin literature; the remarkable symptoms and clinical
descriptions of progressed cervical cancer can be traced back to Hippocrates and classical Greece.
However, in the new era of medicine, it was not until the diagnostic–pathological accomplishments
of Aurel Babeş and George Nicolas Papanicolaou, as well as the surgical accomplishments of Ernst
Wertheim and Joe Vincent Meigs, that the prognosis and prevention of cervical carcinoma were
significantly improved. Future developments will likely include extended primary prevention efforts
consisting of better global access to vaccination programs as well as adapted methods for screening for
precursor lesions, like the use of self-sampling HPV-tests. Furthermore, they may also advantageously
involve additional novel diagnostic methods that could allow for both an unbiased approach to tissue
diagnostics and the use of artificial-intelligence-based tools to support decision making.

Keywords: cervical cancer; HPV; cervical cancer screening

1. Introduction

From an epidemiological perspective, cervical cancer is a global disease with pro-
nounced regional variations. Being the fourth most common neoplasm and, therefore, the
second most common cause of cancer-related deaths globally [1,2], incidences vary drasti-
cally per region, affecting public health systems predominantly in developing countries.
Although in Eswatini, incidence rates of up to 95.9/100,000 per year have been reported [3],
European incidence rates are 10.6/100,000 per year [3], and an even lower incidence rate
has been reported in Palestine (2/100,000 per year). In Germany, it is ‘solely’ the 14th most
frequent tumor in women and, therefore, only the fourth most common gynecological
malignancy [4,5]. Its political dimension is extremely diverse in itself: in a way, it reflects
differences between social standards (The socioeconomic factor is a major risk factor for
the development of cervical cancer [6]) as well as health and economic issues relating to
adequate screening services. With the overall aim of mortality reduction, organized screen-
ing programs have proven to reduce incidence rates as well as cervical-cancer-dependent
mortality rates in Northern Europe. To this day, the clear advantage of organized screening
programs is widely evident [4,7–10].

The medical–therapeutic dimension is subject to constant change; nowadays, diag-
nostic dogmas of cytology are increasingly replaced by primary gene amplification testing.
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Moreover, therapeutic strategies are constantly being improved [11–13]. In the present
review, we touch on all these aspects merely, thereby supplementing the body of known
literature on this disease with a historical perspective. Despite it being worth reading
reviews of the historical development of cervical cancer screening, our report aims to honor
achieved surgical, pathological, virological, and potential future milestones in equal mea-
sure, providing a comprehensive overview for gynecologists, pathologists, and scientists
involved in cervical cancer research.

2. Materials and Methods

A literature search was conducted via the online databases PubMed and Google
Scholar. Using the Boolean AND/OR operators, we combined the tags “history”, “cervical
cancer”, “cervical neoplasm”, “HPV”, “oncogenic virus”, “Harald zur Hausen”, “Pap-
smear”, “HPV-test”, and “cervical cancer screening”, along with associated mesh terms.
Affiliated literature as well as references of semantically consistent articles were considered
and included at our convenience. After the initial title/abstract screening, relevant papers
were discussed and individually selected upon the agreement of all the authors. Literary
works written in languages other than English, German, French, Italian, and Latin, as well
as solely brief historical summaries, were excluded.

3. From Ancient Promiscuity to Microscopic Diagnosis

The first description of cervical cancer and its symptomatic irregular bleedings was
written 400 years BC by Hippocrates, who, recognizing the fatal course of the disease,
prescribed a palliative concept [14]. However, the phylogenetic development of papillo-
mavirus genomes and, thus, the main risk factor for the development of cervical cancer
(id est infection with HPV), can be traced back several hundred million years; as a result,
an affection of women since early human history seems quite plausible [15]. Early written
evidence proves that sexually transmitted diseases have been recognized already in ancient
Rome, where genital warts were interpreted as a sign of promiscuity. The warts were called
ficus, corresponding to their fig-like appearance. The suspected connection between anal
warts and anal intercourse is revealed by satirical poems of that time [16]:

“Ut pueros emeret Labienus vendidit hortos.
Nil nisi ficetum nunc Labienus habet.”
“In order to buy boys, Labienus sold his gardens,
but now Labienus only possesses a fig tree.”

(M. Valerii Martialis Epigrammaton Libri XII, XXXIII)
“Ficosa est uxor, ficosus et ipse maritus,
Filia ficosa est et gener atque nepos,
Nec dispensator nec vilicus ulcere turpi
Nec rigidus fossor, sed nec arator eget.
Cum sint ficosi pariter iuvenesque senesque,
Res mira est, ficos non habet unus ager.”
“The wife is full of genital warts; even the husband is full of genital warts.
The daughter is full of genital warts as well as the son-in-law and the grandson.
Neither the steward nor the farm bailiff is free from the distasteful ulcer;
nor even the harsh digger or the ploughman is without.
Since both the young and the old are full of genital warts,
the incident is astonishing; the acre does not have figs.”

(M. Valerii Martialis Epigrammaton Libri VII, LXXI)
It was not until the beginning of the 19th century and the rise of modern gynecology,

that the epidemiologic risk factors as well as the diagnostic and treatment capabilities of
cervical cancer improved. As a key factor, the expansive use of the vaginal speculum,
supported by the French gynecologist Joseph Récamier between 1801 and 1819, provided
deeper clinical and anatomical insights into the internal female reproductive organs and the
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associated possibility for initiating further diagnostic and therapeutic measures [17]. His-
torically, finds of ancient specula in the ruins of Pompeii prove the longstanding tradition of
this particular examination tool, even though up to this time, it was largely associated with
prostitution as well as venereal diseases and was, therefore, socially stigmatized [15,18].
Following the successful removal of the cervix by Nikolaas Tulp in the 17th century [15],
Friedrich Benjamin Osiander from Göttingen amputated a cancerous cervix in 1801 [19].
In 1813, Bernhard von Langenbeck successfully performed a vaginal hysterectomy in a
patient with cervical carcinoma [20].

Apart from these therapeutic successes, the Italian doctor Domenico Rigoni-Stern
was one of the first to study the epidemiology of cervical cancer by analyzing the death
certificates of women who died between 1760 and 1839 in 1842. He thereby recognized that
cervical cancer was more common in widows and prostitutes—whereas virgins and nuns
were rarely affected—and drew the conclusion that cancer of this type must be associated
with sexual contact [21]. The German pathologist Carl Arnold Ruge and the German
gynecologist Johann Veit laid the foundation for further systematic research into cervical
carcinoma by investigating and describing gynecological surgical specimens removed by
the gynecologist Karl Schröder (He suggested high cervical resection as a treatment option
at the time.) [15]; in 1877, they described cervical carcinoma as an independent disease and
highlighted the impact of presurgical biopsies [15,22].

Though surgical therapies at the time were chosen intuitively, the advantage of uterus
removal in terms of overall survival was pointed out consecutively. Early works, such as
“Uterus Amputation am vaginalen Wege” (1830) and “Ca colli uteri” (1878, Wiener medizinische
Wochenschrift), focused on (radical) vaginal uterus removal [23]. The first radical abdominal
hysterectomies were performed in 1878 by the German gynecologist Wilhelm Alexander
Freund and in 1880 in Prague by Karel Pawlik [24,25]; subsequently, this procedure of
a ‘radical hysterectomy’ was summarized in 1898 by the Austrian gynecologist Ernst
Wertheim, who assumed a spread of neoplastic cells into the lymphatic tissue and, therefore,
added a systematic pelvic curative lymphadenectomy to the surgical protocol, using
individualized forceps made for dissecting the dorsal parametria (“Wertheim Klemme”).
This modification would be, later on, further developed by the American Joe Vincent
Meigs [26]. Such radical approaches were accompanied by an improvement in the long-
term prognosis compared to the vaginal hysterectomy introduced by Frederich Schauta,
whereby the latter had the advantage of a lower perioperative mortality rate in the 19th
century [15]. An ongoing dispute between Schauta and Wertheim (so-called “Drüsenstreit”,
the nodule dispute) regarding the importance of lymphadenectomy filled the professional
European literature for decades and was not resolved until Wertheim’s death and the
introduction of radiation as a method of treatment [27].

In the late twentieth century, Daniel Dargent and Marc Possover proposed a com-
bined laparoscopic lymphadenectomy with vaginal specimen removal, including a nerve
sparing technique [28,29], within the overall concept of TRLH (total radical laparoscopic
hysterectomy). Furthermore, Michael Hoeckel and Rainer Kimmig suggested the TMMR
(total mesometrial resection) method as a potential treatment option [30,31]. Within the last
century, radical hysterectomies have been divided into distinct subtypes based on the extent
of the resection of the parametria/paracervix, and systematic pelvic lymphadenectomies
have mostly been replaced by the concept of the sentinel lymph node mapping (SLNM).
Recently, the LACC (Laparoscopic Approach to Cervical Cancer) trial provided a paradigm
shift by demonstrating the advantage of open abdominal surgery in cervical cancer patients
over laparoscopic tumor resection [32].

To date, surgical therapy (abdominal open radical hysterectomy combined with SLNM
or/and systematic pelvic lymphadenectomy) is considered as a first-line treatment of locally
advanced cervical cancer, although definitive radiotherapy with concomitant chemotherapy
is favored in the progressed disease. Current treatment strategies avoid the combination
of radical surgery and radiotherapy owing to its high morbidity rate [6]. To reduce post-
operative morbidity and complications, experimental setups nowadays question the need
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for radical surgical therapy in patients with 1A2 or 1B1 low-risk cervical carcinomas with
lesions smaller than or equal to the size of 2 cm [33].

Another diagnostic milestone in the early detection of cervical carcinoma was the in-
vention of colposcopy by the German gynecologist Hans Hinselmann in 1925 [34]. Despite
his involvement in Nazi Germany and the resulting slowdown in the spread of his medical
achievement, he was undoubtedly an expert in the field of the clinical detection of cervical
neoplasia; he was flown to Argentina as a consultant shortly before Eva Perón’s death [35].
Two years later, a differentiation between normal cervical mucosa and pathologically al-
tered mucosa based on an iodine reaction (Lugol’s solution) was achieved by the Austrian
gynecologist and pathologist Walter Schiller [36]. Following up the discovery of the British
doctor Hayle Walsh in the middle of the 18th century that a distinct identification of cancer-
ous cells was possible using solely a light microscope [37,38], the Romanian doctor Aurel
Babeş examined cells from a female cervix in 1927, which he obtained using a platinum
loop, under a microscope. Thereby, he succeeded in detecting the presence of cervical
cancer [38]. At the same time, the Greek physician George Nicolas Papanicolaou was
conducting research in America after completing his doctorate in Germany (Munich) [39].
He transferred his research findings on menstruation-related cytological changes in the
vaginal mucosa of guinea pigs to humans and discovered—with the active support of
his wife as a repeated volunteer—the same cyclical cellular estrogen dependency and, by
chance, neoplastic cell forms [40]. In 1928, he presented his work for the first time [41,42],
which, after technical improvements by the Canadian gynecologist J. Ernest Ayre, provides
an efficient tool for the early detection of cervical cancer as it is used today [43].

See Figure 1 for an overview of historical diagnostic and surgical achievements and
Figure 2 for an assessment of HPV infection during today’s routine cervical cancer screening
via light microscopy.
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4. The Presence of Oncogenic Viruses: From “Invisible Poison” to Viral Genetics

Although scientifically supported by epidemiological studies showing higher inci-
dences in women who (themselves or their husbands) had a high number of sexual partners
(n > 2) [44,45] or were regularly involved in prostitution [46,47], all the attempts linking
cervical cancer to sexually transmitted infections remained unsuccessful within the second
half of the 19th century. Strikingly, the prevalence was lower among Jewish women and
in women married to circumcised males [48]. Viruses came into question as a possible
sexually transmitted pathogen, whereas at that time, the history and study of viruses was a
comparatively young research field. In 1894, Dmitri Ivanovsky succeeded in transmitting
the mosaic disease of tobacco from infected to healthy tobacco plants by pressing leaves
infected with the mosaic disease of tobacco through a filter that only allowed a pass through
for pathogens smaller than bacteria. As the final cause of the disease, he suspected an
“invisible poison” [49]. In accordance, Martinus Beijerinck achieved the same results in
1898, and he called the pathogenic agent a virus (poison/sap/mucus). Furthermore, Beijerinck
defined two further characteristics of a virus, namely, the ability to pass through a filter that
only allowed a pass through for particles smaller than bacteria and the necessary presence
of living cells to grow [50]. The proof that this new infectious agent may also infect humans
and thereby even cause disease was obtained by Walter Reed in 1902. The yellow fever
virus is considered as the first proven human pathogenic virus [51], and the acceptance
of the scientific world that infectious diseases in humans could be caused by viruses as
well as bacteria provided the basis for upcoming research tasks in the field of virology. In
addition to research of viral infectious diseases, the potential involvement of viruses in the
development of neoplasia was investigated already at an early stage. In 1911, Peyton Rous
succeeded in triggering a tumor in chickens with the help of a virus. Three years earlier,
two Danish researchers, namely, Vilhelm Ellerman and Oluf Bang, were able to provoke
leukemia in chickens using a cell-free extract, which served as the first evidence suggesting
a link between viruses and tumors [52]. Peyton Rous once more and J.W. Beard were
successful in 1936 in transferring the same warts from infected to healthy areas of skin by
subcutaneous injection using a cell-free extract of existing lesions. Their efforts were based
on observations made by Richard E. Shope, who found warts on the heads of American
wild rabbits and concluded that they were caused by a wart virus. As Beard and Rous
described, they first recognized benign tissue growths, which appeared at the injection site.
These irregularities then turned malignant, spread, and finally killed the rabbit [53]. In 1961,
Yohei Ito and Alfred Evans demonstrated the role of genetic viral material as a decisive

166



Life 2024, 14, 307

factor in the development of skin cancer in rabbits [54]. Up to this point, research into
links between neoplasia and viruses had been limited to animal studies. Finally, Michael
Anthony Epstein, Yvonne Barr, and Bert Achong succeeded in detecting the Epstein–Barr
virus in Burkitt’s lymphoma in 1964 [55] and linked neoplasia in humans and a human
pathogenic virus for the first time. That said, a final link between human papillomaviruses
and cervical cancer was inconceivable until the research findings of Harald zur Hausen. In
1965, June Almeida proposed the existence of different human wart viruses [56], and in
1968, Rawls et al. (among others) emphasized herpes simplex type 2 as a possible causative
agent of cervical cancer [57,58]—an assertion that was not only disproved by zur Hausen’s
abortive attempts to isolate genetic material from herpes simplex viruses in cervical tu-
mors [59] but also refuted by a prospective study in the mid-1980s [60]. Alternatively, zur
Hausen et al. began to hypothesize a conditional relation between cervical cancer and
human papillomaviruses in the early 1970s, based on reports in the medical literature of the
rare, malignant transformation from genital warts (Condyloma acuminata) to squamous cell
carcinomas [59,61,62]. HPVs were finally detected in cervical carcinomas in 1983 [63,64].
Approximately 50% of the tissues that were examined contained the genetic material of
HPV 16, whereas in 1984, HPV type 18 was detected in 20% of the examined tumors [65,66];
subsequently, papillomaviruses 16 and 18 were categorized as high-risk variants. Consec-
utive studies provided increasingly precise and incontrovertible evidence of the role of
high-risk HPVs in the development of cervical carcinoma: This included, among others,
the decisive discovery that the genetic material of papillomaviruses can be incorporated
into the host cell’s genome of cancer cells and that specific viral genes (coding oncoproteins
E6 and E7) thereby switch off antiproliferative cell mechanisms [67,68]. In 1991, McDougall
et al. demonstrated that immortalized human keratinocytes spontaneously developed
malignant degeneration after long-term cultivation in the laboratory [69]. Additional epi-
demiological evidence of an HPV association with cervical carcinoma was provided in
the late 1980s and early 1990s [70,71]. As a result of this growing body of evidence, the
International Agency for Research on Cancer classified HPVs 16 and 18 as carcinogenic,
HPVs 31 and 33 as probably carcinogenic, and other HPV types as possibly carcinogenic
agents in 1995 [72]. The involvement of HPVs in cervical cancer, viz., the group of HPV-
positive tumors, changed over the course of time as further HPV types were characterized.
The proportion of HPV-positive tumors of the cervix uteri was estimated at 72% at the
beginning of the 1980s [63] and was raised to 99.7% in 1999 [73]. Consequently, researchers
were starting to call for a rethink of cytology as a routine examination method in cervical
carcinoma screening: The idea for a combination of cytology and HPV testing or single
HPV testing was born [73]. Up to now, over 200 genetically differentiated HPV types have
been detected [74] (of which 40 can infect the genital tract via the mucosal epithelium,
and 12 virus types are categorized as high-risk variants in the development of cervical
cancer [75,76]), although solely 60 different HPV types were identified toward the end of
the 1980s [77]. In 2008, Harald zur Hausen (*11.03.1936; † 29.05.2023) was honored with
the Nobel Prize in physiology and medicine for his most valuable research [78]. Table 1
summarizes the HPV types associated with cervical cancer and their capabilities to infect
the genital area.

Table 1. HPV types and their classification according their malignancy potential by the IARC.

HPV Types IARC Classification (2012)

16; 18; 31; 33; 35; 39; 45; 51; 52; 56; 58; 59 1 (carcinogenic; high risk)

68 2a (probably carcinogenic)

26; 30; 34; 53; 66; 67; 69; 70; 73; 82; 85; 97 2b (possibly carcinogenic)

Gamma-HPV; Beta-HPV; 6; 11 3 (not classifiable)

40; 42; 43; 44; 54; 61; 72; 81 low-risk types
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The established role of the human papillomavirus in cervical cancer has sparked the
interest of the pharmaceutical industry to develop a vaccine against HPV. Before Gardasil®,
a recombinant, quadrivalent vaccine against HPVs 6, 11, 16, and 18, was approved by the
FDA (Food And Drug Administration, USA) on 8 June 2006 [79] and Cervarix®, a recom-
binant vaccine against HPV high-risk types 16 and 18, was authorized by the European
Medicines Agency in 2007 [80], as well as Gardasil®-9, the successor of Gardasil®, which,
in addition to the aforementioned virus types, also covers virus variants 31, 33, 45, 52,
and 58, was finally approved by the FDA in December 2014 [81], the foundations for the
successful introduction of the vaccine were laid back in the 1990s, when Kirnbauer and
associates used papillomavirus clones to successfully produce HPV 16 virus-like particles
and attested to their strong immune response [82]. By 2023, the pharmaceutical company
Merck & Co., Inc. (Rahway, NJ, USA), which sells Gardasil, is expected to generate sales
of up to $2.5 billion—and the forecasts for the next years are still rising [83]. Cecolin®

(Xiamen Innovax Biotech Co., Ltd., Xiamen, China)—another vaccine that was approved in
China in 2020—is a bivalent vaccine and, thus, covers HPV types 16 and 18. Because its
immunogenicity and properties are yet to be investigated, approval by US and European
authorities are uncertain so far [84]; nevertheless, it was already prequalified by the WHO
in 2021 [85]. In the near future, an Indian vaccine should be available, after its permission
by the Indian administration [76]. To date, 120 million women have been vaccinated with a
minimum of one dose, mainly in high-income countries [86]. As new vaccines aim to show
lower costs [87], broader coverage of administered vaccinations in low-income countries
could strengthen the WHO’s goal for eliminating cervical cancer [88]. However, to date,
official screening recommendations do include all women, regardless of their vaccination
status, because HPV vaccination is not able to provide sufficient protection against all the
cancerogenous HPV virus types [4]. For a visualization of the history of HPV research in
cervical cancer, refer to Figure 3.
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5. The HPV Test and Its Role in Cancer Screening

The first efforts to establish a commercial HPV test took place just 18 months after the
eminent role of HPVs in the pathophysiology of cervical carcinomas gained attention [89].
The first steps in the development of a commercial HPV test can be traced back to the
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USA, with the first official FDA approval recorded in 1988 (FDA premarket approval
P880009). However, the ViraPap® kit from BRL–Life Technologies (Bethesda Research
Laboratories–Life Technologies, Bethesda, MD, USA), in cooperation with Georgetown
University (Washington, DC, USA), did not achieve a clinical breakthrough because there
were insufficient data that could demonstrate a direct patient benefit [90]. As the test was
radioactive, it had a limited shelf life and was potentially dangerous to the staff using
it. Subsequently, Digene’s (Gaithersburg, MD, USA) Hybrid Capture® 2 high-risk HPV
DNA test was officially approved by the FDA in 1999 as a triage test for atypical squa-
mous epithelial cells of undetermined significance (ASC-US) [91]. In 2001, the American
Society for Colposcopy and Cervical Pathology published the consensus guidelines for
the management of women with cervical cytological abnormalities, in which Digene’s
Hybrid Capture® 2 high-risk HPV DNA test was proposed as a secondary test for atypical
squamous epithelial cells of uncertain significance (ASC-US) [92]. This recommendation
was based on the advantages of the HPV test, filling the missing space between a possible
overtreatment as well as missed neoplasms owing to non-compliance with repetitive cy-
tological testing follow-ups in the case of a single suspicious cytological-screening result.
Therefore, the American Society for Colposcopy and Cervical Pathology recommended an
HPV test after a suspicious cytological result before women should receive a colposcopic
examination. This approach was not without controversy. The ASCUS/LISL Triage Study
for Cervical Cancer (ATLS) [93], the research of which was used to develop guidelines for
the American Society for Colposcopy and Cervical Pathology and which confirmed that
the HPV test had a sensitivity of 96.3% in detecting CIN III, was called into question
fairly quickly after its publication [93]—opponents complained that routine clinical use
did not provide certainty in the detection of cellular atypia [94,95]. In 2002, the American
Cancer Society recommended HPV testing using the Digene HC2 high-risk HPV DNA
test (QIAGEN, Venlo, The Netherlands) as an additional test option, namely, as a primary
co-test every three years, for women over the age of 30. This was confirmed by the FDA
in 2003 and was included in the American College of Obstetricians and Gynecologists’
practice bulletin [91,96–98]. Opposite to that, the United States Preventive Services Task
Force (USPSTF) interpreted the scientific data and the derived value of HPV testing as
being insufficient and did not recommend its routine use as a primary tool in the screening
program [99]. To counter stagnating economic growth in 2005, Digene penned the concise
slogans “You’re not failing your Pap test, but it might be failing you.” and “If you’re a
gambling woman, then getting just a Pap test is fine.” [100] with success! According a
consumer survey, this precautionary advertising led to a significant increase in interest
in HPV testing and the cervical-cancer-screening program—within a six-month observa-
tion period following the advertisement, a 42% increase in revenue for the HPV test was
recorded [101]. Owing to the high negative predictive value of HPV testing, the USPSTF,
the American College of Gynecologists and Obstetricians, and the American Cancer Society
recommended co-testing with HPV testing and cytology at five-year intervals as a primary
screening algorithm in 2005, overcoming past contradictions [102–104]. In 2014, the FDA
approved the HPV test COBAS from Roche (Basel, Switzerland) as a primary screening
tool for cervical cancer screening in women over 25 [105].

To date, numerous commercially available HPV-testing systems have received ap-
proval by the FDA and EMA. The presence of viral infections can be determined either by
means of direct genome detection or DNA/RNA amplification. Related to the mode of the
HPV detection as well as the specific test system, different HPV types (low risk/high risk)
are simultaneously screened. Even though polymerase chain reaction (PCR)-based meth-
ods allow for a high degree of sensitivity, the clinical ability of single testing in detecting
high-grade squamous lesions remains to be resolved [106]. In comparison, the predictive
value of hybrid-based methods is inherently correlated with the quality and quantity of
the specimens [107]. Finally, the selection of individual test systems should furthermore be
made in accordance with regional approvals by federal agencies as well as the capabilities
and infrastructures of hospitals’ local screening programs.
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The integration of HPV testing into the cervical-cancer-screening program took a little
longer in Germany. Introduced in 1971, the German cervical-cancer-screening program
consisted initially of annual pap tests. The first attempts to establish HPV testing within the
German screening program were made in 2006 but failed at such an early time. Regulated
by the framework conditions of the German legal system and, in particular, ‘Sozialgesetzbuch
V’, every upcoming change in cancer screening is associated with a change in the German
law. Potential modifications to early-cancer-screening programs must be proposed by
the Federal Joint Committee to be brought to a binding legal form by the legislature.
The Institute for Quality and Efficiency in Health Care (IQWiG), which is responsible for
submitting scientific assessments and scientific methods to the Federal Joint Committee,
was commissioned in spring 2010 to assess the benefits of the HPV test in primary screening
for cervical carcinoma; the report was published in 2012 and postulated a benefit for
HPV testing with regard to reductions in high-grade cervical intraepithelial neoplasia
and the incidence of cervical carcinoma [108]. In response, the Federal Joint Committee
commissioned IQWIG to develop a letter of invitation for screening programs and an
information package on cervical cancer that women aged from 20 to 60 should receive from
their health insurers. Additionally, women > 30 years should receive an HPV test every
five years, and cytology should be reserved as a triage, with the overall aim to collect data
during a six-year transition phase, which could then ultimately be analyzed to establish
a superior screening strategy [109]. The early detection program was adjusted again on
22 November 2018: Women > 35 years should be offered a co-test consisting of a pap smear
and HPV testing at three-year intervals; the annual single cytology test remained as a part
of the cancer-screening program for women aged between 20 and 34 [110]. Following the
national German guideline on the prevention of cervical cancer, the cancer-testing systems
used in clinical routines should be able to identify high-risk HPV types and should cover
a sensitivity of at least 95% (The specificity should be 98% at a minimum) in detecting
cervical intraepithelial neoplasia grade II (CIN II, high-grade squamous intraepithelial
lesions). Nationwide, commonly implemented test systems include, for example, the
BD Onclarity™ HPV test (Becton Dickinson, NJ, USA) or the PapilloCheck® HPV test
(Greiner Bio-One, Kremsmünster, Austria) [4]. Table 2 offers a synopsis of the approved
and commercially available HPV tests that meet the criteria of the German guideline to
prevent cervical cancer.

Table 2. Commercially available HPV tests, which meet the criteria of the German guideline to
prevent cervical cancer.

HPV Test HPV Types Technique

Digene Hybrid Capture 2 High-Risk
HPV DNA Test

(QIAGEN, Gaithersburg, Inc.)

16; 18; 31; 33; 35; 39; 45; 51;
52; 56; 58; 59; 68 DNA: whole genome

COBAS HPV Test
(Roche Diagnostics)

16; 18; 31; 33;35; 39; 45; 51;
52; 56; 58; 59; 66; 68 DNA: L1

Cervista™ HPV HR and GenFind™
DNA Extraction

Kit (Hologic)

16; 18; 31; 33; 35; 39; 45; 51;
52; 56; 58; 59; 66; 68 DNA E6/E7/L1

APTIMA HPV Assay (Hologic) 16; 18; 31; 33; 35; 39; 45; 51;
52; 56; 58; 59; 66; 68 RNA E6/E7

Abbot RT High-Risk HPV Test 16; 18; 31; 33;35; 39; 45; 51;
52; 56; 58; 59; 66; 68 DNA L1

BD Onclarity HPV Test 16; 18; 31; 45; 51; 52; 33–58;
56–59–66; 35; 39–68 DNA E6/E7

PapilloCheck® HPV Test
16; 18; 31; 33; 35; 39; 45; 51;
52; 53; 56; 58; 59; 66; 68; 70;
73; 82; 6; 11; 40; 42; 43; 44

DNA E1

170



Life 2024, 14, 307

According to the ‘WHO Guideline for the Screening and Treatment of Cervical Pre-
Cancer Lesions for Cervical Cancer Prevention’, only a globally applying screening al-
gorithm favoring HPV testing has been established to date [111]. Still, largely different
recommendations across American and European guidelines exist, considering not only
regional differences in resources, such as laboratory landscapes and testing capabilities,
but also the available access to health systems among different socioeconomic groups,
even in high-income countries and, therefore, diverging proposed starting ages and HPV
test/pap smear intervals within individual screening programs [112–116]. Besides the
modern approach for the dual staining of cytological specimens (a p16/Ki67 staining marks
HPV association as well as cell proliferation [117]), a meta-analysis carried out by Ogilvie
et al. advantageously shows that an HPV test can also be carried out independently by the
patient (self-collected vaginal specimens) in self-sampling, with comparable test reliability,
rendering the possibility to potentially better include access-limited populations as well as
patients with trauma history within screening programs [118].

6. The Future of Cervical Cancer Screening—Quo Vadimus?

Despite the urge for quick offers and straightforward access to HPV vaccination (pri-
mary prevention), the benefits of an unbiased approach to tissue diagnosis will remain the
key in upcoming diagnostic developments. Therefore, novel screening techniques as well
as methods for analysis could find their way from research uses to clinical applications
in the near future. Because vibrational spectroscopy generates an individual molecular
spectroscopic signature of tissues, it provides a quick, inexpensive, and non-destructive
way for observer-independent tissue analysis [119]. It has been already successfully em-
ployed at a single-cell level to differentiate between normal cells and cells deriving from
cervical intraepithelial neoplasia, using Raman spectroscopy on regular cervical cytology
samples [120] as well as on tissue samples to distinguish between adenocarcinoma and
squamous cell carcinoma [121] or among cervicitis, precursor lesions, and invasive carci-
noma [122]. Additionally, the future employment of AI (artificial intelligence) applications
and machine learning may lead to objective, independent, and simple diagnostic methods
and, therefore, expand the fields of the screening and early diagnosis of cervical cancer [123].
Deep-learning software and suitable algorithms that evaluate images from the cervix could,
at a certain point, outperform the current diagnostic ability in terms of the accuracy and
reproducibility of colposcopy-guided diagnosis [124,125]. Furthermore, it could reduce
costs by lowering the need for laboratory equipment and highly skilled staff [126]. In
progressed disease, AI may be capable to improve the workflow of MRI image segmenta-
tion [127] and may noninvasively be used to identify lymph node metastasis in cervical
cancer [128]. Another potential future improvement could make use of the prognostic
impact of DNA methylation patterns. Epigenetic structures may, therefore, provide a new
approach in diagnostics and individualized medicine to distinguish the risk patterns of the
transformation. Hypermethylated genes seen in precancerous lesions could possibly be
taken into account when it comes to the triage of women with a higher risk for developing
cancer [129,130]. In the next step, this could lead to new pharmacological therapies in cervi-
cal neoplasia: Trichosanthin, the main substance in a Chinese medical herb, for instance, is
able to reactivate tumor suppressor genes by inhibiting DNA methyltransferase in cervical
cancer cells [131]. To date, modern treatment options include immunotherapeutic drugs
such as pembrolizumab, which is yet to be approved for cervical cancer patients [132]. In
addition, ongoing research trials examine inter alia the combination of immunotherapeutic
and vaccination approaches [133] as well as the combination of checkpoint inhibitors with
radiation therapy [134], providing hope for patients with, so far, limited treatment options.

As research continues, both the early detection as well as therapeutic options of
cervical cancer could be revolutionized; however, the future path of the development can
only be critically evaluated retrospectively. The WHO’s ambitious future goal is clearly
defined: to eliminate the worldwide burden of cervical cancer by 2030 through the vigorous
implementation of primary, secondary, and tertiary prevention strategies [88].
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Abstract: Background: Despite the considerable progress made in recent years in fetal assessment,
the etiology of fetal growth disturbances is not as yet well understood. In an effort to enhance our
knowledge in this area, we investigated the associations of the amniotic fluid angiotensinogen of
the renin–angiotensin system with fetal growth abnormalities. Methods: We collected amniotic
fluid samples from 70 pregnant women who underwent amniocentesis during their early second
trimester. Birth weight was documented upon delivery, after which the embryos corresponding to the
respective amniotic fluid samples were categorized into three groups as follows: small for gestational
age (SGA), appropriate for gestational age (AGA), and large for gestational age (LGA). Amniotic
fluid angiotensinogen levels were determined by using ELISA kits. Results: Mean angiotensinogen
values were 3885 ng/mL (range: 1625–5375 ng/mL), 4885 ng/mL (range: 1580–8460 ng/mL), and
4670 ng/mL (range: 1995–7250 ng/mL) in the SGA, LGA, and AGA fetuses, respectively. The
concentrations in the three groups were not statistically significantly different. Although there were
wide discrepancies between the mean values of the subgroups, the large confidence intervals in
the three groups negatively affected the statistical analysis. However, multiple regression analysis
revealed a statistically significant negative correlation between the angiotensinogen levels and
gestational age and a statistically significant positive correlation between the birth weight and
angiotensinogen levels. Discussion: Our findings suggest that fetal growth abnormalities did not
correlate with differences in the amniotic fluid levels of angiotensinogen in early second trimester
pregnancies. However, increased angiotensinogen levels were found to be consistent with a smaller
gestational age at birth and increased BMI of neonates.
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1. Introduction

The fetal growth centile estimated at 24–42 weeks is based on birth weight and can
vary depending on the ethnicity and geographic region of the population under study. The
fetal growth curves used today have therefore been created by utilizing normative data
from diverse populations and geographic regions. The rate of fetal growth velocity can be
estimated through the use of sequential sonographic measurements of specific fetal body
parts prior to delivery [1]. Small for gestational age (SGA) infants are neonates whose
birth weight is less than the 10th percentile for gestational age [2]. Macrosomia is used to
describe a large fetus or newborn, while large for gestational age (LGA) is the term used
for fetuses or newborns with a weight above the 90th percentile for gestational age [3].
Appropriate for gestational age (AGA) are fetuses between the 10th and the 90th percentile.

However, not all fetuses classified as SGA or LGA are growth-restricted once ma-
ternal ethnicity, parity, maternal body mass index, and/or other parameters have been
considered [3]. Notably, approximately 70% of SGA fetuses have normal perinatal out-
comes despite their small weight at birth [4]. On the other hand, FGR (fetal growth-
restricted) fetuses, that is, those that do not attain their complete growth potential due
to pathological fetal or maternal factors, are more frequently correlated with unfavorable
perinatal outcomes. The mortality rate of FGR was estimated to be from 1 to 6%, while
those with AGA have a lower mortality rate of 0.2% [5,6].

FGR impacts a number of SGA fetuses, affecting approximately 3 to 6% of all deliveries [7,8].
A fairly extensive amount of data point to the possibility that an adverse prenatal environ-
ment and impaired fetal growth may result in fetal programming that predisposes the fetus
to such conditions as hypertension, diabetes, and cardiovascular disease later in life [9].

Fetuses that experience fetal growth disorders, i.e., either SGA or LGA, have an in-
creased risk of perinatal morbidity and mortality. Meanwhile, severe SGA fetuses (below
the 3rd centile) as well as FGR fetuses face the greatest risk of perinatal complications, such
as perinatal demise, intraventricular hemorrhage, hypoxic ischemic encephalopathy, sepsis,
or bronchopulmonary dysplasia [5]. LGA fetuses have a heightened risk of adverse out-
comes during labor, such as shoulder dystocia and/or perinatal brachial plexus palsy [10].
Despite the significant progress that has been achieved in the field of fetal monitoring and
high-risk pregnancy management, the precise mechanisms and the underlying cause(s) of
impaired fetal growth are yet to be fully elucidated [11,12].

The renin–angiotensin system (RAS), a circulating endocrine system and homeostatic
signaling pathway, controls blood pressure and regulates fluid balance. Every element
of the RAS is present in the placenta as early as the 6th week of gestation. Regarding the
placental expression of these components, they may potentially function separately from
the systemic RAS, influencing various functions such as villous and extravillous cytotro-
phoblast proliferation, extravillous cytotrophoblast migration, invasion, and development
of placental blood vessels [13]. Disturbance of the placental RAS and the equilibrium be-
tween the vasoactive peptides, which are components of the RAS, may influence placental
blood circulation, resulting in an insufficiency of nutrient delivery, thus leading to SGA
and FGR [14].

Several published studies have investigated the ability of several biomarkers to detect
abnormalities in fetal growth, including angiotensinogen [15,16]. Angiotensinogen, an
a2-globulin precursor of angiotensin, is a yin hormone produced in the fetal brain, heart,
and blood vessels, liver, kidney, adipose tissue, and adrenal glands, which regulates
blood pressure via vasoconstriction, one of the main functions of the RAS. The RAS, and
particularly angiotensin II, play an important role in blood pressure regulation through the

178



Life 2024, 14, 206

circulating fluid volume. A number of published studies, though presenting conflicting
results, have highlighted the potential role of angiotensinogen in the development and
establishment of preeclampsia [17–20], while a limited number of studies have sought
to correlate this precursor hormone with fetal growth abnormalities with regard to its
expression in the placenta [21,22]. Furthermore, there is no literature on the amniotic
levels of angiotensinogen among these pregnancies in any trimester. Of interest, published
research shows that polymorphisms in the angiotensinogen gene in both maternal and fetal
DNA could be associated with an increased risk of adverse pregnancy outcomes, including
preeclampsia and intrauterine FGR [23].

The aim of our prospective observational study is to examine angiotensinogen in the
amniotic fluid of early second trimester gestations, to investigate any correlations among
groups, and to study its role in fetal growth abnormalities.

2. Material and Methods

This observational prospective cohort study included pregnant women who under-
went amniocentesis during the early second trimester (17–21 weeks of gestation): the
diagnostic test was performed due to such indications as previous history of birth de-
fects, increased nuchal translucency, advanced maternal age, or detection of an anatomical
anomaly in the ultrasound examination of the first or second trimester. The exclusion crite-
ria were as follows: pregnancies with chromosomal abnormalities or major abnormalities
diagnosed by fetal karyotype, in vitro fertilization pregnancies, and multiple pregnancies.
All pregnant women who were diagnosed with hypertensive disorders (pre-existing or
gestational) or diabetes (pre-existing or gestational) were excluded from our cohort pop-
ulation. Cases affected by such pathologies are known to be at high risk of fetal growth
disturbances and are monitored closely during the pregnancy. Greater scientific lack of
knowledge surrounds other groups of unpredictable cases with fetal growth disturbances
who may suffer an unexpected unfavorable outcome. For this reason, our investigation
focuses on the correlation between angiotensinogen’s amniotic fluid levels and fetal growth
disturbances in an otherwise healthy pregnant population.

Gestational age was calculated based on the crown–rump length (CRL) measurement
at the first trimester ultrasound, between the 11th and 14th week of gestation [24]. Follow-
up was carried out until labor. Birth weight was documented at the time of delivery and
thus the neonates were characterized as SGA, AGA, and LGA. Birth weight reflects the
growth velocity in utero during the third trimester, so the same labeling can be attributed
to the fetuses prior to delivery and be given to the amniotic fluid samples obtained in the
second trimester. Thus, the samples were also categorized into three groups, namely, SGA,
AGA, and LGA, meaning that the SGA samples are derived from the fetuses proved to be
SGA as neonates at birth, the AGA samples are derived from the fetuses proved to be AGA
as neonates at birth, and the LGA samples are derived from the fetuses proved to be LGA
neonates at birth.

It was anticipated that some SGA fetuses would have FGR, while a number of LGA
fetuses might exhibit severe macrosomia, which could result in early delivery, whether
spontaneous or medically induced [1].

After amniocentesis, the collected samples underwent centrifugation, and the result-
ing supernatants were subsequently preserved in polypropylene tubes at a temperature
of −80 ◦C until all samples were collected and analyzed. Amniotic fluid angiotensino-
gen concentrations were measured using the Human Angiotensinogen ELISA Kit (Life
Technologies Corporation, Thermo Fisher Scientific Inc., Carlsbad, CA, USA) according to
the manufacturer’s instructions. This concerns a solid-phase sandwich ELISA, which is
designed to detect and quantify angiotensinogen levels in cell culture supernatants, plasma,
and serum. The sensitivity of lower calibrators was evaluated, and the minimum detach-
able dose of human angiotensinogen was observed to be 1.22, based on the manufacturer’s
product information sheet.
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Statistical analysis was conducted using the Statistical Package for Social Sciences
(SPSS) version 21 (IBM Corp., Armonk, NY, USA; Released 2021. IBM SPSS Statistics for
Windows, Version 21), with the choice between parametric and nonparametric methods
being dependent on the specific circumstances or requirements [25]. The distribution
of the sample values was evaluated by regression analysis (Kolmogorov–Smirnov test).
The results include the presentation of the median and interquartile range for quantitative
variables. As per our study design, confounding factors taken into account include maternal
age, body mass index, pregnancy duration, fetal sex, and multiparity. We established the
threshold for statistical significance at a p-value lower than 0.05.

Approval by the Ethical Committee for Research of the Aretaieion University Hospital,
Athens, Greece, was obtained with reference number 542-1310202. Moreover, all women
participating in this study were informed, and a signed informed consent was obtained.

Table 1 presents the descriptive characteristics of both maternal and fetal aspects.
There was no statistically significant difference observed among the three groups in terms
of maternal age, maternal weight, and maternal height. However, statistical analysis
found a significantly higher percentage of cesarean sections in the SGA group. As expected,
statistically significant differences were observed between the groups in terms of gestational
age at birth, birth weight, and centile.

Table 1. Maternal and fetal characteristics.

AGA [Mean (Upper
and Lower Extreme)]

SGA [Mean (Upper
and Lower Extreme)]

LGA [Mean (Upper
and Lower Extreme)] p-Value

Maternal age (years) 37 (28–43) 36 (26–41) 35 (29–43) 0.060

Maternal weight (Kgr) 60 (48–93) 62 (47–100) 59 (49–105) 0.650

Maternal height (cm) 165 (156–174) 167 (150–174) 166 (160–174) 0.070

Gestational age (days) 275 (261–285) 267 (261–283) 274 (268–282) 0.011

Neonatal birth weight (gr) 3290 (2860–3750) 2630 (1750–2860) 3800 (3550–4330) <0.001

Neonatal sex (female/all) 19/33 3/18 10/19 <0.001

3. Results

In this study, we assessed the concentrations of angiotensinogen present in the amni-
otic fluid of pregnancies undergoing amniocentesis in the early second trimester. In total,
the angiotensinogen levels of 70 amniotic fluid samples were measured. Figure 1 represents
the angiotensinogen levels for all subgroups.

More specifically, the AGA subgroup’s mean angiotensinogen levels were found to be
4670 ng/mL (values from 1995 to 7250 ng/mL). Respectively, the SGA group’s mean level
was 3885 ng/mL (values from 1625 to 5375 ng/mL), while the LGA group’s mean level
was 4885 ng/mL (values from 1580 to 8460 ng/mL). Differences among the values of these
three groups were not statistically significant (p = 0.676). Post-hoc analysis among these
three groups did not find any statistically significant difference (Table 2).

Furthermore, we conducted multiple logistic regression analysis on independent pa-
rameters such as maternal age, maternal weight and height, gestational age, fetal birth
weight, and percentile of birth weight. Table 3 summarizes the results of this multiple
regression analysis. The multiple regression analysis revealed that increased angiotensino-
gen levels were correlated with lower gestational age at birth. Moreover, the same analysis
highlighted the fact that the angiotensinogen levels increased in proportion to the fetal
birth weight increase.
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Table 2. Two-sided test. Each row tests the null hypothesis that the values of two groups are the
same. Asymptotic significances (two-sided tests) are displayed. The significance level is 0.050.

Mean Values Compared between Groups Significance (Two-Sided Test)

SGA–AGA 0.441

LGA–AGA 0.889

SGA–LGA 0.429

Table 3. Multiple regression analysis of independent parameters.

Angiotensinogen Age Weight Gestational Age Birth Weight Percentile

Angiotensinogen 1 0.208 0.139 −0.420 * 0.950 ** 0.148

Age 1 0.035 0.76 0.148 0.088

Weight 1 −0.152 0.118 0.139

Gestational age 1 −0.157 −0.420 *

Birth weight 1 0.950

Percentile 1

* Correlation is significant at a level <0.05, ** Correlation is significant at a level <0.001.

4. Discussion

Our study included pregnant women who underwent amniocentesis in the first half of
the second trimester and were closely monitored until labor. While several amniotic fluid
hormones or endocrine disruptors have previously been investigated in order to determine
whether there is a possible correlation with fetal growth disturbances [26,27], the primary
objective of our study was to determine whether there was potentially any correlation
between the levels of angiotensinogen in the amniotic fluid and fetal growth disturbances.

Other authors have suggested the possible role of the placental RAS in the maturation
and function of the placenta [28–32]. Although the extent of the RAS component expression
has been investigated in placentas affected by FGR, either idiopathic or due to preeclampsia,
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there has, to our knowledge, been no investigation of angiotensinogen in the amniotic
fluid. This research work is, as far as we know, the first to investigate the possible role of
the RAS, and specifically of angiotensinogen, in the amniotic fluid of pregnancies with
abnormal growth velocity in pregnancy. Our findings imply that angiotensinogen might
play a role in compromising fetal blood circulation in cases of idiopathic SGA and FGR, as
is shown below.

Our analysis did not reveal any statistically significant difference between the levels
of angiotensinogen in the three subgroups. However, the statistical analysis reveals wide
discrepancies in the mean values of angiotensinogen among the SGA, AGA, and LGA
subgroups. More specifically, these differences reached a mean value of approximately
1000 ng/mL. Nevertheless, the large confidence intervals that were observed and were used
for our statistical analysis resulted in a non-statistically significant difference among these
groups, indicating that this hormone cannot be used as an amniotic fluid characteristic
biomarker with high diagnostic accuracy. This finding has also been reported in other
studies [33,34]. As demonstrated in our study and other previous ones, the larger the width
of the confidential interval, the lower the diagnostic accuracy of the substance studied.

Despite the fact that our analysis did not find any statistically significant differences
among the three subgroups, multiple regression analysis revealed a significant positive
correlation between the levels of amniotic fluid angiotensinogen and birth weight. These
highly interesting findings are in accordance with published research studies in adults.
More specifically, a study in an African population by Cooper et al. found that the higher
the BMI was, the higher the levels of serum angiotensinogen were [35]. A study by Engeli
et al. reported that not only were the angiotensinogen levels in obese menopausal women
higher than those of women with normal weight, but also that women who achieved a
5% reduction in their weight were observed to have 27% lower serum angiotensinogen
levels than they had had previously (p < 0.05) [36].

Additionally, our multiple regression analysis revealed a negative correlation between
the gestational age and amniotic fluid angiotensinogen levels. Similar results have been
shown in the aforementioned study by Cooper et al. More specifically, the researchers
revealed a negative correlation of angiotensinogen levels beyond middle age (over 34 years
in women and 44 in men) [35]. These results are similar to our findings regarding the
correlation between angiotensinogen levels and gestational age, third trimester in utero
life, which, in fact, resemble late middle age and late adulthood when angiotensinogen
levels drop.

Increased angiotensinogen could comprise one of several biological pathways leading
to earlier delivery in cases with reduced growth velocity and may also contribute to
advanced birth weight in other cases where the fetal weight is above the 50th centile. Thus,
the correlation with the birth weight centile is ultimately minor. This could explain why
there is no association between angiotensinogen and fetal growth extremes, which define
the SGA and LGA groups.

Several researchers have investigated the role of the RAS in fetal growth. A recently
published article investigated the role of the RAS in pregnancies complicated by FGR. The
latter study reported a positive correlation between the levels of the m-RNA expression
of angiotensinogen and birth weight in AGA fetuses; the authors further report that this
correlation was not found in pregnancies with FGR, indicating that a lack of placental
angiotensinogen expression could lead to FGR [37]. In our study, the angiotensinogen levels
appeared to be lower in the amniotic fluid of SGA pregnancies: it is thus clear that future
studies are required to investigate whether the m-RNA expression of the angiotensinogen
gene is deficient in low-birth-weight pregnancies.

There is, moreover, evidence in the literature that some polymorphisms in the an-
giotensinogen gene such as AGT M235T could be associated with fetal growth disturbances,
including SGA and FGR [38,39]. Another study found a statistically significant higher
prevalence of this gene mutation in idiopathic FGR pregnancies compared to control
pregnancies in a cohort population in Utah, USA [40]. Moreover, women carrying this
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allele gene were found to have higher levels of serum angiotensinogen even during the
postpartum period [41]. In addition, other researchers concluded that fetal AGT M235T
polymorphism was associated with low birth weight [42]. Our study did not aim to analyze
these hypotheses; however, we anticipate that future research carried out in our cohort or
a similar SGA population can investigate their incidence and their correlation with fetal
growth disturbances.

The long-term effects of SGA and FGR on adult life have been extensively
investigated [11,43–45]. A recently published study has explored the correlation between
FGR, including SGA cases and preterm birth, and kidney size and kidney function by
measuring several biochemical markers, such as the renin–angiotensin–aldosterone system
(RAAS), in adolescents. Although the researchers observed that FGR and preterm birth
were associated with smaller total kidney volume, no statistical difference in the biochem-
ical markers of kidney function or RAAS components, including angiotensinogen, was
found in this study, which is in accordance with our own angiotensinogen findings [46].
Moreover, these findings were consistent with the previous results of research into fetal
growth-restricted sheep wherein the researchers reported significant reductions in the
sheep’s kidney weight but no evidence of alteration in the renal RAS components [47].
All the above data revealed that fetal growth disturbances had no impact on the renal
angiotensinogen levels in adolescents or adults who had experienced fetal growth distur-
bances at birth.

It should be pointed out that collecting amniotic fluid is a particularly challenging
procedure given the considerable difficulty of dealing with this biological material and
assembling the needed number of cases. Therefore, one limitation of the current study is
the small number of included cases, which consequently leads to a small sample size within
the study subgroups. As far as we know, this is the first examination of amniotic fluid
angiotensinogen levels during the second trimester. Previous researchers have investigated
only the presence of the angiotensinogen gene or its expression in the placenta of FGR
fetuses. This emphasizes the necessity for more extensive studies on amniotic fluid so as
to clarify potential links between fetal growth irregularities and the different expression
and mode of action of the RAS. It is hypothesized that many other factors influence the
renin–angiotensin system and its numerous interactions in human and fetal physiology.
Hence, it is hoped that our study may trigger further investigation in this direction.

5. Conclusions

This is the first study, to our knowledge, to investigate the presence of and possible
correlation between angiotensinogen and fetal growth disorders in the amniotic fluid of
early second trimester pregnancies. Our findings did not reveal any correlation between
the levels of angiotensinogen in the amniotic fluid and, thus, in fetal growth disturbances.
However, there were large discrepancies between the mean values of angiotensinogen in
the three subgroups, a highly interesting finding that can be employed as the basis for
further research. The mean value of SGA differs greatly from the AGA and LGA values.
Moreover, multiple regression analysis identified a statistically significant correlation
between the amniotic fluid angiotensinogen levels, gestational age, and birth weight. There
are strong indications that angiotensinogen could constitute one of several biological
pathways leading to earlier delivery in some cases and may also contribute to advanced
birth weight in other cases. These correlations highlight a possible dual role of an RAS
component in fetal growth velocity.
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Abstract: Background: The ultrasound scan represents the first tool that obstetricians use in fetal
evaluation, but sometimes, it can be limited by mobility or fetal position, excessive thickness of
the maternal abdominal wall, or the presence of post-surgical scars on the maternal abdominal
wall. Artificial intelligence (AI) has already been effectively used to measure biometric parameters,
automatically recognize standard planes of fetal ultrasound evaluation, and for disease diagnosis,
which helps conventional imaging methods. The usage of information, ultrasound scan images,
and a machine learning program create an algorithm capable of assisting healthcare providers by
reducing the workload, reducing the duration of the examination, and increasing the correct diagnosis
capability. The recent remarkable expansion in the use of electronic medical records and diagnostic
imaging coincides with the enormous success of machine learning algorithms in image identification
tasks. Objectives: We aim to review the most relevant studies based on deep learning in ultrasound
anomaly scan evaluation of the most complex fetal systems (heart and brain), which enclose the most
frequent anomalies.

Keywords: deep learning; artificial intelligence; pregnancy; ultrasound; anomaly scan; fetal heart;
fetal brain

1. Introduction

Congenital fetal anomalies, which cause a high infant mortality rate worldwide, are
identified as fetal structural abnormalities at standard morphology ultrasound scans, which
involve standard planes of visible organs or body parts [1]. A fetal structural anomaly can
be identified on the ultrasound in about 3% of pregnancies, which can range from a minor
defect to severe multisystem anomalies [2]. Congenital heart disorders (CHDs) are increas-
ingly diagnosed during pregnancy in developed countries. Prenatal diagnosis of CHDs is
helpful in cases with severe abnormalities, such as hypoplastic left heart syndrome, transpo-
sition of the great arteries, and total anomalous pulmonary venous. Knowing the diagnosis
during pregnancy improves treatment outcomes, quickening postpartum intervention and
preserving the long-term neurodevelopment of the newborn [3]. The frequency of fetal
central nervous system (CNS) abnormalities is second to cardiac malformations. A precise
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prenatal diagnosis with ultrasound is crucial for the right postpartum therapy for fetal CNS
disorders, which significantly cause in utero mortality and postnatal morbidity [4].

Early fetal ultrasound is now a well-recognized technique for detecting fetal abnor-
malities and monitoring the evolution or development of intrauterine congenital dis-
eases [5]. However, the Eurofetus study [6] that involved 61 obstetrical ultrasound units
from 14 European countries showed that only 55% of significant anomalies were identified
before 24 weeks of gestation.

The fundamentals of artificial intelligence (AI) as a discipline were established in the
1950s, under the hypothesis formulated by John McCarthy as “Every aspect of learning or
any other feature of intelligence can in principle be so precisely described that a machine
can be made to simulate it” [7]. Deep learning (DL) is a part of a more prominent family
of machine learning techniques built on artificial neural networks (ANNs). The levels
of supervision can vary from unsupervised, semi-supervised, and supervised, all being
possible [8].

Although medical errors are the third most significant cause of death in the United
States [9], AI can reduce this number by improving interpretation accuracy and reducing
workload, which can cause critical details to be overlooked. The information processing
and distributed communication nodes in biological systems inspired ANNs [10,11]. ANNs
and biological structures like the fetal brain differ in many ways. Mainly, ANNs frequently
exhibit static and symbolic behavior, whereas fetal organs exhibit dynamic (plastic) and
analog behavior.

Rapid advancements in DL algorithms have made them a powerful tool for examining
medical images. Numerous types of deep neural networks effectively handle medical
picture segmentation [12]. AI in medical science involves classification, localization, detec-
tion, segmentation, and registration of medical images. Convolutional neural networks
(CNNs) represent one of the main three types of deep learning algorithms, with remarkable
progress in image recognition [13].

AI-assisted obstetric ultrasound may automatically identify particular fetal structures
based on the gestational age of the pregnancy [14]. Also, AI-based automatic measures and
evaluations have been implemented in the last decades to decrease intra- and inter-observer
measurement variability and to increase diagnosis accuracy [15]. Moreover, AI progress
in recent years enabled the development of AI-based techniques to detect fetal anomalies.
We need to remember that AI is based on mathematical algorithms, and the accuracy of
the information provided depends not only on the algorithm but also on the quality and
quantity of the data [16].

Our review aims to highlight the performance of AI detection of normal and abnormal
aspects of the most prevalent congenital malformations concerning fetal cardiovascular
and central nervous systems.

2. Method

We conducted a search on PubMed, Elsevier, and Scopus using the keywords “deep
learning”, “pregnancy”, “Artificial intelligence”, “anomaly scan”, “fetal heart”, “fetal
brain”, and “ultrasound”, yielding 265 results from 2015 to 2023. Eligible studies for
inclusion had to be in English and focus on discussing the utilization of artificial intelligence
in ultrasound and fetal scanning. Two evaluators independently reviewed each study based
on the title, abstract, and full text. Studies meeting the selection criteria were included. Each
included study underwent assessment and was categorized as 0 = not relevant, 1 = possibly
relevant, and 2 = very relevant. Only publications scoring at least 1 point were incorporated
into our study. Any discrepancies were deliberated and resolved by a third researcher.
Specific exclusion criteria were applied to identify the most pertinent studies. These criteria
included excluding studies conducted in languages other than English, those not utilizing
artificial intelligence, articles lacking fully available texts, and studies examining systems
unrelated to the heart and brain or other medical fields outside of obstetrics and gynecology.
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After applying the exclusion criteria, we identified 20 relevant articles specifically about
the fetal heart and brain along the skull, as shown in Figure 1.
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Figure 1. Flow diagram of the method for study selection.

Out of the 20 selected articles, 6 addressed the central nervous system, 7 studied the
heart, 3 examined the fetal heart rhythm, 2 focused on fetal biometry, and 2 studied nuchal
translucency. The working methods are illustrated in Figure 2.

In Figure 2, CNN—convolutional neural network; DL—deep learning; SONO—supervised
object detection with normal data Only, AUC—area under the receiver operating character-
istic curve; CAD—computer-aided detection; U-NET—network’s U-shaped architecture;
VGG-Net—visual geometry group network; PAICS—prenatal ultrasound diagnosis ar-
tificial intelligence conduct system; SFTA—segmentation-based fractal texture analysis;
MLA-ANFIS—multi-layer architecture of a sub-adaptive neuro-fuzzy inference system;
for SVM—support vector machine; MLP—multilayer perceptron; FUVAI—spatio-temporal
fetal US video analysis; MFP-Unet—multi-feature pyramid Unet network; MAPSE—mitral
valve annular planes systolic excursion; TAPSE—tricuspid valve annular planes systolic ex-
cursion; DSC—Dice similarity coefficient; VS—volume similarity; HD95—Hausdorff95 dis-
tance; HD—head circumference; BPD—biparietal diameter; AC—abdomen circumference;
FL—femur length; HD—Hausdorff coefficient; APD—average perpendicular distance.
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3. Results
3.1. Heart

The fetal heart is a complex organ to analyze and follow because of its nature, contin-
uous movement, and small size. As stated before, congenital heart diseases are the most
common [17] fetal malformations. During the first or second trimester scan, sonographers
perform an ultrasound anomaly scan as a tool for prenatal diagnosis regarding fetal malfor-
mations. Still, the reported detection rates for congenital heart disease remain low [18] Due
to these challenges, a novel concept that seeks to integrate AI into ultrasound (US) fetal
evaluations to improve the detection rates and overall fetal heart evaluation accuracy has
emerged, as shown in Figure 3.

Pregnant women are advised to undergo fetal screening in the second trimester of
pregnancy. The fetal heart scan involves examining five standard recommended planes
during the cardiac sweep, which enables physicians to diagnose up to 90% of complex
congenital heart defects [19].

In a study conducted by Arnaout et al., echocardiographic and second-trimester
screening images of fetuses with gestational age between 18 and 24 weeks were analyzed
with the help of a variety of neuronal networks, and the authors found that it was possible
to distinguish between normal heart development and the presence of inborn cardiac
anomalies. The obtained results indicate predictive performances similar to those made by
clinical experts, namely, a sensitivity of 95% (95% confidence interval, 84–99%), specificity
of 96% (95% confidence interval, 95–97%), and a predictive negative value of 100% [20].
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To identify the five screening cardiac plans from fetal ultrasound scans, including
three-vessel trachea (3VT), three-vessel view (3VV), left-ventricular outflow tract (LVOT),
axial four-chamber (A4C), and abdomen (ABDO) [21], Arnaout et al. [20] used CNNs to
categorize the images. Their results showed that the model’s sensitivity is comparable
to the physician’s and succeeds at external datasets and lower-quality images. All the
images that did not fit the criteria were categorized as non-target images (for example,
head, foot, placenta).

Philip M et al. [22] demonstrated the efficacy of CNNs in the detection and measure-
ment of mitral and tricuspid valve annular planes systolic excursion (MAPSE/TAPSE) for
the evaluation of cardiac function with the usage of two separate networks based on the
same method, one for mitral valve segmentation and the other for tricuspid valve segmen-
tation. Bland–Altman diagrams were used to analyze differences between measurements
made by two experts and the automated method. The TAPSE automatic measurement ob-
tained a correlation coefficient of r = 0.61, while the expert coefficient was r = 0.89. The root
mean squared error (RMSE) between the automated and reference measurement systems
was 0.14. The R-value for the automated MAPSE measurement was 0.30, for the expert
measurement was 0.77, and for the RMSE was 0.18. It was observed that the correlation
coefficient, both for the expert and the proposed method for MAPSE, was lower than that
of TAPSE. This was due to the rotation movement of MA, which is caused by the circular
orientation of the muscle fibers in the left ventricle, which makes MAPSE measurement
more challenging than TAPSE measurement [22].

Matsuoka et al. [23] used 2378 movie frames from 51 fetal cardiac screening scans
with normal anatomy at 18–20 weeks as the training dataset and 701 movie frames from
28 routine fetal cardiac screening scans as test data. The authors aimed to develop AI
to identify the normal position of the heart and aspect of the cardiovascular structures
as follows: crux, ventricular septum, right atrium, tricuspid valve, right ventricle, left
atrium, mitral valve, left ventricle, pulmonary artery, ascending aorta, superior vena cava,
descending aorta, stomach spine, umbilical vein, inferior vena cava, pulmonary vein,
ductus arteriosus. The accuracy with which AI managed to identify the heart structures
was 97.1% for the crux, 69.3% for the ventricular septum, 96.6% for the left ventricle, 90.6%
for the left atrium, 84.8% for the right ventricle, 96.9% for right atrium, 61.9% for the
ascending aorta; and 100% for the pulmonary artery, stomach, and spine [23].
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Komatsu R et al. [24] used 42 movie frames of a normal heart as a training database
from second-trimester scans and identified 18 different plans of the heart and peripheral
organs, such as the atrium, ventricle, blood vessels, and stomach. Movie frames with
pathologies were introduced in the study, such as Tetralogy of Fallot (TOF) and trans-
position of great arteries (TGA). The pulmonary artery was not clearly demonstrated in
the case of TOF, and the outflow tract and blood vessel detection patterns in TGA were
inconsistent compared with a normal fetus. The program failed to highlight the pathology
but successfully highlighted the aspects different from normal anatomy, according to the
receiver operating characteristic (ROC) curves [24].

In a similar study, Komatsu M et al. [25] proposed a novel architecture of supervised
object detection with normal data only (SONO) to detect fetal heart structures and cardiac
abnormalities. The correct position of 18 fetal structures was annotated. For this program,
191 videos were used for training, 22 for validation, and 34 for testing. SONO achieved
a mean value average precision (mAP) of 0.70 in the testing phase. According to each
structure’s average precision (AP), the crux, ventricular septum, ventricles, atria, outflow
tract, pulmonary artery, and ascending aorta were well detected. The tricuspid valve,
mitral valve, inferior vena cava, pulmonary vein, and ductus arteriosus identification
performed poorly in correct detection. To evaluate the detection of abnormal cardiac
structures, 104 sets of 20 sequential cross-sectional video frames around a 4CV and a 3VTV
obtained from 40 normal and 14 CHD cases were used. In normal cases, the diagnostic
components were well-detected and localized, whereas in CHD cases, the detection of
fetal structures was very poor. The ROC analyses were used to assess the performance of
detecting cardiac structural anomalies in the heart and vessels. The area under the ROC
curves (AUC) produced with SONO was 0.787 in the heart and 0.891 in vessels. Therefore,
SONO demonstrated the abnormalities more accurately in vessels than in heart chambers.

Nurmaini et al. [26] investigated the use of deep learning-based computer-aided
fetal echocardiography for heart standard view segmentation in detecting congenital
heart defects. Their study aimed to develop an automated system that can assist medical
professionals in detecting congenital heart defects early on. For this purpose, they used
1149 fetal heart images and included three cases of congenital heart defects. The program
managed to detect congenital heart defect cases with a precision of 98.30%.

Ungureanu A et al. [18] published a study protocol to develop an automated intelligent
decision support system for early fetal echocardiography using deep learning architectures.
The authors used ultrasound images from the first-trimester morphology scan using two-
dimensional heart loop videos showing a four-chamber view, left and right ventricular
outflow tracts, and a three-vessel view. The sample videos were divided into training
(60%), validation (20%), and test sets (20%). The primary outcome of their study was an
Intelligent Decision Support System (IS) that can assist early-stage sonographers in training
for the accurate detection of the four first-trimester cardiac key planes. Another important
outcome was an increase in satisfactory heart key-plane evaluations by inexperienced and
newly trained sonographers in first-trimester scans. It also resulted in a reduced rate of
diagnosis discrepancies between evaluators with different experiences. The study offers
the first standardized AI method for fetal echocardiography weeps in the first trimester of
fetal heart anomaly detection.

In contrast to previous studies that used AI in the second trimester of pregnancy,
Stoean et al. [27] used CNNs in the first trimester of pregnancy and were able to identify four
key planes for fetal heart assessment in the first trimester of pregnancy (the aorta, the arches,
the atrioventricular flows, and the crossing of the great vessels) with 95% accuracy.

3.2. Brain and Skull

Central nervous system abnormalities are some of the most common congenital
fetal malformations, with an incidence rate of 1% [28]. Examining the fetal cranium in
standard reference plans, i.e., transventricular, transcerebellar, and transtalamic, represents
an essential part of the second-trimester anomaly scan [29,30] Figure 4.
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The progress of AI-assisted ultrasound diagnosis enabled a 92.93% accuracy in detect-
ing fetal morphology standard planes; therefore, AI was expected to become an alternative
screening method for central nervous system fetal malformations [31].

Huang et al. [32] investigated the use of deep learning algorithms for segmenting brain
structures imagined with fetal MRI. Their study provides an accurate and efficient method
for brain tissue segmentation in fetal MRIs, which is essential for quantifying the presence
of congenital disorders. Manual segmentation of fetal brain tissue is cumbersome and time-
consuming, so automatic segmentation can significantly simplify the process. The group
analyzed 80 fetal brain MRI scans at gestational ages from 20 to 35 weeks. A 6:1:1 ratio was
used to divide the dataset into training, validation, and test sets. Dice accuracy, sensitivity,
and specificity were used to evaluate the method objectively. The results indicated an
average Dice similarity coefficient (DSC) of 83.79%, average volume similarity (VS) of
84.84%, and average Hausdorff95 distance (HD95) of 35.66 mm. The authors compared
their approach with several others and demonstrated the superiority of their method.

Heuvel et al. [33] presented a computer-aided detection (CAD) system for auto-
mated measurement of the fetal head circumference (HC) in 2D ultrasound images for
all trimesters of pregnancy. The CAD system was tested on an independent test set of
335 photos from all trimesters after being trained on 999 images. A skilled sonographer
and a medical researcher personally annotated the test set. The outcomes of 0.98 accuracy
on the validation set and 0.97 on the test set demonstrate that the CAD system performs as
well as a skilled sonographer.

Xie B. et al. [34] utilized the first algorithm for prenatal ultrasonographic diagnosis
of central nervous system malformations. Xie et al. utilized U-Net for the cranium region
segmentation and the VGG-NET network to differentiate the images of the normal and ab-
normal structures. Thus, the group decreased false-negative results in fetal brain anomalies
by 97.5%.

Xie H.N. et al. [35] used DL-based CNNs to classify ultrasound images as normal or
abnormal in standard axial neurosonographic planes. Their study included 15.373 typical
images and 14.047 abnormal images of the fetal brain, identified correctly using the program
in a proportion of 96.9% and 95.9%, respectively. The exact location of the anomaly
was identified correctly in 61.6% of the abnormal ultrasound images, closely in 24.6% of
the cases, and irrelevantly in 13.7%. Even though these algorithms can perform simple
diagnosis, Yaqub et al. [36] assembled a system that identifies septum cavum pellucidum
on the transventricular cerebral plane. Baumgartner et al. [37] assembled a CNN-based
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system, which helped them automatically and in real time determine 13 standard fetal
plans, including the transventricular and transcerebellar sections with an accuracy of
96.36% and 100%, respectively.

Lin et al. [38] developed an AI system based on CNN (PAICS—prenatal ultrasound
diagnosis artificial intelligence conduct system) capable of identifying nine different cere-
bral malformations based on standard, real-time ultrasound examination images, with
an average accuracy of 95%. Using the PAICS system reduced the examination time,
and the system’s performances were compared with examinations performed by highly
experienced practicians.

3.3. Fetal Cardiotocography

Cardiotocography (CTG) is crucial for determining fetal status by monitoring the fetal
heart rate (FHR) and uterine contractions. The fetal heart rate (FHR) shows remarkable
patterns for evaluating fetal physiology and common stress situations, and according to a
vast meta-analysis, continuous CTG monitoring is correlated to a 50% decrease in newborn
seizures [39] (Figure 5).
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Z. Cömert and A. F. Kocamaz used segmentation-based fractal texture analysis (SFTA)
to identify normal and hypoxic records. In total, 44 normal and 44 hypoxic fetuses instances
were analyzed, resulting in a 79.65% accuracy, 79.92% specificity, and 80.95% sensitivity to
distinguish normal and hypoxic fetuses [40].

On a CTG dataset, different topologies of the multi-layer architecture of a sub-adaptive
neuro-fuzzy inference system (MLA-ANFIS) were constructed using multiple input fea-
tures, neural networks (NNs), deep stacked sparse auto-encoders (DSSAEs), and deep-
ANFIS models. In a study conducted by Iraji MS, the results obtained with DSSAE were
more accurate than other suggested techniques to predict fetal well-being. The method
showed a sensitivity of 99.716%, a specificity of 97.500%, and an accuracy of 99.503% [41].
AI has been used with contemporary computer systems to interpret CTG to overcome
human limitations, and numerous trials are being conducted in this area.

CNNs are often used in medicine to create screening systems that automatically aid
physicians because of the apparent advantages. Li et al. [42] collected 4473 FHR records and
categorized them into three classes: normal, suspicious, and abnormal, based on the elec-
tronic fetal monitoring (EFM) system. To improve classification accuracy, the researchers
divided the high-resolution 1-dimensional FHR records into ten d-window segments and
used CNNs to process the data in parallel. Their study also conducted a comparative
experiment. This experiment extracted features from the FHR data using basic statistics.
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These features were then used as inputs for support vector machine (SVM) and multilayer
perceptron (MLP) classifiers. The accuracy of classification was reported for SVM (79.66%),
MLP (85.98%), and CNN (93.24%). These percentages represent each classification method’s
accuracy rates, with CNN showing the highest accuracy [42].

3.4. Fetal Biometry

Accurate fetal biometric measurements of head circumference (HC), biparietal di-
ameter (BPD), abdomen circumference (AC), and femur length (FL) are used to estimate
gestational age (GA) and fetal weight (EFW), which are essential for proper delivery
management [43] (Figure 6).
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Szymon Płotka et al. [44] used a novel multi-task CNN-based spatiotemporal fetal
US feature extraction and standard plane detection algorithm (FUVAI). They used video
recordings from 700 pregnancies and compared the FUVAI fetal biometric measurements
with those of experienced sonographers. Clinical studies have revealed that errors are
less than 15%, which is acceptable in clinical practice [45]. In the same study, the authors
found intraclass correlation coefficients (ICCs) between FUVAI and junior readers of 0.982,
0.989, 0.985, and 0.981 for HC, BPD, AC, and FL, respectively, and ICCs between FUVAI
and seniors of 0.987, 0.991, 0.987, and 0.986 for HC, BPD, AC, and FL, respectively. Those
results show us that FUVAI results are better correlated with senior examinators. For the
second and third trimesters of pregnancy, the corresponding values were 0.982, 0.994, 0.980,
and 0.981, and 0.982, 0.995, 0.982, and 0.983, for HC, BPD, AC, and FL, respectively, with no
notable differences between the second and third trimester of pregnancy [44].

In a study by Oghli MG et al. [46], CNNs were utilized for automatic measurement
and segmentation of fetal biometric parameters, including biparietal diameter (BPD), head
circumference (HC), abdominal circumference (AC), and femur length (FL) using a multi-
feature pyramid Unet (MFP-Unet) network. They trained this algorithm on 1334 subjects
and achieved 0.98, 1.14, 100%, 0.95, and 0.2 mm for the Dice similarity coefficient (DSC),
Hausdorff (HD), satisfactory contours, conformity, and average perpendicular distance
(APD), respectively.

3.5. Nuchal Translucency

AI can assist sonographers in automatically identifying the neck region in ultrasound
images and measuring the nuchal translucency (NT). Zhang L et al. [47] used CNNs to
screen the trisomy 21 by measuring the NT. They enrolled 822 cases in their study, including
550 participants in the training set and 272 participants in the validation set, with a similar
mean age. The DL model showed good performance in both sets for trisomy 21 screening
with a 95% confidence interval of 0.92–0.95.

Sciortino G et al. [48] proposed a methodology based on wavelet and multi-resolution
analysis. They obtained a positive rate of 99.95% concerning nuchal region detection,
and about 64% of scans presented an error of 0.1 mm Figure 4.

Table 1 gives an overview and summary of the results obtained from the research
we reviewed and contrasts the analysis performed using AI with that performed by
conventional sonographers.
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Table 1. Results summary.

Authors Method Objective Pregnancy Trimesters Results

Arnaout et al. [20] CNN Heart Second

Sensitivity to distinguish normal heart
development—95%

Specificity to distinguish normal heart
development—96%

Philip, M. et al. [22] CNN Heart Second MAPSE correlation coefficient = 0.30
TAPSE correlation coefficient = 0.61

Matsuoka et al. [23] CNN Heart Second

The accuracy with which AI managed to
identify the heart:

Crux—97.1%;
Ventricular septum—69.3%;

Left ventricle—96.6%;
Left atrium—90.6%;

Right ventricle—84.8%;
Ascending aorta—61.9%;
Pulmonary artery—100%;

Stomach—100%;
Spine—100%.

Komatsu R et al. [24] CNN Heart Second Managed to highlight an aspect different
from normal

Komatsu M et al. [25] SONO Heart Second

Median average precision for identifying
the cardiac structures—70%

AUC heart—78.7%
AUC vessels—89.1%

Nurmaini et al. [26] CAD Heart Second Precision—98.30%

Stoean et al. [27] CNN Heart First Accuracy—95%

Huang et al. [32] DL Brain Second
Third

DSC—83.79%
VS—84.84%

Hd95—35.66%

Heuvel et al. [33] CAD Brain All trimesters Accuracy: 97%

Xie B. et al. [34] U-Net
VGG-NET Brain False-negative incidence decreased by

97.5%

Xie H.N. et al. [35] CNN Brain Second
Third

Localization of the anomaly
Correctly—61.6%
Closely—24.6%

Irrelevant—13.7%

Baumgartner et al. [37] CNN Brain Second
Accuracy of identifying:

Transventricular plane—96.36%.
Trancerebellar plane—100%.

Lin et al. [38] PAICS Brain Second
Third

Accuracy for identifying different
cerebral malformations—95%

Z. Cömert and
A. F. Kocamaz [40] SFTA Fetal heart rate Third

Accuracy—79.65%
Specificity—79.92%
Sensitivity—80.95%

Iraji MS [41] MLA-ANFIS Fetal heart rate Third
Accuracy—99,503%
Specificity—97.500%
Sensitivity—99.716%

Li et al. [42] CNN
SVM MLP Fetal heart rate Third

Accuracy of the three methods:
93.24%;
79.66%;
85.98%.

Szymon Płotka et al. [44] FUVAI Fetal biometry Second
Third

Intraclass correlation coefficient:
HC—0.982.
BPD—0.995.
AC—0.982.
FL—0.983.
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Table 1. Cont.

Authors Method Objective Pregnancy Trimesters Results

Oghli, M. G. et al. [46] MFP-Unet Fetal biometry Second

DSC—0.98
HD—1.14

Good contours—100%
Conformity—0.95

APD—0.2

Zhang L et al. [47] CNN NT First Confidence interval—95% (0.92–0.95)

Sciortino G [48] Multi resolution
analysis NT First Positive rate of detection: 99.95%

3.6. Results Summary Table 1

In Table 1, CNN—convolutional neural network; DL—deep learning; SONO—supervised
object detection with normal data Only, AUC—area under the receiver operating character-
istic curve; CAD—computer-aided detection; U-NET—network’s U-shaped architecture;
VGG-Net—visual geometry group network; PAICS—prenatal ultrasound diagnosis ar-
tificial intelligence conduct system; SFTA—segmentation-based fractal texture analysis;
MLA-ANFIS—the multi-layer architecture of a sub-adaptive neuro-fuzzy inference system;
SVM—support vector machine; MLP—multilayer perceptron; FUVAI—spatio-temporal
fetal US video analysis; MFP-Unet—multi-feature pyramid Unet network; MAPSE—mitral
valve annular planes systolic excursion; TAPSE—tricuspid valve annular planes systolic ex-
cursion; DSC—Dice similarity coefficient; VS—volume similarity; HD95—Hausdorff95 dis-
tance; HD—head circumference; BPD—biparietal diameter; AC—abdomen circumference;
FL—femur length; HD—Hausdorff coefficient; APD—average perpendicular distance.

3.7. Results of Syntheses

The predictive values of the AI methods used in the included studies were divided
into groups according to the system analyzed and evaluated. The results are summarized
in Tables 2–6.

Table 2. Cord studies—synthesized records.

Arnaout
et al. [20] Boston 107,823 images

Gestational age
between 18 and

24 weeks
CNN

Sensitivity of 95%
Specificity of 96%

Predictive negative
value of 100%

Philip M
et al. [22] New South Wales 95 participants

Mean gestational age
of 30.7

Gestational age
between 22.9 and 38.0

CNN

RMSE for
TAPSE—0.14

RMSE for
MAPSE—0.18

Matsuoka
et al. [23] Japan

2378 movie frames from
51 fetal cardiac screening

scans used as the
training dataset

701 movie frames from fetal
cardiac screening used as

test data

Gestational age
between 18 and 20 CNN

The accuracy with
which AI managed to
identify the heart was

between 61.9
and 100%

Komatsu R
et al. [24] Japan 42 movie frames for database Second trimester CNN

Managed to highlight
an aspect different

from normal

Komatsu M
et al. [25] Japan

191 videos of normal cord
used for training

22 videos used for validation
34 videos used for testing

Second trimester SONO
Mean value average

precision (mAP)
of 0.70
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Table 2. Cont.

Komatsu M
et al. [25] Japan 104 sets of 20 sequential

cross-sectional video-frames Second trimester SONO
AUC for heart—0.787

AUC for
vessels—0.891

Nurmaini
et al. [26] Indonesia 1149 fetal heart images Second trimester CAD Precision: 98.3%

Stoean
et al. [27] Romania 7251 fetal heart images First trimester CNN Accuracy: 95%

Table 3. Brain studies—synthesized records.

Huang
et al. [32] China 80 fetal brain scans 20–35 gestational age DL

Dice coefficient—83.79%
VS—84.84%

Hd95—35.66%

Heuvel
et al. [33] Netherlands 999 images for the training set

335 images for test data All trimesters CAD

Accuracy on the
validation set—0.98
Accuracy on the test

set—0.97

Xie B. et al. [34] China 13.350 images 18–32 gestational
weeks

U-net
VGG-Net

False-negative incidence
decreased by

97.5%

Xie HN
et al. [35] China 13.373 normal pregnancies

14.047 abnormal pregnancies Second trimesters CNN

Located lesions:
Precisely in 61.6%;
Closely in 24.6%;

Irrelevantly in 13.7%.

Baumgartner
et al. [37] UK 2694 ultrasound examinations 18–22 gestational

weeks CNN
Accuracy to identify the

correct plans between
96.36% and 100%

Lin et al. [38] China 43.890 ultrasound images
169 ultrasound videos

18–40 gestational
weeks PAICS Accuracy to identify the

correct plans—95%

Table 4. Fetal heart rhythm studies—synthesized records.

Z. Cömert and
A. F. Kocamaz [40] Turkey 44 normal fetuses

44 hypoxic fetuses Third trimester SFTA

Distinguished normal and
hypoxic fetuses with:
Accuracy—79.65%;
Specificity—79.92%;
Sensitivity—80.95%.

Iraji MS [41] Iran Third trimester
MLA-ANFIS

DSSAEs
Deep-ANFIS

Predicted fetal well-being with:
Specificity—97.500%;
Accuracy—99.503%;

Sensitivity—99.716%.

Li et al. [42] China 4473 FHR records Third trimester
SVM
MLP
CNN

Accuracy for classification in
three classes: normal,

suspicious, and abnormal
SVM—79.66%
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Table 5. Fetal biometry studies—synthesized records.

Szymon Płotka
et al. [44] Poland 700 pregnancies Second and

third trimester FUVAI

Intraclass correlation
coefficient:
HC—0.982;
BPD—0.995;
AC—0.982;
FL—0.983.

Oghli, M. G.
et al. [46] Iran 1334 subject Second MFP-Unet

DSC—0.98
HD—1.14

Good contours—100%
Conformity—0.95

APD—0.2

Table 6. Nuchal translucency studies—synthesized records.

Zhang L et al. [47] China 822 cases 11–14 gestational
weeks CNN

Confidence
interval—95%

(0.92–0.95)

Sciortino G [48] Italy 382 cases FIRST Multi resolution
analysis

Positive rate of
detection—99.95%

4. Discussion

This review encompasses several articles focusing on using AI in fetal ultrasound
assessment. The objective of developing these neural networks is to enhance the process
of ultrasound assessment by automating the identification of fetal structures, thereby
maximizing the accuracy of the technique and minimizing examination time.

Numerous programs were outlined in the reviewed studies, all of which success-
fully attained their objectives by achieving accuracy rates exceeding 90% in identifying
fetal brain and heart structures or their biometric measurements [27]. These findings
have exhibited promising outcomes in enhancing the precision and automation of fetal
parameter estimations.

Congenital heart diseases are the most common fetal malformations [4]. The incor-
poration of AI into ultrasound assessments is directed at enhancing both detection rates
and precision. Research studies have showcased the efficacy of AI applications applicable
across any gestational age, demonstrating the capability to identify fetal structures as early
as the first trimester of pregnancy [14,18]. These studies delineated four established fetal
heart assessment key plans and expanded to identify up to nine fetal heart structures in
the second trimester [23]. Additionally, a protocol for developing an automated intelli-
gent decision support system for early fetal echocardiography using DL architectures was
developed and successfully implemented. The goal is to aid sonographers in identifying
correctly the key cardiac planes during the first trimester.

The development of specialized systems, such as those determining various fetal plans,
emphasizes the versatility of AI in fetal ultrasound examinations. The potential of AI to
enhance prenatal care by providing more accurate and efficient methods for identifying and
diagnosing fetal anomalies is evident. These advancements underline the transformative
impact of AI on the field, offering a promising avenue for future improvements in fetal
healthcare [37].

Central nervous system abnormalities are the second most common congenital fetal
malformations, with an incidence rate of 1% [28]. AI-assisted ultrasound diagnosis has
achieved high accuracy rates of up to 100% in detecting fetal brain standard planes, making
it a potential alternative screening method for central nervous system fetal malformations.
Notably, specialized software was developed, exhibiting the ability to accurately identify
up to 13 fetal brain planes, such as the transventricular plane and the transcerebellar plane,
with a remarkable 96.36% and 100% accuracy rate, respectively [37].
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Beyond identifying standard fetal planes, AI demonstrated proficiency in distin-
guishing between typical and abnormal images, effectively pinpointing the location of
abnormalities within the fetal brain. AI was able to precisely identify different types of
brain abnormalities in real time during ultrasound tests using the PAICS system (95%
accuracy) (ventriculomegaly, non-visualization of Cavum septum pellucidum, septum
pellucidum, crescent-shaped single ventricle, non-intraventricular cyst, intraventricular
cyst, open four ventricles, and mega cisterna magna) [37].

Certain programs have utilized cases involving congenital brain anomalies (neural
tube defect, holoprosencephaly, lissencephaly, microcephalus, posterior fossa anomaly,
spare occupying lesion, intracranial hemorrhage, or ventriculomegaly) as part of the
training data, leading to the capability to detect fetal anomalies at an impressive rate of
over 96%. Moreover, AI has successfully located an anomaly with an accuracy rate of 61.6%
in the cases, closely in 24.6%, and irrelevantly in 13.7% [35].

This approach underlines the efficiency of using AI-based programs as valuable
tools for less experienced medical professionals that can significantly support improving
diagnostic competence [18].

The use of AI can support sonographers in automatically identifying the neck region in
ultrasound images and measuring the nuchal translucency in cases with Down Syndrome.
The deep learning model performed well in training and validation sets, achieving a 95%
confidence interval by measuring NT [47]. Also, good outcomes were obtained in studies
that utilized normal cases for identifying nuchal translucency (99.95% detection of the
nuchal region) [48].

Our comprehensive review encompasses diverse AI-based evaluation methodologies,
recent studies, their associated advantages and disadvantages, potential obstacles, and the
anticipated applications of AI in obstetrics. With this thorough investigation, it becomes
evident that AI holds significant promise in prenatal diagnosis [14]. It has the potential to
surmount diagnostic challenges, enhance treatment options, and ultimately contribute to
improved patient outcomes in fetal medicine.

5. Conclusions

AI has seamlessly integrated into various facets of our daily lives and emerged as a
pivotal source of innovation in healthcare. It plays a substantial role in supporting clinical
decision-making and providing high-quality assistance. AI solutions prove to be highly ad-
vantageous, particularly in healthcare domains where professionals such as radiographers
and sonographers heavily depend on information derived from images. DL, a subset of
AI, excels in image pattern recognition, making it particularly effective for practitioners
relying on image-based data for diagnosis and decision-making in healthcare settings.

AI-assisted ultrasound diagnosis addresses certain limitations associated with tradi-
tional ultrasound examinations. The substantial progress made in recent years, coupled
with enhanced capabilities in detecting prenatal fetal malformations, positions AI as a
prospective adjunct or alternative screening method for identifying fetal anomalies. This
includes the assessment of complex systems like the brain and heart.

Studies highlight AI’s potential in accurately detecting heart structures. AI, par-
ticularly CNNs, effectively distinguishes normal development from cardiac anomalies,
with studies showing comparable and predictive performances to experts.

AI technologies, such as DL algorithms and CNNs, have demonstrated impressive
accuracy in identifying brain planes and structures and automated fetal head biometry
measurements. Also, comparable performance to the skilled sonographers in anomaly
detection and a reduction in false-negative results in diagnosing fetal brain anomalies
were obtained.

The development of specialized systems, such as those determining various fetal
plans, emphasizes the versatility of AI in fetal ultrasound examinations. The potential of AI
to enhance prenatal care by providing more accurate and efficient methods for identifying
and diagnosing fetal anomalies is evident. These advancements underline the transfor-
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mative impact of AI on the field, offering a promising avenue for future improvements in
fetal healthcare.
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Abstract: A hydatidiform mole (HM) or molar pregnancy is the most common benign form of
gestational trophoblastic disease characterized by a proliferation of the trophoblastic epithelium and
villous edema. Hydatidiform moles are classified into two forms: complete and partial hydatidiform
moles. These two types of HM present morphologic, histopathologic and cytogenetic differences.
Usually, hydatidiform moles are a unique event, but some women present a recurrent form of
complete hydatidiform moles that can be sporadic or familial. The appearance of hydatidiform moles
is correlated with some genetic events (like uniparental disomy, triploidy or diandry) specific to
meiosis and is the first step of embryo development. The familial forms are determined by variants
in some genes, with NLRP7 and KHDC3L being the most important ones. The identification of
different types of hydatidiform moles and their subsequent mechanisms is important to calculate the
recurrence risk and estimate the method of progression to a malign form. This review synthesizes the
heterogeneous mechanisms and their implications in genetic counseling.

Keywords: hydatidiform mole; uniparental disomy; triploidy; androgenetic; monogenic variant

1. Introduction and Objectives

Gestational trophoblastic disease (GTD) comprises a series of gestational disorders
that vary from benign to malignant forms. The benign form of GTD is represented by
a hydatidiform mole (HM), which is the most common. The malignant forms of GTD
are represented by trophoblastic tumors (with two forms—epithelial trophoblastic and
placental site trophoblastic tumors), choriocarcinoma and invasive moles [1].

Moles have been described since antiquity by Hippocrates, but the term mole was
introduced in 1752 by William Smellie [2]. The hydatidiform mole, commonly known
as a molar pregnancy, is a rare complication in gestation, mainly caused by a genetic
error during fertilization or gametogenesis [3,4]. This is characterized by a disordered
proliferation of the trophoblastic epithelium and villous edema [5,6].

Morphologic, histopathologic and cytogenetic criteria can identify two types of hy-
datidiform moles: a complete hydatidiform mole (CHM) and partial hydatidiform mole
(PHM) [7]. In the majority of cases with a CHM, the genetic material has paternal origin,
being generated by errors of meiosis or fertilization, or during the first steps of embryo
development. Usually, a complete hydatidiform mole is a unique event during the repro-
ductive period of women. Although unusual, when recurrence occurs, it is indicative of a
genetic predisposition. In partial hydatidiform moles, an imbalance is present between the
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maternal and paternal genomes with a preponderance of the male genome [2]. The main
characteristics of CHMs and PHMs are presented in Table 1.

Table 1. Differences between CHMs and PHMs [8–11].

Characteristics CHM PHM

Histological findings

- Abnormal chorionic villi (enlarged,
irregular, polyploid or lobular aspect)
which form the “cisterns” with stromal
fluid trophoblastic inclusion.

- Cytological atypia.
- Apoptotic bodies.
- Fetal stromal blood vessels are absent.

- Some of the villi are large and hydropic
and others are small and fibrotic; the
edges of the villi are irregular.

- Small trophoblastic inclusions.
- An irregular maze-like appearance

given with a sketch of the formation of
the central cistern is noticeable.

Immunohistochemical
findings Absence of p57 expression Presence of p57 expression

hCG Very high levels (>100,000) Normal range/lower

Uterine size Larger related to the expected gestational date
of the pregnancy Smaller than the suggested date

Fetal parts Lack of embryonic or fetal structures Fetal structures present

Recurrence 1 in 100 Small

Risk of choriocarcinoma 3% Low

Epidemiological studies have revealed variable incidence rates of molar pregnancies
across different global regions (0.2–9.9 per 1000 pregnancies) [6]. In North America and
Europe, the frequency is estimated within the range of 60 to 120 cases per 100,000 pregnan-
cies [8]. However, the incidence is more elevated in other geographic regions, particularly
in Asia (especially in Southeast Asia) and Africa, with rates up to ten times higher com-
pared with those of developed countries [2,6]. In developed countries, the incidence of
complete hydatidiform moles is approximated at one to three cases per 1000 pregnancies,
while those of PHMs hover at about three cases per 1000 pregnancies [2].

In rare situations, a twin pregnancy is affected by a mole. There are two distinct
categories of twin molar pregnancies. The most frequent one is a dizygotic twin pregnancy
with a coexistence between a CHM in one twin and a normal fetus and placenta in the
other twin, which occurs in 1 per 22,000–100,000 pregnancies. In these cases, the placental
mass has two components: the normal placenta that serves the normal fetus and the molar
placenta [12].

The rate of favorable evolution of such pregnancies is about 40%. The second variant
entails an analogous twin configuration, but with a partial hydatidiform mole in one twin,
which evolves into a viable fetus in fewer than 25% of instances [13].

The classic complications of hydatidiform moles during pregnancy are spontaneous
abortions, intrauterine death, hyperthyroidism and preeclampsia [12]. Whatever the
prognosis of hydatidiform moles is worth, the majority of such pregnancies generate a
miscarriage or an intrauterine death [3,5].

It is important to differentiate between complete hydatidiform moles, partial hyda-
tidiform moles and non-molar pregnancies for several reasons: the different management
in cases of hydatidiform moles and non-molar pregnancies and the risk of recurrence of
molar pregnancies in the same individual and in the family is also different [14]. In medical
practice, serum β-hCG (human chorionic gonadotropin) and ultrasound are used to identify
hydatidiform moles. Histological criteria and genetic analyses are used to discriminate
between the two types of HMs and hydropic abortion (HA) [9].

The microscopic appearance is different in complete hydatidiform moles, partial
hydatidiform moles and HAs. There are overlaps in histological signs between the two
types of moles, but also between molar and non-molar pregnancies. In this last case,
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differential diagnosis problems may arise when there are pregnancies with abnormal
villous morphology or hyperplastic ones, products of mosaic conception or those cases
where there is a chimeric conception [9,15].

An proportion of 50% of the partial hydatidiform mole cannot be diagnosed by
routine histological examination. This occurs for at least two reasons: there are no specific
histological signs and there is a significant inter- and intra-observer variability [16].

Some morphological criteria depend on the gestational age. Thus, ultrasonographic
signs of an abnormal pregnancy can lead to therapeutic abortion, but the histopathological
examination may not reveal histological signs characteristic of molar pregnancy, because
they have not yet appeared [9,15,17].

Sarmadi et al. analyzed various histological criteria belonging to the following cate-
gory of histological diagnosis criteria: trophoblastic proliferation, villous stroma, villous
shape and presence of fetal structures [9]. Using Kappa statistics, the authors concluded
that there are morphological criteria with high specificity such as “cistern formation” and
“hydropic change” (Kappa value: 0.746 and 0.686, respectively). Kappa values between
0.549 and 0.412 are associated with moderate agreement rates. This category included atypia
in trophoblastic cells, trophoblastic-free cell cluster, predominantly syncytiotrophoblas-
tic proliferation, predominantly cytotrophoblastic proliferation, polypoid/lobulated vil-
lus, chorionic membrane and nucleated red blood cells. Other histological criteria had
a slight agreement rate: a round inclusion (Kappa = 0.174) and an irregular inclusion
(Kappa = 0.136). The other criteria used had a fair degree of agreement rate: nuclear debris
in the villous stroma, stromal fibrosis (fibrotic chorionic villi), scalloping villus and round
villus [9].

Immunohistochemical tests (IHC) are applied for stromal and cytotrophoblastic cells.
P57 IHC cannot discriminate between a diploid non-molar hydropic abortion (HA), a
partial hydatidiform mole, triploid digynic–monoandric gestations and a trisomy. In all
these situations, maternal alleles are present. In this case, in order to increase the detection
rate, complementary methods should be applied [17]. The short tandem repeat (STR)
profile with the presence of paternal alleles in at least two loci establishes the diagnosis of a
CHM [18].

The treatment in gestational trophoblastic disease is different depending on the classi-
fication in 1 of the 4 entities: hydatidiform mole, trophoblastic tumor, choriocarcinoma and
invasive mole. The standard treatment includes combinations of chemotherapy, dilation
and curettage, and hysterectomy. When choosing the treatment option, the woman’s wish
to preserve her fertility will also be considered. In all cases, a post-treatment follow-up
is necessary to exclude the recurrence of the disease. Management can be challenging in
some cases. For example, there is no consensus regarding the application of a prophylactic
treatment in cases of a hydatidiform mole with a risk of persistence of the disease or an
attitude of following the levels of human chorionic gonadotropin and the application of
treatment measures when the criteria of persistence of the disease are met [4].

Objectives: The main objectives of this review are to synthesize the heterogeneous mech-
anisms (chromosomal abnormality, uniparental disomy and monogenic variants) involved in
the pathogenesis of the hydatidiform mole and their implications in genetic counselling.

2. Materials and Methods

This narrative review centers on the etiology of the hydatidiform mole and its con-
nection to genetic factors. A comprehensive literature search was conducted through the
PubMed and Web of Science/Clarivate Analytics databases. The search included articles
published in the last 20 years, but we tried to select the most recent ones as research
in the genetics field is continuously growing. Only articles available as full-text and in
English have been included. The exclusion criteria were conference abstracts, editorials,
non-English publications. The electronic search was conducted following different combi-
nations of five keywords: hydatidiform mole, uniparental disomy, triploidy, androgenetic
and monogenic variant.
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3. Results and Discussion
3.1. Mechanisms in Hydatidiform Mole

The mechanisms of the hydatidiform mole are different in the complete hydatidiform
mole and in the partial hydatidiform mole. In the complete hydatidiform mole, a complete
paternal uniparental disomy is implied. In a PHM, a form of polyploidy is present [2].

3.1.1. Genetic Particularities of the Complete Hydatidiform Mole

In the case of a complete hydatidiform mole, the amount of genetic material is normal
(with a diploid normal chromosomal formula 46,XX or 46,XY), but the origin of all chromo-
somes is only paternal. The 46,XX karyotype is identified in 90% of cases [19]. There are two
possible mechanisms: endoreduplication and dispermia. In the first case, an enucleated egg
is fertilized by a normal sperm, and then the genetic material of paternal origin is dupli-
cated (15% of cases). In the second case, a fertilization error occurs: one enucleate oocyte is
fertilized by two genetically normal sperms or by a diploid sperm (resulting from an error
of male meiosis—diandry) (Figure 1). Another possible mechanism concerns an error of
fertilization—dispermia—with the formation of a triploid embryo, followed by the loss of
maternal genetic material [20]. In 15–25% of complete hydatidiform moles, the mechanism
is dispermia [14]. Thus, in 80–90% of complete hydatidiform moles, there is a diploid
androgenetic genome and, in 10–20%, the genetic contribution is biparental [2,11,21]. In
cases with paternal origin, there are some abnormal genetic phenomena called paternal
complete uniparental disomy, characterized by the presence of all chromosomal pairs with
paternal uniparental origin.

Other genetic changes implied in complete hydatidiform moles are the presence of
a maternal mutation that affects imprinting in the offspring. In this situation, the genetic
material has a biparental origin, with a normal 46,XX or 46,XY karyotype [20].

Genomic imprinting is an important event in normal embryonic development [22,23].
The phenomenon of parental or genomic imprinting involves epigenetic changes that allow
a uniparental allelic expression, either maternal or paternal. The human genome contains
about 200 imprinted genes, located on different chromosomes which represent less than
1% of all genes. Some imprinted genes have roles in growth, viability and physiological
functions [23]. The CDKN1C gene (Cyclin-dependent kinase inhibitor 1C) (alias symbols
P57; KIP2), located at 11p15.5, encodes p57KIP2, a Cyclin-dependent kinase inhibitor 1C
(Cyclin-dependent kinase inhibitor p57). The chromosomal region 11p15.5 is one of the
main chromosomal regions characterized by parental imprinting. The CDKN1C gene
presents a paternal imprinting pattern and thus, normally, only the maternal allele is
expressed [22,24]. The immunohistochemistry studies on embryonic tissues show a loss of
p57KIP2 staining in cytotrophoblast and villous stromal cells in CHMs that is concordant
with the absence of this protein, generated by the absence of a maternal allele. On the other
hand, P57KIP2 immunohistochemistry in PHMs revealed no loss of p57 staining, confirming
the presence of an active maternal allele [25].

3.1.2. Chromosomal Abnormality—Triploidy

A partial hydatidiform mole is associated with a polyploid status in the embryo.
Usually, there is a triploidy with a paternal extra haploid set of chromosomes. The triploidy
is generated in the majority of cases by dispermia, while the rest are produced by a diandry.
The most frequent chromosomal formula is 69,XXX karyotype (90% of cases) [19] (Figure 1).
In a PHM, both parental genomes are expressed, but this expression is unbalanced with an
excess of one of the genomes, maternal or paternal. This imbalance produces anomalies of
development that concern the embryo and the placenta. Paternal triploidy is characterized by
an abnormal development of the placenta, with the presence of a partial hydatidiform mole in
association with relatively minor changes in the embryo (usually microcephaly) [5,19]. Other
karyotypes (diploid biparental, triploid digenic, tetraploid triandric) have occasionally
been identified [2].
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3.1.3. Monogenic Variants and Recurrent Hydatidiform Mole

A recurrent hydatidiform mole (RHM) is a rare form of the complete hydatidiform
mole, being discovered in less of 1% of all cases of complete hydatidiform moles. This
disorder is characterized by the occurrence of two or more molar pregnancies in the same
patient [26]. RHMs can be isolated or familial. The isolated (sporadic) form is generated by
a dispermic triploid or androgenetic diploid. In the familial forms, the origin is monogenic,
and the embryonic genome is a biparental diploid [20].

Table 2 synthesizes genes involved in RHMs. The most common mutant variants
concern the NLRP7 gene (55% of cases) and the KHDC3L gene (5% of cases) [20].
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Table 2. Genes involved in recurrent hydatidiform mole [20,27–29].

No
Approved/Alias
(Previous), Gene
Symbol

Approved Gene
Name Location Approved Protein

Name
Gene/Locus
MIM Number

Gene
Frequency

1

NLRP7/
PYPAF3,
NOD12, PAN7,
CLR19.4
(NALP7)

NLR family pyrin
domain containing 7 19q13.42

NACHT, LRR and PYD
domains-containing
protein 7

609661 55%

2 KHDC3L/
ECAT1 (C6orf221)

KH domain containing
3 like, subcortical
maternal complex
member

6q13 KH domain-containing
protein 3 611687 5%

3 PADI6 Peptidyl arginine
deiminase 6 1p36.13 Protein-arginine

deiminase type-6 610363 1%

4

NLRP5/
PYPAF8, MATER.
PAN11, CLR19.8
(NALP5)

NLR family pyrin
domain containing 5 19q13.43

NACHT, LRR and PYD
domains-containing
protein 5

609658 0.5%

5 MEI1/MGC4004,2
SPATA38

meiotic
double-stranded break
formation protein 1

22q13.2 Meiosis inhibitor
protein 1 608797 0.5%

6
TOP6BL/FLJ22531,
TOPOVIBL
(C11orf80)

TOP6B like initiator of
meiotic double strand
breaks

11q13.2
Type 2 DNA
topoisomerase
6 subunit B-like

616109 0.5%

7

REC114/LOC283677,
FLJ27520,
FLJ36860,
FLJ44083, CT147
(C15orf60)

REC114 meiotic
recombination protein 15q24.1 Meiotic recombination

protein REC114 618421 0.5%

In familial RHMs, the fertilization is normal, but the haploid ovum carries a muta-
tion in either the NLRP7 or KHDC3L gene. Both genes present a monoallelic pattern of
expression, produced by parental imprinting. In cases with RHMs, there are mutations
in the NLRP7 or KHDC3L genes that produce an inactivation of the maternal allele. Thus,
only the paternal allele remains active and its effect on the placenta is similar to that of a
male monopaternal diploid genomic expression. Probably, NLRP7 or KHDC3L mutations
disrupt defective placental-specific imprinting mechanisms with an unbalanced expression
between maternal and paternal alleles. Therefore, we see a biparental recurrent diploid
CHM appear [2].

The NLRP7 gene belongs to the NLR family gene. Members of this gene family
are immunoregulatory proteins characterized by the presence of the NACHT nucleotide-
binding domain (NBD) and leucine-rich repeats (LRRs). This family contains 25 genes with
a role in inflammation and apoptosis [27,30]. NLRP7 is the first gene whose mutations
have been associated with RHMs in over 55% of cases [20]. The NLRP7 gene is expressed
in the oocyte’s stages and the pre-implantation stages of the embryo, but also in the
endometrium, placenta and hematopoietic cells. In the embryo, the protein level is different
in different stages with a minimum in the blastocyst stage (day 3) and a sudden increase
on days 3–5 [31]. Also, this protein has a crucial role in oocyte maturation and in placental
development. NLRP7 allows trophoblast proliferation but has a negative regulatory role in
trophoblast differentiation. Thus, the abnormal level of NLRP7 expression is associated
with excessive trophoblast differentiation [32,33].
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To date, more than 275 variants in the NLRP7 gene have been identified. They are
reported in the INFEVERS database. Figures 2 and 3 summarize the pathogenic and likely
pathogenic variants in the NLRP7 gene [34–38].
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Slim et al. analyzed variants in the NLRP7 gene. Thus, it was observed that there
are variants associated with the disease in all exons except exon 11. The most frequent
variants are p.Leu750Val (24%), p.Arg693Pro (8.8%) and p.Leu825* (5%). Most variants
(73.2%) determined the truncation of the protein and, in 26.7% of cases, they are missense
variants. The distribution of these two types of variants is different: protein-truncating
variants are dispersed throughout the gene, while missense variants are found especially
in the leucine-rich repeat. Protein-truncating variants have a more severe phenotypic
effect. Some missense variants are not pathogenic and their presence was associated with
normal pregnancy [20]. Some of the mutations of the NLRP7 gene are characterized by
a founder effect. Thus, p.Leu750Val (79% of the alleles) and p.Arg937_Leu938ins54 are
specific to Mexicans cases, p.Arg693Trp are frequent in Caucasians and Turks, p.Arg693Trp
represents 39% of the mutant alleles in the Indo-Pakistani population, p.Arg693Gln is
characteristic of the Chinese population, while p.Glu710Aspfs (32% of the alleles) was
found in Egyptians [20,39].

Pathogenic variants in the NLRP7 gene can induce diploid biparental molar conception,
early embryo cleavage abnormalities, non-molar abortions, stillbirths and intrauterine
growth retardation [40–43].

The androgenetic CHMs and the diploid biparental mole determined by NLRP7
variants have the same phenotype. The difference is that in the second situation, the
phenotype is the milder one [20].

The KHDC3L gene encodes KH domain-containing protein 3. Transcripts of this
gene have been highlighted in hematopoietic cells, all oocytes’ stages and preimplantation
embryos that play a role in the development of the ovaries and embryo [31,44]. Like NLRP7,
KH domain-containing protein 3 is a constituent of the oocyte cytoskeleton located mainly
in the cortical region [45]. Mutations in the KHDC3L gene cause an abnormal development
of oocytes and molar pregnancies after fertilization [31,44].
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The PADI6 gene is another maternal-effect gene. It encodes an enzyme called protein-
arginine deiminase type-6 involved in citrullination. Citrullination (deamination) repre-
sents the conversion of the arginine into citrulline, the post-translational process taking
place in a protein. This process plays a role in the formation of rigid structures (e.g., hair,
skin) and is also a member of the subcortical maternal complex [46]. Recessive variants
in PADI6 genes have been associated with primary female infertility, with an early arrest
during embryonic stages after ART (Assisted Reproductive Technology) and with a hy-
datidiform mole [46–48]. Missense variants and protein-truncating variants have been
described, the first with milder effects than the last. Missense variants allow the stopping
of the evolution after blastocyte implantation and differentiation [46].

The coexistence of molar changes with an apparently unaffected fetus is an atypical
phenomenon within the familial recurrent hydatidiform mole cases. Overall, the maternal
and fetal prognosis, in molar pregnancies accompanied by a viable fetus, is unfavorable [5].

Nguen and Slim proposed an algorithm for DNA testing and the subsequent genetic
counselling of patients with recurrent HM. Patients with at least two HM should be tested
first for mutations in the NLRP7 gene. If the testing is positive for biallelic mutations, genetic
advice is given as follows: 7% may have a normal live birth (LB), while another possibility
is ovum donation. If the NLRP7 mutation analysis is negative, the next step is KHDC3L
testing. If the test is positive, the genetic counseling is the same. If the KHDC3L testing is
negative, it is recommended to review the histopathology and to establish their parental
distribution. For the cases with two CHM biparental diploids, the genetic counselling is the
same as in the previous cases. For cases with androgenetic diploids or dispermic triploids,
the chances of getting an LB from one’s own eggs are high, and ART increases the chances
of an LB [31].

3.2. Risk Factors for Hydatidiform Mole and Progression to GTN
3.2.1. Risk Factors for Hydatidiform Mole

Several risk factors have been implicated in elevating the prevalence of molar pregnan-
cies. The risk factors are represented by age, ethnicity, antecedent molar pregnancies and
family history [4]. Among the extensively researched factors, the extremes of maternal age
are the most well-known factor, particularly maternal age below 20 years and over 35 years
old; the latter confers a risk escalation ranging from fivefold to tenfold [2,6,8]. Triploidy
resulting from fertilization between a diploid sperm (generated by diandry) and a normal
egg is more common in young patients [2].

The risk profile of a complete hydatidiform mole exhibits notable variations in re-
sponse to age changes. In contrast, the risk associated with a partial hydatidiform mole
appears to display relatively minor fluctuations in conjunction with age, while it does
not exhibit heightened occurrence among adolescents [2,7,36]. These observations are in
concordance with the hypothesis that the process leading to molar pregnancy, stemming
from fertilization of an aberrant oocyte, is more prone to manifest at the extremes of re-
productive age. This could be attributed to higher chances of ovulating an empty ovum
due to reproductive immaturity or senescence, as opposed to the probability of abnormal
fertilization by two sperms [36]. While there are well-documented associations between
chromosome anomalies and advanced maternal age, instances of chromosome defects in
oocytes of adolescents have not been identified [7].

Additionally, antecedent molar pregnancies contribute to an increased risk of 1 to
2% for future pregnancies [6,8]. The likelihood of recurrence is on the rise with every
previous molar gestation and reaches an apex in the second year after the initial event [10].
The probability of encountering a third molar pregnancy experiences a notable surge to
approximately 15–20%, remaining unaffected by changes in partners, and possibly retaining
a connection to either familial or sporadic instances of biparental molar disease [2]. It
should be noted that patients with a partial hydatidiform mole are more likely to develop
another one, as opposed to patients with a complete hydatidiform mole [10]. A woman
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with a previous pregnancy with a hydatidiform mole will have a 10–20% risk of having a
pregnancy loss from a non-molar cause [32].

The impact of race/ethnicity on the development of molar pregnancies has also been
subject to investigation. Multiple studies indicated that Asian women manifest the most
pronounced susceptibility for complete moles, being over twice as likely as the white
population to develop them, while concurrently displaying a diminished propensity for
the development of partial moles. Furthermore, a diminished proclivity for partial mole
occurrence was noted among Hispanic and black women in relation to white women [37].

Further contributing to the risk profile are factors encompassing a medical history
characterized by previous instances of spontaneous abortions or infertility, dietary consid-
erations (encompassing deficiencies in carotene and animal fats), smoking, blood group
B, paternal age, maternal genetic anomalies and oral contraceptives [2,8,10]. Deficiencies
in vitamins A and B9 during the first gestational weeks could deteriorate the oocytes’
differentiation in female fetuses. The insufficiency of vitamin A leads to an incomplete
development of oocytes and prevents the accurate progression of meiosis II. Folate defi-
ciencies disturb the normal proteins and DNA synthesis, which have an impact on the
differentiation of the oocyte and zygote, and, additionally, they influence the instability
of maternal-origin chromosomes. Both vitamin A and folates also intervene in the DNA
methylation process. These methylation irregularities impact the imprinted genes within
the oocyte, where the maternal methylation vanishes and is substituted by the paternal
one. This phenomenon explains why affected women may develop an HM with different
partners [2,49].

3.2.2. Risk of GTN Progression

The placenta has its origin in the two layers of the blastocyst (cytotrophoblast and
syncytiotrophoblast) associated with extra-embryonic mesoderms [2]. The hydatidiform
mole is a particular condition because it originates in gestational tissue rather than maternal
tissue [8]. The hydatidiform mole is in most cases benign but can become malignant and
invasive [4,8]. The risk of GTN progression is different in the two forms of hydatidiform
moles: 15–20% for CHMs and 0.5–1% for PHMs [25,50]. Several risk factors have been
identified in correlation with the increased risk of GTN: elevated levels of hCG (over
100,000 mIU/mL), a uterus size larger than normal for gestational age and large cysts
of theca lutein. Maternal age has been associated with a 3-fold risk of GTN if exceeding
50 years [51].

Since it is known that microRNA molecules are involved in various stages in the patho-
genesis of cancers, the question naturally arises whether there are microRNAs involved
in the progression to GTN, a hypothesis that has been the subject of several studies. A
microRNA profile associated with the risk of progression to GTN was involved in complete
hydatidiform moles [51].

One such factor is represented by the members of the miR-181 family. It appears
that they are well expressed in the moles that will become complicated with GTN. Their
function is to inhibit the expression of Apoptosis regulator Bet-2. This protein (encoded by
BCL2 genes) plays a role in suppressing apoptosis, it regulates cell death and it acts as an
inhibitor of autophagy [27,28]. In the complete moles that progress to GTN, these proteins
have very low levels [51].

Zhao et al. analyzed a number of microRNA molecules and identified a profile of six
microRNAs with varying expression in GTN and hydatidiform moles that do not progress
to GTN: miR-370-3p, miR-371a-5p, miR-518a-3p, miR-519d-3p, miR-520a3p and miR-934.
The authors showed the involvement of miR-371a-5p and miR-518a-3p in the proliferation,
the migration and the invasion of choriocarcinoma cells. miR-371a-5p correlated negatively
with proteins encoded by the following genes: BCCIP (BRCA2 and CDKN1A interacting
protein), SOX2 (SRY-box transcription factor 2) and BNIP3L (BCL2 interacting protein
3 like). miR-518a-3p negatively correlated with proteins encoded by MST1 (macrophage
stimulating 1) and EFNA4 (ephrin A4) [52].
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The strengths of the review are the inclusion of information about various character-
istics of the disease, not just the genetic part, and the highlighting of the mechanisms in
correlation with the risk factors for hydatidiform moles and progression to GTN. Potential
limitations of this review could be the lack of articles relevant to the topic but not identified
by the search strategy. Another limitation is the paucity of studies focused on cytogenetics
or molecular genetics of the hydatidiform mole.

4. Conclusions

Although it is a rare pathology, the hydatidiform mole is important due to its genetic
heterogeneity. In this context, for proper subsequent management, it is desirable to estab-
lish the type of mole and the mechanism of its occurrence. Hydatidiform moles can be
diagnosed using histopathological criteria, but in the cases of early pregnancy/borderline/
difficult cases, cytogenetic techniques and, more recently, molecular biology techniques
play a special role in diagnosis. The correct management is desirable to avoid the situation
in which treatment is not given/an insufficient treatment is given in those cases that have a
high malignant potential. Also, this approach avoids cases in which an unjustified excess
treatment is given for low-risk lesions. The gestational history in conjunction with the
diagnosis of the type of mole can direct the management towards testing for mutations in
NLRP7 or KHDC3L genes. Patients who had androgenetic and triploid dispermic moles
could benefit from in vitro fertilization and preimplantation genetic screening.

The identification and knowledge of mutational mechanisms (chromosomic/genic), as
well as the extension of research on the involvement of epigenetic factors in the pathogenesis
of hydatidiform moles, is a prerequisite for validating diagnostic and prognostic biomarkers
in various types of HM. This way, it will be possible to apply a personalized treatment
associated with general management, a part of personalized medicine.
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Abstract: To explore the effects of chemical and physical parameters on embryo developmental
competence, we conducted a systematic search on PubMed for peer-reviewed original papers using
specific keywords and medical subject heading terms. Studies of interest were selected from an
initial cohort of 4141 potentially relevant records retrieved. The most relevant publications were
critically evaluated to identify the effect of these parameters on embryo development. Moreover, we
generated a literature score (LS) using the following procedure: (i) the number of studies favoring
a reference group was expressed as a fraction of all analyzed papers; (ii) the obtained fraction was
multiplied by 10 and converted into a decimal number. We identified and discussed six parameters
(oxygen, temperature, humidity, oil overlay, light, pH). Moreover, we generated a LS according to
five different comparisons (37 ◦C vs. <37 ◦C; 5% vs. 20% oxygen; 5–2% vs. 5% oxygen; humidity
conditions vs. dry conditions; light exposure vs. reduced/protected light exposure). Only two
comparisons (37 ◦C vs. <37 ◦C and 5% vs. 20% oxygen) yielded a medium-high LS (8.3 and 7,
respectively), suggesting a prevalence of studies in favor of the reference group (37 ◦C and 5%
oxygen). In summary, this review and LS methodology offer semi-quantitative information on
studies investigating the effects of chemical and physical parameters on embryo developmental
competence.

Keywords: temperature; oxygen; humidity; light; oil overlay; pH; embryo development; IVF outcomes

1. Introduction

In the field of assisted reproductive technology (ART), human embryo culture plays
a pivotal role in the success of in vitro fertilization (IVF) treatments. The delicate and
intricate nature of preimplantation human development demands a meticulously controlled
environment. During human embryo culture, chemical and physical parameters play a
crucial role in embryo development and viability [1–3]. These parameters encompass a
range of environmental conditions, including temperature, oxygen concentration, humidity
conditions (HC), the use of oil overlay, and light exposure, all of which are carefully
regulated within the laboratory setting. Moreover, these parameters directly influence the
embryo metabolic activities [4–18]. It is well established that temperature ensures proper
enzymatic reactions and cellular functions [4]. In addition, oxygen plays a vital role in
supporting embryo metabolism and development [5]. While a consensus has been reached
regarding the utilization of 5% oxygen levels compared to atmospheric levels (20%) [6],
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conflicting results have emerged when employing biphasic oxygen conditions (5–2%).
Although the use of biphasic oxygen conditions appears to offer advantages in terms of
blastulation, inconsistent findings have been reported in relation to clinical pregnancy [7,8].

Oil overlay has several important functions and benefits: (i) gas exchange, (ii) tem-
perature stability, (iii) pH regulation, (iv) preventing contamination, and (v) minimizing
disturbance. The inherent chemical and physical properties of the oil exert a significant in-
fluence on this vital aspect. These properties play a crucial role in shaping and determining
the outcome, emphasizing the importance of understanding and considering them when
working with human embryo culture [9]. Light exposure during mammalian embryo cul-
ture has garnered significant interest. However, despite several investigations, the impact
of light on embryos remains a subject of ongoing debate, with inconclusive findings [10,11].
Recently, due to the introduction of dry incubators, several studies have investigated the
impact of humidity conditions (HC) and dry conditions (DC) on IVF outcomes. While
basic research studies show increased osmolality in culture medium under DC [12–14],
these conditions do not seem to have negative effects on biological and clinical outcomes
such as blastulation and pregnancy rates [16,17]. By carefully controlling these parame-
ters, embryologists create an environment that mimics the natural conditions required for
healthy embryo development. Nevertheless, despite these efforts, our culture conditions
are unlikely to mirror precisely the dynamic environment experienced by embryos in vivo.
Concerns exist that sub-optimal culture conditions could affect embryo developmental
competence. Therefore, the meticulous quality control of these parameters is critical in
maximizing the efficiency of our treatments. This comprehensive review explores the ef-
fects of chemical and physical parameters on mammalian embryo culture and their crucial
roles in enhancing embryo development, implantation potential, and the overall success
rates of IVF procedures.

2. Materials and Methods
2.1. Literature Search Methodology

A systematic search was conducted on PubMed to identify peer-reviewed original
research articles related to the effects of chemical and physical parameters on development
and clinical outcomes. The search strategy involved using relevant keywords and Medical
Subject Heading (MeSH) terms. These keywords and Mesh terms were combined in various
overlapping combinations to ensure the identification of publications specifically relevant
to the topic: (“temperature” OR “oxygen” OR “humidity” OR “oil overlays” OR “light”
OR “pH”) AND (“embryo quality” OR “IVF outcomes” OR “pregnancy” OR “live birth”).
Furthermore, additional studies were identified by meticulously examining the reference
lists of the selected publications. Full manuscripts were obtained for all the selected papers,
and a thorough evaluation of the articles was conducted to make a final decision regarding
their inclusion in the review. The most relevant publications, i.e., those concerning the
effects of chemical and physical parameters on embryo development, as well as clinical
outcome, were critically evaluated and discussed.

2.2. Study Selection

Two reviewers (AB and FT) independently assessed all studies for inclusion or exclu-
sion. Disagreements were solved in discussion with a last author (LP). During the first
screening, titles and abstracts were investigated and studies with a lack of any relevance
were excluded; review articles were also excluded (Figure 1). The remaining articles were
retrieved in their full length and assessed according to the eligibility criteria. The following
information of such studies was collected: first author’s last name, year of publication,
research objective, design of the study, outcomes investigated, and conclusions. No time
restrictions were applied. Full-length articles were considered eligible if written in English.
Data extraction was performed in 62 papers. A summary of the extraction results is shown
in Table 1. In the following step, we generated a literature score (LS) using 4 parameters
(oxygen, temperature, humidity and light) and 5 different comparisons [37 ◦C vs. <37 ◦C;
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5% vs. 20% oxygen; biphasic oxygen (5–2%) vs. 5% oxygen; HC vs. DC; light exposure
(LE) vs. reduced/protected LE]. The reference groups identified were HC for humidity,
37 ◦C for the temperature, LE for light, 5% and 5–2% for low vs. atmospheric (5% vs. 20%)
and biphasic vs. monophasic (5–2% vs. 5%) oxygen, respectively. The LS was obtained
from the percentage of papers reporting a positive correlation [improved outcomes for
temperature, humidity, and oxygen (5% in 20% vs. 5% comparison and 5–2% in 5% vs.
5–2% comparison)] or negative correlation (compromised outcomes for LE) between a
specific reference group and at least one biological/clinical outcome, as described below.
Specifically, this score was calculated using the following procedure: (i) the number of
studies favoring a specific reference group was expressed as a fraction of all analyzed
papers; (ii) the obtained fraction was multiplied by 10 and converted into a decimal number.
A score ranging from 1 to 5 indicates no evidence, 6 indicates low evidence, 7 indicates
medium evidence, and 8–9 indicates high evidence of superiority for the reference group
over the contrasting group. On the other hand, a score of 0 means that no study found
a correlation between such reference groups and IVF outcomes, while 10 indicates that
all studies converged towards a unanimous decision. To ensure consistency and reduce
potential operator subjectivity in assessing outcomes, i.e., embryo quality, the authors
collectively identified principal outcomes for analysis, focusing on objective measures
such as fertilization, blastulation, euploid blastocyst formation, ongoing pregnancy, and
live birth. Studies that did not report a correlation with the aforementioned outcomes
were excluded from the LS calculation, but their findings were appropriately discussed if
deemed relevant.
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Table 1. Summary of the results from 62 papers identified in a review of the literature.

Study Type of Study Parameter Comparison Outcome Results and Conclusions

Waldenström et al., 2009 [19] Randomized Oxygen 5% vs. 19% LB Improved in favor of 5%
Kea et al., 2007 [20] Randomized Oxygen 5% vs. 20% OP No significant difference

Dumoulin et al., 1995 [21] Randomized Oxygen 5% vs. 20% OP No significant difference
Dumoulin et al., 1999 [22] Randomized Oxygen 5% vs. 20% OP No significant difference

Ciray et al., 2009 [23] Randomized Oxygen 5% vs. 20% BL Improved in favor of 5%
Kovacic et al., 2008 [24] Prospective Oxygen 5% vs. 20% BL Improved in favor of 5%
Kovacic et al., 2010 [25] Randomized Oxygen 5% vs. 20% LB Improved in favor of 5%

Guo et al., 2014 [26] Randomized Oxygen 5% vs. 20% LB Improved in favor of 5%
Meintjes et al., 2009 [27] Randomized Oxygen 5% vs. 20% LB Improved in favor of 5%
Bontekoe et al., 2012 [6] Meta-analysis Oxygen 5% vs. 20% LB Improved in favor of 5%

Kaser et al., 2018 [7] Randomized Oxygen 5% vs. 5–2% BL Improved in favor of 5–2%
Yang et al., 2016 [8] Experimental Oxygen 5% vs. 20% vs. 2% BL No significant difference

De Munck et al., 2019 [28] Randomized Oxygen 5% vs. 5–2% BL No significant difference
Ferrieres-Hoa et al., 2017 [29] Retrospective Oxygen 5% vs. 5–2% BL Improved in favor of 5–2%

Li et al., 2022 [30] Retrospective Oxygen 5% vs. 5–2% BL Improved in favor of 5–2% in
low quality embryos

Papadopoulou et al., 2022 [31] Retrospective Oxygen 5% vs. 3% ER No significant difference
Chen et al., 2023 [32] Retrospective Oxygen 5% vs. 5–2% ER Improved in favor of 5–2%

Brouillet et al., 2021 [33] Retrospective Oxygen 5% vs. 5–2% BL, CLB Improved in favor of 5–2%

Bahat et al., 2005 [34] Experimental Temperature n.a. TI
Temperature at the storage and
fertilization sites are time and

ovulation dependent
Higdon et al., 2008 [35] Retrospective Temperature <37 ◦C vs. >37 ◦C CP Higher pregnancy at <37 ◦C

Zenzes et al., 2001 [36] Experimental Temperature n.a. SM Alteration meiotic spindle at
0 ◦C

Wang et al., 2002 [37] Experimental Temperature 37 ◦C vs. 34 ◦C vs. 33
◦C CP Higher pregnancy at 37 ◦C

Wang et al., 2001 [38] Experimental Temperature n.a. SM Alteration meiotic spindle at
<37 ◦C

Hong et al., 2014 [39] Randomized Temperature 37 ◦C vs. 36 ◦C IR Improved in favor of 37 ◦C
De Munk et al., 2019 [40] Prospective Temperature 37.1 ◦C vs. 36.6 CP Improved in favor of 37.1 ◦C

Fawzy et al., 2018 [41] Randomized Temperature 37 ◦C vs. 36.5 ◦C BL Improved in favor of 37 ◦C
Baak et al., 2019 [42] Meta-analysis Temperature 37 ◦C vs. <37 ◦C LB Improved in favor of 37 ◦C

Chi et al., 2020 [43] Retrospective Humidity HC vs. DC OP Improved in favor of HC
Fawzy et al., 2017 [15] Randomized Humidity HC vs. DC OP Improved in favor of HC
Swain et al., 2018 [44] Prospective Humidity HC vs. DC OSM Increased in DC

Yumoto et al., 2019 [14] Experimental Humidity HC vs. DC OSM Increased in DC
Mestres et al., 2021 [45] Experimental Humidity HC vs. DC OSM Increased in DC
Swain et al., 2016 [46] Experimental Humidity HC vs. DC OSM Increased in DC

Holmes et al., 2018 [13] Prospective Humidity HC vs. DC OSM Increased in DC
Del Gallego et al., 2018 [47] Randomized Humidity HC vs. DC BL Increased in HC

Valera et al., 2022 [16] Retrospective Humidity HC vs. DC LB No significant difference
Bartolacci et al., 2023 [17] Retrospective Humidity HC vs. DC OP No significant difference

Yumoto et al., 2019 [14] Experimental Oil Oil comparison OSM
Increase osmolality in oil with

lower viscosity and density, and
higher water content

Swain et al., 2016 [46] Experimental Oil 3 mL vs. 5 mL OSM Lower in 5 mL group

Mestres et al., 2022 [48] Experimental Oil Oil comparison OSM Increase osmolality in oil with
lower viscosity and density

Swain et al., 2018 [44] Prospective Oil Oil comparison OSM Increase osmolality in light oil
Mestres et al., 2021 [45] Experimental Oil High vs. low volume OSM Increased in low volume

Schumacher et al., 1998 [49] Experimental Light Light exposure DP No negative impact

Fisher et al., 1988 [50] Experimental Light Light exposure CI Vacuolization, lamellar bodies
after 24 h

Barlow et al., 1992 [51] Experimental Light Light exposure IR No negative impact
Bedford et al., 1989 [52] Experimental Light Light exposure CP No negative impact
Kruger et al., 1985 [53] Experimental Light Light exposure CR No negative impact

Hegele-Hartung et al., 1988 [54] Experimental Light Light exposure ULTR
Negative impact on day 1

embryos; no impact on day 3
embryos

Nakayama et al., 1994 [55] Experimental Light Light exposure ORP Negative impact

Hegele-Hartung et al., 1991 [56] Experimental Light Light exposure ULTR
Increased cytoplasmic electron
density and fragmentation after

8 h
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Table 1. Cont.

Study Type of Study Parameter Comparison Outcome Results and Conclusions

Li et al., 2014 [57] Experimental Light Effect of red light BL No negative impact
Bognar et al., 2019 [11] Experimental Light Light exposure IR Decreased implantation

Daniel et al., 1964 [58] Experimental Light Light exposure CR Negative time-dependent
impact

Korhonen et al., 2009 [59] Experimental Light Green filtered
exposure ED No negative impact

Oh et al., 2007 [60] Experimental Light Blue light exposure BL Negative impact
Sakharove et al., 2014 [61] Experimental Light Blue light exposure BL Negative impact

Jeon et al., 2022 [62] Experimental Light Yellow light exposure BL Improved BL

Soares et al., 2014 [10] Experimental Light Laser light ED No negative impact with use of
low-level laser irradiation

Dinkins et al., 2001 [63] Experimental Light Laser light BL No negative impact
Bodis et al., 2020 [64] Prospective Light Light exposure FR, BL, CP Negative impact

Squirrell et al., 2001 [65] Experimental pH Alteration pHi ED reduce ED

Phillips et al., 2000 [66] Experimental pH pHi pHi range
Mature oocytes: 6.98 ± 0.02;

Cleavage stage embryos:
7.12 ± 0.01

Lane et al., 1999 [67] Experimental pH Alteration pHi ED Impaired ED

Hentemann et al., 2011 [68] Comparative study pH pH range ED
7.30 before the pronuclear stage

and pH 7.15 at the cleavage
stage

Dale et al., 1998 [69] Experimental pH pHi FR, ED Insemination in the human is
pH-sensitive

Edwards et al., 1998 [70] Experimental pH pHi AM

30 mM DMO in the presence of
non-essential amino acids and 1
mM glutamine did not block at

the 2-cell stage

LB, Live birth; CLB, Cumulative live birth; CP, Clinical pregnancy; CI, Cell Injury; OP, Ongoing pregnancy;
IR, Implantation rate; CR, Cleavage rate; ED, Embryo development; BL, Blastulation; ER, Euploidy rate; SM,
Spindle morphology; OSM, Osmolality; HC, Humidity conditions; DC, Dry conditions; ORP, Oxygen radical
production; VIS, Viscosity; DENS, Density; TI, Temperature identification; DP, DNA ploidy; ULTR, Ultrastructure;
pHi, intracellular pH; AM, Amino-acids; DMO, 5,5-dimethyl-2,4-oxazol-idinedione; mM, millimolar; n.a., not
applicable.

The major limitation of our LS is that it does not take into consideration the variable
number of patients/embryos per study to which a different weight should be attributed.
Moreover, another limitation is its inability to consider whether or not embryos are taken in
and out of the incubator for embryo assessment. It is important to note that our approach
does not seek to replace the results yielded using a meta-analysis, but rather serves as a
complementary elaboration, enriching the written information presented in the manuscript.

3. Results
3.1. Oxygen

Oxygen plays a vital role in supporting embryo metabolism and development. In
the female reproductive tract, oxygen concentration is typically around 2–8% [18]. Thus,
in vivo, the oxygen concentration is different from the atmospheric levels. Several studies
have investigated oxygen concentration during human embryo culture. One study showed
higher blastulation, pregnancy, and live birth rates using 5% oxygen concentration [19],
in contrast to another study that showed no improvements on fertilization, blastulation,
and pregnancy rates [20]. Previous studies showed no significant difference in terms of
fertilization, pregnancy, and implantation rates between 5% and 20% oxygen concentrations
at the cleavage stage [21,22]. On the other hand, several studies showed higher top quality
embryos, blastulation rate, and live birth in favor of 5% oxygen than 20% [23–25]. No
difference was found in fertilization rate between 5% and 20% oxygen tension, but an
increased number of top quality embryos on day 3, higher blastocyst formation, clinical
pregnancy, and implantation rates in favor of 5% [26], according to one study that showed
an overall increase in live birth when embryos were cultured in low oxygen tension [27].
Finally, a meta-analysis showed an improvement in the live birth rate of 43% during embryo
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culture in 5% oxygen concentration [6]. Accordingly, the latest recommendations provided
from the ESHRE guidelines suggest the use of low oxygen concentration [1].

Interestingly, recent studies investigated the use of sequential oxygen tension (5%
until day 3 and, subsequently, 2% from day 3 to day 5). This is probably to mimic the
natural conditions of in vivo embryo development. A sibling zygote randomized control
trial showed, although a small sample size, better blastulation rate when oxygen tension
is reduced from 5% to 2% on day 3 for extended embryo culture (day 5) [7], in contrast
to two studies that showed a similar blastocyst formation rate between 2%, 5% and 20%
oxygen tension [8,28]. One report showed that blastocyst utilization rate is higher in
2% oxygen tension group [29], according to another study that showed improvement in
blastocyst formation but only in low-quality human embryos cultured with 2% oxygen [30].
No significant difference were found between 5% and 3% oxygen tension in fertilization,
blastulation and euploid blastocyst [31]. Recently, two studies suggested that biphasic
oxygen culture could be an alternative strategy to increase the euploid blastocyst [32],
blastocyst formation, and cumulative live birth rate [33].

We analyzed 18 studies for the LS calculation, 10 focused on comparing between 5%
and a 20% oxygen concentration, resulting in a LS of 7. Additionally, eight studies examined
the comparison between monophasic (5%) and biphasic (5–2%) culture oxygen tension,
resulting in a LS of 5. These findings suggest there is no evidence that biphasic culture
(5–2%) is better than monophasic culture (5%), especially in terms of clinical outcomes
(Table 2).

Table 2. Literature score of different chemical and physical parameters.

Parameters Comparison Reference
Group

Studies in Favor
of Reference

Group

Overall
Studies

Literature
Score

Temperature 37 ◦C vs. <37 ◦C 37 ◦C 5 6 8.3
Oxygen 5% vs. 20% 5% 7 10 7
Oxygen 5–2% vs. 5% 5–2% 4 8 5

Humidity HC vs. DC HC 2 4 5
Light LE vs. r/p LE LE 3 7 4.3

HC, Humidity conditions: DC, Dry conditions; LE, Light exposure; r/p, Reduced/protected.

3.2. Temperature

Maintaining the correct temperature is essential for proper gamete function and/or
embryo metabolism and development [4]. Deviation from the optimal temperature can
have detrimental effects on gamete function and embryo development, resulting in reduced
viability and lower success rates in ART. Typically, the temperature is set at approximately
37 degrees Celsius (◦C) to emulate the natural temperature found within the female repro-
ductive tract. However, certain studies have suggested that a temperature of 36 ◦C may be
more suitable to mimic the conditions of the female reproductive tract, potentially leading
to improved fertilization and implantation rates [34,35]. Several studies have investigated
the impact of temperature on IVF outcomes, yielding contradictory results. There has
been evidence supporting negative consequences on the stability of the oocyte’s meiotic
spindle when the temperature decreases [36,37], resulting in delayed embryo develop-
ment [38], lower fertilization, and pregnancy rates [37]. A particular study found that the
temperatures measured in the oviducts of non-mated, pre-ovulatory, peri-ovulatory, and
post-ovulatory rabbits ranged from approximately 34.8 to 35.8 ◦C and from 35.9 to 36.6 ◦C
in the sperm storage and fertilization site, respectively. These findings suggest that working
at these temperatures (around 36 ◦C) may better mimic the human female reproductive
tract [34], according to Higdon and colleagues, who showed a higher pregnancy rate when
the incubator environment was cooler than 37 ◦C [35]. On the contrary, one randomized
control trial showed that 36 ◦C does not improve embryo developmental competence and
implantation rate [39]. A recent prospective sibling oocyte study suggests that culture
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temperature at 36.6 ◦C or 37.1 ◦C did not affect embryo development. However, it was
observed that the clinical pregnancy rate was higher when the culture temperature was set
at 37.1 ◦C [40], according to Fawzy and colleagues, who showed improvement in embryo
development when the incubator was set at 37 ◦C [41]. Finally, one meta-analysis [42]
showed no evidence that embryo culture at a lower temperature than 37 ◦C improves
biological and clinical outcomes.

We analyzed six studies for the LS calculation, obtaining a high LS of 8.3 (Table 2),
suggesting a prevalence of studies in favor of 37 ◦C.

3.3. Humidity Conditions

Humidity plays a significant role in the incubator environment. Maintaining optimal
humidity levels is crucial to prevent excessive evaporation from the culture medium, which
can affect embryo development by altering osmolality and pH [13]. However, it is important
to acknowledge that humidity conditions in the incubator can have drawbacks as well. One
notable concern is the increased risk of microbial contamination [12,71]. Advancements
in IVF technology have led to significant improvements in incubator design. The latest
generation of incubators now feature smaller individual chambers, specifically designed
to minimize oscillations that may occur when the chambers are opened. However, the
introduction of these new incubators, with their smaller individual chambers, has initiated
a shift towards utilizing a DC atmosphere, as opposed to the conventional humidified
environment. While this innovation offers advantages in minimizing oscillations during the
opening of the chambers [72], there are concerns among scientists regarding the potential
negative impact of DC on embryo developmental competence and clinical outcomes [15,43].
Two studies showed that significant evaporation occurs during single-step medium culture
after 6 days in a dry incubator [14,44]. The humidity levels within incubators have a
significant impact on the stabilization of osmolality [45], according to a previous study [46],
suggesting that incubating the medium in a non-humidified environment leads to an
increase in osmolality. The osmolality and pH of the culture media increase significantly
over the course of 6 days of culture in both DC and HC, although the change was less
with HC [13]. Nonetheless, evidence relevant to the impact of HC on biological and
clinical outcomes are scarce and conflicting. A randomized controlled trial revealed a
statistically significant decrease in implantation rates, as well as clinical and ongoing
pregnancy rates, in DC [15], while another study found a difference in terms of ongoing
pregnancy in the day 3 but not in the day 5 transfer policy [43]. Embryos developing
under DC produced lower blastulation rates [47], in contrast to Valera and colleagues,
who showed a comparable blastocyst formation rate and usable blastocyst [16]. The same
authors showed a higher clinical pregnancy rate under HC in PGT cycles, but not in egg
donation or autologous cycles. Moreover, the authors observed a negative impact of DC
only on clinical pregnancy but not on ongoing pregnancy and live birth with use of single-
step medium [16], according to a previous report that showed similar pregnancy and
miscarriage rates [47]. Interestingly, another recent study using sequential medium yielded
similar results. The authors suggest that HC do not enhance the rate of ongoing pregnancy
and several embryological outcomes when employing a day 3 medium change-over [17].
These recent results [16,17] are reinforced by the control approach (the same incubator
under two different conditions).

In conclusion, while basic research studies consistently indicate alterations in pH and
osmolality of the culture medium under DC (although a relatively large volume of medium
and a thick oil overlay cooperate in reducing evaporation), it is important to note that this
consensus does not align with the clinical evidence. For the LS calculation, we analyzed
four studies and obtained a LS of 5 (Table 2), suggesting no evidence of superiority for HC
over DC.
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3.4. Oil Overlay

In human embryo culture, an oil overlay is often used as a covering layer on top of
the culture medium to create a specific environment for the embryos. One of the primary
purposes of an oil overlay is to facilitate appropriate gas exchange within the embryo
culture system, to minimize evaporation, and help maintain a stable environment. Despite
this, evaporation could also occur with the use of a mineral oil overlay [44,46,73]. A study
discovered that the osmolality of the medium (microdrops ranging from 50 to 200 µL)
increased significantly when it was covered with mineral oil during a 5-day incubation
period in a dry incubator. However, no such increase was observed when the incubation
took place in a humidified atmosphere [14]. Furthermore, one study showed that one
particular oil (oil B) exhibited a greater increase in osmolality compared to the three other
oils (oils A, C, and D), which displayed similar increases in osmolality. This discrepancy
can be attributed to the distinct physical oils composition. Specifically, oil B had lower
viscosity and density, while its water content and activity were significantly higher [14].
Furthermore, denser oils have been observed to effectively reduce evaporation. In this
context, a slight density difference of 0.04 g/mL can have a considerable influence on the
rate of evaporation [46]. Another report indicated that using a 5 mL oil overlay resulted in
lower osmolality compared to when only 3 mL was used [46]. Interestingly, a comparison
of various brands of oil proposed that commercial oils exhibit variations in their ability to
maintain the stability of osmolality and pH. Furthermore, the authors found differences in
the total number of cells and the number of inner cell mass (ICM) of the obtained blastocysts
across different oils [48]. To mitigate evaporation and prevent an increase in osmolality,
employing a large volume of oil can effectively counteract these phenomena [45]. Indeed,
higher evaporation occurs when using 3 mL of oil compared to using 5 or 7 mL in the same
type of dish [73]. In this scenario, the volume of oil used to prepare the culture dishes
plays a significant role in preventing medium evaporation and ensuring temperature
stability. Using higher volumes of oil and ensuring a thicker layer can effectively minimize
evaporation and maintain stable medium osmolality, particularly in single-step medium
culture. Due to the specific inclusion criteria, calculating LS in relation to oil was not
feasible.

3.5. Light

In vivo embryos, which develop inside the female reproductive system, are not di-
rectly exposed to light. However, during IVF treatments, embryos may be exposed to light,
albeit in a controlled and regulated manner. There is scientific literature available on light
exposure and its potential effects on embryo development; nevertheless, contradictory
results have been obtained. In a study focusing on pre-implantation rabbit embryos, re-
searchers found that subjecting the embryos to 24 h of visible light exposure did not lead
to a significant increase in DNA ploidy abnormalities [49], in contrast to another study
that showed how exposure to light for 24 h induced vacuolization, lamellar bodies, and
increased electron density in the cytoplasm [50]. Moreover, the same authors suggested
that the susceptibility of embryos to light might vary depending on their developmental
stage [50]. Several studies have shed light on the potential effects of direct and prolonged
exposure to visible light on oocyte’s rabbit. Light exposure does not interfere with the
normal oocyte’s maturation process, embryos implantation, and cleavage rate [51–53]. A
study examining pre-implantation rabbit embryos at different developmental stages inves-
tigated the effects of a 24 h exposure to light. The results of this study revealed contrasting
outcomes for day 1 and day 3 embryos. In the case of day 1 embryos, exposure to light for
24 h led to noticeable cell degeneration, indicating a negative impact on their viability. On
the other hand, day 3 embryos showed signs of apoptosis, albeit to a lesser extent compared
to day 1 embryos. This suggests that the vulnerability to light-induced damage varies be-
tween different stages of embryo development [54]. Interestingly, one study, conducted on
hamster and mouse embryos, showed that with just 3 min of exposure to microscope light,
there was a significant increase in hydrogen peroxide levels [55]. Increased cytoplasmic
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electron density and fragmentation were found after an 8 h exposure to light [56]. Recently,
white light has been reported to potentially decrease the implantation capacity of mouse
embryos [11], in contrast to another two studies that showed no compromised fertilization
rate, embryo development as well as clinical pregnancy with the use of a red filter light
protection [57,64]. Moreover, prolonged exposure to light reduced the cleavage ability of
rabbit embryos in a time-dependent manner, suggesting the use of red filtered light for
prolonged exposure [58]. On the other hand, the use of a green filter on a microscope did
not significantly improve bovine embryo development [59]. Two studies have investigated
the probable harmful effects of blue light, showing that it has a negative impact on the
blastulation rate of hamster and mouse embryos [60,61]. More recently, there has been
evidence supporting the beneficial effects of yellow light irradiation on preimplantation
development of mouse embryos during in vitro blastocyst production, regardless of the
stage of the embryo [62]. Two studies investigated the potential detrimental effects of laser
light on embryos, demonstrating no negative impact on embryo development, survival,
and blastulation rates [10,63]. There exist differing perspectives regarding the potential ad-
verse effects of light and our data suggest low scientific evidence for negative impacts with
prolonged exposure to light. Moreover, we analyzed seven studies for the LS calculation,
resulting in a low LS of 4.3 (Table 2).

3.6. pH

Culture media pH is a critical factor in human embryo culture. pH is closely correlated
with carbon dioxide (CO2) levels due to the bicarbonate buffering system, in which changes
in CO2 concentrations impact the production of carbonic acid, consequently leading to
variations in pH. Adjusting the percentage of CO2 gas in the incubator is a fundamental
method for precise pH control in the culture medium, which is essential for embryo de-
velopment [65]. While embryos exhibit an impressive capacity to tolerate a wide range of
pH values, it is crucial to note that deviations from the optimal pH range can have adverse
effects on developmental competence [65]. In zygotes and embryos, intracellular pH (pHi)
plays a pivotal role in maintaining cellular homeostasis, governing a myriad of cellular
processes, including enzymatic reactions, cell division, and differentiation [65]. Fluctua-
tions in the extracellular pH of the culture media directly influence the pHi of embryos,
consequently affecting their homeostasis and developmental competence [69]. Although
human embryos possess several intracellular mechanisms to regulate their pHi [66], any
fluctuations can lead to cellular stress, impairing embryo developmental competence [67].
In comparison to embryos, oocytes exhibit heightened fragility due to their limited intrinsic
capacity for robust pHi regulation, rendering them more susceptible to pH fluctuations [68].
Mammalian embryos at the morula and blastocyst stages appear to exhibit enhanced ca-
pabilities in regulating their pH levels due to the presence of tight junctions that are less
permeable to H+ ions [69,70]. The optimal extracellular pH (pHe) was determined to be
slightly higher than the pHi. Deviations in either direction, whether towards higher or
lower pHe values, were observed to have inhibitory effects [66]. An ideal pH range of
approximately 7.30 was identified for the pronuclear stage, followed by a lower pH value of
7.15 for cleaving embryos [71]. The pH of the culture medium pH can also be influenced by
various additional factors, such as the laboratory’s geographical altitude. Altitude and air
pressure can influence pH levels in embryo culture media due to variations in the solubility
of CO2. Therefore, it is essential to consider altitude and air pressure to maintain a stable
and optimal pH for embryo development.

4. Discussion

The purpose of this review was to evaluate studies focusing on the effects of chemical
and physical parameters on mammalian embryo culture, with the aim of understanding
their importance for human IVF treatments. Out of the 4141 initial studies, only 62 met the
selection criteria. A summary of the main findings are shown in Figure 2.
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Moreover, to provide further details, we have chosen to employ an alternative method-
ology. We generated a semi-quantitative outcome LS for the parameters that allowed it.
Specifically, we identified four parameters (oxygen, temperature, humidity, and LE) and
five different comparisons (37 ◦C vs. <37 ◦C; 5% vs. 20% oxygen; 5–2% vs. 5% oxygen; HC
vs. DC; LE vs. reduced/protected LE) (Table 2). By adopting this approach, our intention
was to bolster the objectivity of our conclusions, going beyond the limitations of a standard
review. In relation to oxygen, we conducted an analysis of 18 papers that encompassed
studies comparing low oxygen tension with atmospheric oxygen, as well as investiga-
tions into the efficacy of biphasic oxygen utilization. Numerous studies have consistently
highlighted the advantages of employing low oxygen concentrations in embryo culture,
particularly during extended culture periods [19,23–25]. These findings are supported by
a recent meta-analysis, which demonstrated a substantial 43% improvement in live birth
rates when embryos were cultured under low oxygen concentrations [6]. Notably, the latest
recommendations from the ESHRE guidelines also endorse the use of low oxygen levels
in embryo culture [1]. Regarding the use of low oxygen tension, we analyzed 10 studies,
generating a LS of 7, suggesting medium evidence of superiority for 5% over 20% oxy-
gen tension. On the other hand, assessing the efficacy of biphasic (5–2%) compared to
monophasic (5%) culture, despite the use of biphasic oxygen, seems to have benefits in
terms of blastulation; we obtained a low LS of 5, suggesting no evidence of superiority
for biphasic over monophasic culture [29–33]. In our temperature analysis, we reviewed
a total of 9 [34–42] studies, 6 of which were used to calculate the LS. We obtained a LS
of 8.3, showing high evidence of superiority for 37 ◦C over cooler temperatures (36 <
37). According to a recent meta-analysis [42], our findings suggest that, currently, there
is no compelling evidence supporting that embryo culture at temperatures lower than 37
◦C leads to improved IVF outcomes. We analyzed 10 studies on humidity. It is evident
that a humid environment plays a crucial role in reducing medium evaporation, leading
to increased osmolality and pH [12–14]. While basic research studies show increased
osmolality in culture medium under DC [12–14], these conditions do not seem to have
negative effects on biological and clinical outcomes such as blastulation and pregnancy
rates [16,17]. In the LS calculation, we analyzed four studies obtaining a low LS of 5,
suggesting contradictory results (Table 2). Nevertheless, we analyzed a limited number of
studies (four); consequently, further randomized controlled trials are needed to investigate
this parameter. Due to the specific inclusion criteria, calculating the LS in relation to oil
and pH were not feasible, but their findings were appropriately discussed. Our analysis
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of the papers related to oil emphasized its significance in preventing evaporation from
the culture medium and in providing greater temperature stability. This crucial aspect is
heavily influenced by the inherent properties of the oil, including water content, viscosity,
and density. However, it is important to acknowledge that other factors, such as the culture
conditions (humid or dry) and the volume of the drop medium, also play an important role
in mitigating evaporation. Culture media pH is a critical factor in human embryo culture.
While embryos exhibit an impressive capacity to tolerate a wide range of pH values, it
is crucial to note that deviations from the optimal pH range can have adverse effects on
developmental competence [65]. Furthermore, the pH of the culture medium can also be
influenced by various additional factors, such as temperature [74] and the geographical
altitude of the laboratory. For this reason, it is essential to consider temperature, altitude,
and air pressure to maintain stable and optimal pH for embryo development. In our
investigation into light exposure, we have examined 18 studies reaching contradictory
results. Moreover, we analyzed seven studies for the LS calculation, resulting in a low LS
of 4.3 (Table 2), suggesting limited clarity and no evidence regarding the potential negative
impact of light on embryos, particularly in the context of human embryos. All studies on
the toxic effects of light were experimental, so they may not accurately reflect real working
conditions in an IVF lab. Furthermore, it is worth noting that a majority of these studies
are conducted on animal models—i.e., rabbits—which may not be a good model reflecting
human oocytes/embryos. Nevertheless, employing light filters can mitigate the adverse
impact of light within IVF laboratories [57–64]. Moreover, it is important to note that the
static nature of our current culture conditions does not accurately reflect the dynamic
environment experienced by embryos in the human body [75,76]. Finally, in the longer
term, large studies based on national birth registries are needed to clarify possible adverse
effects for the newborn.

5. Conclusions

In summary, this review and proposed LS methodology offer semi-quantitative in-
formation on studies investigating the effects of chemical and physical parameters on
mammalian embryo culture in order to minimize them in the practice of human IVF. Over-
all, we identified and critically discussed six parameters (oxygen, temperature, humidity,
oil overlay, light, and pH). Furthermore, we generated a LS of five different comparisons
(37 ◦C vs. <37 ◦C; 5% vs. 20% oxygen; 5–2% vs. 5% oxygen; HC vs. DC; LE vs. re-
duced/protected LE). Among these, two comparisons (37 ◦C vs. <37 ◦C and 5% vs. 20%
oxygen) yielded medium-high literature scores, suggesting a prevalence of studies in favor
of the reference group (37 ◦C and 5% oxygen). Conversely, the other three comparisons
(5–2% vs. 5% oxygen, HC vs. DC, and LE vs. reduced/protected LE) produced a low score
for 5–2% oxygen, HC, and LE.
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Abstract: Background: Globally, 10–15% of maternal deaths are statistically attributable to preeclamp-
sia. Compared with late-onset PE, the severity of early-onset PE remains more harmful with higher
morbidity and mortality. Objective: To establish an early-onset preeclampsia prediction model by
clinical characteristics, risk factors and routine laboratory indicators were investigated from pregnant
women at 6 to 10 gestational weeks. Methods: The clinical characteristics, risk factors, and 38 routine
laboratory indicators (6–10 weeks of gestation) including blood lipids, liver and kidney function,
coagulation, blood count, and other indicators of 91 early-onset preeclampsia patients and 709 normal
controls without early-onset preeclampsia from January 2010 to May 2021 in Peking University Third
Hospital (PUTH) were retrospectively analyzed. A logistic regression, decision tree model, and
support vector machine (SVM) model were applied for establishing prediction models, respectively.
ROC curves were drawn; area under curve (AUCROC), sensitivity, and specificity were calculated
and compared. Results: There were statistically significant differences in the rates of diabetes, an-
tiphospholipid syndrome (APS), kidney disease, obstructive sleep apnea (OSAHS), primipara, history of
preeclampsia, and assisted reproductive technology (ART) (p < 0.05). Among the 38 routine laboratory
indicators, there were no significant differences in the levels of PLT/LYM, NEU/LYM, TT, D-Dimer, FDP,
TBA, ALP, TP, ALB, GLB, UREA, Cr, P, Cystatin C, HDL-C, Apo-A1, and Lp(a) between the two groups
(p > 0.05). The levels of the rest indicators were all statistically different between the two groups (p <
0.05). If only 12 risk factors of PE were analyzed with the logistic regression, decision tree model, and
support vector machine (SVM), and the AUCROC were 0.78, 0.74, and 0.66, respectively, while 12 risk
factors of PE and 38 routine laboratory indicators were analyzed with the logistic regression, decision
tree model, and support vector machine (SVM), and the AUCROC were 0.86, 0.77, and 0.93, respectively.
Conclusions: The efficacy of clinical risk factors alone in predicting early-onset preeclampsia is not high
while the efficacy increased significantly when PE risk factors combined with routine laboratory indicators.
The SVM model was better than logistic regression model and decision tree model in early prediction of
early-onset preeclampsia incidence.

Keywords: early-onset preeclampsia; risk factors; routine laboratory indicators; risk prediction
model; machine learning

1. Introduction

Globally, 10–15% of all maternal deaths can be attributed to preeclampsia or eclampsia,
a placentally derived disease of pregnancy [1,2]. Maternal complications associated with
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preeclampsia include placental abruption, acute kidney disease, pulmonary edema, and
heart failure. In severe cases, preeclampsia leads to eclamptic seizures and life-threatening
hemolysis, elevated liver enzymes, and low platelet count (HELLP) syndrome [3]. More-
over, fetal complications related to preeclampsia include impaired fetal growth, neonatal
respiratory distress syndrome, and stillbirth. Preeclampsia can be classified as early-onset
preeclampsia, which develops before 34 weeks’ gestation, and the more common late-onset
preeclampsia, which develops at or after 34 weeks’ gestation [4]. Compared with late-
onset PE, the severity of early-onset PE remains more harmful with higher morbidity and
mortality [5].

Despite the serious clinical consequences, there is no effective preventive measure
for preeclampsia currently. Timely identification and management of preeclampsia can
significantly improve maternal and perinatal outcomes [6]. Therefore, risk prediction of
preeclampsia and preeclampsia-related disorders has received considerable attention over
the past two decades. A practical prediction model would allow for increased surveillance
of at-risk patients and reduce the surveillance of patients who are less likely to develop
preeclampsia, which makes medical resources fully and reasonably allocated and utilized.
Although previous studies have analyzed clinical features and evaluated biomarkers for
effective prediction, few have demonstrated clinically sufficient properties [7–11].

Machine learning (ML) techniques provide the possibility to infer important con-
nections between items from different data sets that would otherwise be difficult to cor-
relate [12,13]. Due to the vast amount and complexity of medical information, ML is
considered a promising method for diagnosing diseases or predicting clinical outcomes.
Multiple ML techniques have been used in clinical settings and shown to be more accurate
than traditional methods in predicting disease [14].

This study was aimed to develop ML models to predict early-onset preeclampsia by
using risk factors and routine laboratory indicators and to compare the performance of
different models.

2. Materials and Methods
2.1. Study Population

Pregnant women with non-singleton, miscarriage or fetal death, intrauterine chro-
mosomal disorders or fetal malformations, and missing laboratory data were excluded.
Preeclampsia (PE) is defined as systolic blood pressure at ≥140 mm Hg and/or diastolic
blood pressure at ≥90 mm Hg on at least two occasions measured 4 h apart in previously
normotensive women and is accompanied by one or more of the following new-onset con-
ditions at or after 20 weeks of gestation: 1. Proteinuria (i.e., ≥30 mg/mol protein:creatinine
ratio; ≥300 mg/24 h; or ≥2 + dipstick); 2. Evidence of other maternal organ dysfunction, in-
cluding acute kidney injury (creatinine ≥90 µmol/L; 1 mg/dL); liver involvement (elevated
transaminases, e.g., alanine aminotransferase or aspartate aminotransferase >40 IU/L) with
or without right upper quadrant or epigastric abdominal pain; neurological complications
(e.g., eclampsia, altered mental status, blindness, stroke, clonus, severe headaches, and
persistent visual scotomata); or hematological complications (thrombocytopenia–platelet
count <150,000/µL, disseminated intravascular coagulation, hemolysis); 3. Uteroplacental
dysfunction (such as fetal growth restriction, abnormal umbilical artery Doppler waveform
analysis, or stillbirth) according to the FIGO guidelines [6]. Pregnant women who met
the diagnostic criteria for preeclampsia and with delivery at <34+0 weeks of gestation can
be subclassified into early-onset preeclampsia. A total of 91 Chinese pregnant women
who were diagnosed with early-onset preeclampsia in the Department of Obstetrics and
Gynecology of Peking University Third Hospital from January 2010 to May 2021 were
included as PE group. Meanwhile, 709 Chinese pregnant women who had normal delivery
and single live birth in the department of Obstetrics and Gynecology of Peking University
Third Hospital during the same period were selected as the control group (CON). The ret-
rospective study protocol was approved by the Peking University Third Hospital Medical
Science Research Ethics Committee (IRB00006761-M2021032).
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2.2. Clinical and Biochemical Data Collection

Clinical characteristics of patients, such as age of admission, gestational age, disease
history, pregnancy history, and blood pressure (1 mmHg = 0.133 kPa), were obtained from
electronic medical records. There are 12 risk factors [15] for preeclampsia, which include
diabetes, thrombotic diseases, systemic lupus erythematosus (SLE), antiphospholipid
syndrome (APS) and kidney diseases, assisted reproductive technology (ART), obstructive
sleep apnea, pre-pregnancy body mass index (BMI) > 30 kg/m2, age > 35 years old,
multiple pregnancies, primipara, and history of eclampsia or preeclampsia. Routine
laboratory indicators including albumin (ALB), alanine transaminase (ALT), aspartate
transaminase (AST), alkaline phosphatase (ALP), complement C1q, calcium (Ca), creatinine
(Cr), C-reactive protein (CRP), cystatin C, γ-glutamyl transpeptidase (GGT), globulin (GLB),
triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), lipoprotein (a) [Lp (a)], apolipoprotein A1 (ApoA1),
apolipoprotein B (ApoB), small dense low density lipoprotein (sdLDL-C), total protein
(TP), total bile acid (TBA), total bilirubin (T-Bil), direct bilirubin (D-Bil), uric acid (UA),
Urea (UREA), phosphorus (P), absolute value of lymphocyte (LYM), absolute value of
neutrophil (NEU), platelet count (PLT), NEU /LTM ratio, PLT /LYM ratio, prothrombin
time (PT), prothrombin activity (PTA), activated partial thrombin time (APTT), fibrinogen
(FIB), D-Dimer, fibrinogen degradation Products (FDP), thrombin time (TT).

2.3. Instruments and Reagents

Fasting blood samples of the participants were collected from elbow venous using
vacutainer containing separation glue at 6–10 weeks of gestation. The blood samples were
centrifuged at 2793× g for 5 min. The serum was separated and stored at −80 ◦C refrig-
erator for subsequent detection. Serum liver and kidney function, lipid metabolism, and
complement indexes were detected by AU5800 automatic biochemical analyzer (Beckman
Coulter, Brea, CA, USA).

The peripheral blood samples were obtained with venipuncture and collected into
vacuum blood collection tubes containing sodium citrate as the anticoagulant (INSEPACK®

Sekisui, Beijing, China). The plasma was obtained by centrifuging the samples at 1500× g
for 5 min. Automatic coagulation analyzer (ACL-TOP 700®, Werfen, Barcelona, Spain) was
used to detect coagulation items.

The peripheral blood samples were obtained with venipuncture and collected in vac-
uum blood collection tubes containing EDTA-K2 as the anticoagulant (INSEPACK®, Sekisui,
Beijing, China). The peripheral leukocytes were counted and classified into neutrophils,
eosinophils, basophils, lymphocytes, and monocytes in the traditional five subtype classi-
fication method with an automatic blood count analyzer (SYSMEX XN-2000 Automated
Hematology Analyzer, Kobe, Japan).

Instrument calibration, calibration, quality control were matched and applied in strict
accordance with the standard operation procedure.

2.4. Statistical Analysis

SPSS 24.0 and MATLAB software (R2022a) were used for data analysis. The K-S
normal distribution was used to detect the normality of data; measurement data conformed
to normal distribution with x ± s description and non-normal distribution with a me-
dian (interquartile range). Mann–Whitney U test was used for pairwise comparison of
skewed distribution data between groups. The count data were tested with chi-square
test, and the number of use cases (percentage) was described. p < 0.05 was considered
statistically significant.

2.4.1. Logistic Regression Model

All routine laboratory indicators were analyzed with univariate binary Logistic re-
gression; multivariate binary Logistic regression analysis was performed for the variable
of p < 0.05. The maximum Youden index was taken as the cut-off point, the risk degree
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was expressed as the OR value [95% confidence interval (CI), 95%CI], and the receiver
operating characteristic (ROC) curve was made.

2.4.2. Machine Learning

We used 2 machine learning algorithms: the decision tree model and support vector
machine (SVM). For the development of machine learning models, we obtained 12 risk
factors and 38 routine laboratory indicators mentioned above. The predictive value of
individual risk factors and the models combining risk factors and laboratory indicators
were explored, respectively. Machine learning models were trained with all variables as
inputs to classify patients likely to have favorable outcomes. Among the study population,
80% were randomly selected for the training set, and the remaining 20% were used as the
test set to prevent overfitting of the models. MATLAB version R 2022a was used to train
the machine learning models.

Decision Tree Model

Decision tree is a commonly used supervised learning algorithm. It uses Gini co-
efficient, entropy, and other parameters to select features and generate a tree structure,
and classifies the original data set into a series of smaller subgroups. This method had
the advantages of strong interpretability, low computational costs, and strong robustness.
Similarly, the ROC curve was made compared with other models.

Support Vector Machine (SVM)

The support vector machine is a learning system that uses a hypothesis space of linear
functions in a high-dimensional feature space. This method maximizes the separation
boundary of the two classes under the assumption of improving the generalization ability
of the classifier. It makes all samples of different classes well discriminated by finding a
projection direction and obtaining the optimal hyperplane. In addition, this method can
also achieve nonlinear mapping through the kernel function so as to obtain a stronger
fitting ability. Among them, the commonly used kernel functions are as follows: gaussian
kernel function, polynomial kernel function, sigmoid kernel function, etc. In this study,
considering the strong linear relationship between laboratory indicators and predicted
results and the objective situation due to limited sample size, a linear kernel with lower
complexity was used. We used the ten-fold cross-validation method to verify the ability of
the model, and the results of the sensitivity, specificity, and other indicators were good and
consistent, which proved that the model had good fitting and generalization ability.

3. Results
3.1. Participants’ Clinical Characteristics

There were significant differences in maternal age and pre-pregnancy BMI between
the two groups (p < 0.05), and the PE group had a higher pre-pregnancy BMI compared
with the control group (Table 1).

Table 1. Clinical characteristics and risk factors of Control group and early-onset PE group.

Variables Control Group
(n = 709)

PE Group
(n = 91) Statistical Magnitude p Value

Age, year 35 (32–38) a 33 (31–35.5) a 4.32 b <0.001 *
Body mass index, BMI 21.71 (19.93–23.81) a 23.73 (23.12–24.43) a −4.68 b <0.001 *
Medical history, n (%)

Diabetes 155 (21.86) 29 (31.87) 4.56 c 0.033 *
Thrombotic disease 2 (0.28) 0 (0.00) <0.001 c 0.998

Systemic lupus erythematosus (SLE) 5 (0.71) 3 (3.30) 3.17 c 0.075
Antiphospholipid syndrome (APS) 20 (2.82) 7 (7.69) 7.31 c 0.026 *

Kidney disease 5 (0.71) 6 (6.59) 16.51 c <0.001 *
Obstructive sleep apnea hypopnea

syndrome (OSAHS) 0 (0.00) 2 (2.20) 8.05 c 0.005 *
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Table 1. Cont.

Variables Control Group
(n = 709)

PE Group
(n = 91) Statistical Magnitude p Value

History of eclampsia or preeclampsia 4 (0.56) 6 (6.59) 19.12 c <0.001 *
History of gestation, n (%) 591 (83.36) 51 (56.04) 46.69 c <0.001 *

Primipara, n (%) 238 (33.57) 72 (79.12) 74.97 c <0.001 *
Fertilization way, n (%)

Assisted reproductive technology (ART) 119 (16.78) 32 (35.16)
16.61 c <0.001 *Natural conception 590 (83.22) 59 (64.84)

a Expressed as the median (interquartile range). b Rank sum test: Z value c Chi-square value * p values were
statistically different, p < 0.05.

3.2. Comparison of Risk Factors

There was no significant difference in the proportion of pregnant women with throm-
botic disease or systemic lupus erythematosus (SLE) between the two groups (p > 0.05).
However, there were statistically significant differences in the rates of diabetes, antiphos-
pholipid syndrome (APS), kidney disease, obstructive sleep apnea (OSAHS), primipara,
history of preeclampsia, and assisted reproductive technology (ART) (p < 0.05). The pro-
portion of thrombotic diseases in the PE group was lower than that in the control group,
and the other proportions were higher than that in the control group (Table 1).

3.3. Comparison of Routine Laboratory Indicators

Among the 38 routine laboratory indicators, there were no significant differences in
the levels of PLT/LYM, NEU/LYM, TT, D-Dimer, FDP, TBA, ALP, TP, ALB, GLB, UREA, Cr,
P, Cystatin C, HDL-C, Apo-A1, and Lp(a) between the two groups (p > 0.05). The levels of
the rest indicators were all statistically different (p < 0.05) (Table 2).

Table 2. Routine laboratory indicators at 6–10 weeks of gestation between Control group and
early-onset PE group.

Variable Control Group
(n = 709)

PE Group
(n = 91) Statistical Magnitude p Value

Blood cell count

PLT, ×109/L 244 (211–283) a 256.5 (226.25–300.5) a −2.58 b <0.001 *

LYM, ×109/L 1.79 (1.48–2.1) a 1.98 (1.74–2.40) a −3.56 b <0.001 *

NEU, ×109/L 5.24 (4.28–6.55) a 6.25 (5.24–8.35) a −4.63 b <0.001 *

PLT/LYM 135.19 (114.35–163.73) a 125.46 (106.26–158.16) a 1.51 b 0.13

NEU/LYM 2.95 (2.29–3.73) a 2.97 (2.42–4.14) a −0.97 b 0.33

Index of coagulation function

PT, s 11.3 (11–11.7) a 10.9 (10.5–11.3) a 5.53 b <0.001 *

PTA, % 91 (88–96) a 97 (92–102) a −5.15 b <0.001 *

APTT, s 31.2 (29.3–33.1) a 29.6 (27.7–31.3) a 4.30 b <0.001 *

TT, s 13.5 (12.9–14) a 13.4 (12.7–14) a 1.06 b 0.29

FIB, g/L 3.27 (2.92–3.66) a 3.51 (3.1–3.98) a −3.38 b <0.001 *

D-Dimer, mg/L 0.15 (0.15–0.18) a 0.15 (0.15–0.17) a 1.13 b 0.26

FDP, µg/mL 2.5 (2.5–2.5) a 2.5 (2.5–2.5) a −0.79 b 0.43

Liver function index

ALT, U/L 13 (10–18) a 18 (13–27.5) a −4.67 b <0.001 *

AST, U/L 16 (14–19) a 19 (15–25) a −4.70 b <0.001 *
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Table 2. Cont.

Variable Control Group
(n = 709)

PE Group
(n = 91) Statistical Magnitude p Value

T-Bil, umol/L 12 (10–14.8) a 10 (8.9–12.6) a 4.71 b <0.001 *

D-Bil, umol/L 1.3 (1–1.8) a 1.1 (0.6–1.8) a 2.27 b 0.02 *

TBA, umol/L 1.6 (1–2.3) a 1.4 (1–2.35) a 0.54 b 0.59

ALP, U/L 49 (43–58) a 53 (44–64) a −1.92 b 0.05

TP, g/L 72.4 (70.1–74.7) a 72 (70.9–74.9) a −0.24 b 0.81

ALB, g/L 43.01 ± 2.42 c 43.04 ± 3.00 c −0.08 d 0.94

GGT, U/L 14 (11–18) c 17 (14–28) c −4.86 b <0.001 *

GLB, g/L 29 (27–31) c 30 (28–32) c −1.12 b 0.26

Renal function index

UREA, mmol/L 3.1 (2.7–3.7) a 3.2 (2.8–3.7) a −1.09 b 0.28

Cr, umol/L 59 (54–63) a 60 (54–65) a −0.87 b 0.39

Ca, mmol/L 2.3 (2.24–2.35) a 2.33 (2.27–2.4) a −3.40 b <0.001 *

P, mmol/L 1.232 ± 0.136 c 1.228 ± 0.138 c 0.21 d 0.83

UA, umol/L 210 (184–239) a 238 (214–279.75) a −5.57 b <0.001 *

Cystatin C, mg/L 0.62 (0.57–0.68) a 0.59 (0.54–0.66) a 1.18 b 0.24

Blood lipid indicators

TCHO, mmol/L 4.01 (3.56–4.48) a 4.27 (3.87–4.79) a −3.09 b <0.001 *

TG, mmol/L 1.06 (0.8–1.43) a 1.39 (1.15–1.83) a −5.00 b <0.001 *

HDL-C, mmol/L 1.43 (1.24–1.63) a 1.33 (1.14–1.58) a 1.40 b 0.16

LDL-C, mmol/L 2.16 (1.79–2.53) a 2.38 (2.11–2.93) a −3.84 b <0.001 *

ApoA1, g/L 1578 (1355–1893) a 1508 (1293–2057) a 0.10 b 0.92

ApoB, g/L 621 (519–738) a 702 (520–828) a −2.35 b 0.02 *

Lp(a), mg/L 87 (44–188) a 87 (42–188.5) a 0.29 b 0.77

sdLDL-C, mmol/L 0.7 (0.56–0.87) a 0.93 (0.77–1.00) a −3.33 b <0.001 *

Complement/inflammatory markers

CRP, mg/dL 1.04 (0.5–2.6) a 1.71 (0.895–3.68) a −2.68 b 0.007 *

C1q, mg/L 184 (166–211) a 194 (171.75–224.75) a −2.11 b 0.03 *
a Expressed as the median (interquartile range). b Rank sum test: Z value; c Expressed as mean ± standard
deviation (SD); d Student’s t-test: t-value; * p-values were statistically different, p < 0.05.

3.4. Results of Each Model and Receiver Operating Curve (ROC) Analysis

a. Logistic regression analysis

When the risk factors were analyzed with a univariate logistic regression, the results were
shown in Supplementary Table S1 (p < 0.05).

If only 12 risk factors of PE were analyzed with a multivariate binary logistic regres-
sion and an ROC curve analysis was performed, the maximum Youden index of logistic
regression was 0.110, the sensitivity of the model was 12.1%, the specificity was 98.9%, and
the AUCROC = 0.78.

Multivariate binary logistic regression analysis was performed on 12 risk factors of PE
and 38 routine laboratory indicators. An ROC curve analysis was performed according
to the above methods, the maximum Youden index of logistic regression was 0.701, the
sensitivity of the model was 73.6%, the specificity was 96.5%, and the AUCROC = 0.86.
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b. Decision tree model analysis

Using a decision tree learning algorithm, if only 12 risk factors of PE were included in the
model, the maximum Youden index of logistic regression was 0.130, the sensitivity of the
model was 15.4%, the specificity was 97.6%, and the AUCROC = 0.74; when 12 risk factors of
PE and 38 routine laboratory indicators were included in the model, the maximum Youden
index of logistic regression was 0.616, the sensitivity of the model was 64.8%, the specificity
was 96.8%, and the AUCROC = 0.77.

c. Support vector machine (SVM) analysis

Using SVM learning system, if only 12 risk factors of PE were included in the model, the
maximum Youden index of logistic regression was 0.055, the sensitivity of model was 6.6%,
the specificity of model was 98.9%, and the AUCROC = 0.66. When 12 risk factors of PE and
38 routine laboratory indicators were included in the model, the maximum Youden index
of logistic regression was 0.669, the sensitivity of the model was 67.0%, the specificity was
99.9%, and the AUCROC = 0.93.

The results of the ROC analysis based on 12 risk factors of PE are shown in Figure 1,
and the results of the ROC analysis based on 12 risk factors of PE combining with 38 routine
laboratory indicators are shown in Figure 2.
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d. Delong test of ROCs differ between models

Delong tests were used to explore whether there were statistical differences in the area
under the curve between the three models. If only 12 risk factors of PE were included in
the models, the results of the pairwise comparison of ROC curves between support vector
machine and decision tree models and those between support vector machine and logistic
regression models were statistically different. The results are shown in Table 3 (p < 0.05).

While 12 risk factors of PE and 38 routine laboratory indicators were included in the
models, the results of pairwise comparison of ROC curves between support vector machine
and decision tree models and that between support vector machine and logistic regression
models were also statistically different. The results are shown in Table 4 (p < 0.05).

Table 3. Delong test of ROCs differ between models (12 risk factors). Pairwise comparison of
ROC curves.

SVM~Decision Tree

Difference between areas 0.08

Standard Error a 0.044

95% Confidence Interval 0.047 to 0.220

z statistic 3.02

Significance level p = 0.0025

Logistic Regression~Decision Tree

Difference between areas 0.04

Standard Error a 0.025

95% Confidence Interval −0.009 to 0.088

z statistic 1.57

Significance level p = 0.1162

Logistic Regression~SVM

Difference between areas 0.12

Standard Error a 0.034

95% Confidence Interval 0.106 to 0.238

z statistic 5.08

Significance level p < 0.0001

Table 4. Delong test of ROCs differ between models (12 risk factors and 38 routine laboratory indicators).

SVM~Decision Tree

Difference between areas 0.07

Standard Error a 0.027

95% Confidence Interval 0.026 to 0.132

z statistic 2.92

Significance level p = 0.0035

Logistic Regression~Decision Tree

Difference between areas 0.09

Standard Error a 0.033

95% Confidence Interval −0.050 to 0.077
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Table 4. Cont.

SVM~Decision Tree

z statistic 0.41

Significance level p = 0.6837

Logistic Regression~SVM

Difference between areas 0.07

Standard Error a 0.023

95% Confidence Interval 0.020 to 0.112

z statistic 2.82

Significance level p = 0.0049

4. Discussion

The incidence of PE is related to spiral artery remodeling disorder, endothelial dysfunc-
tion, vasospasm, oxidative stress, and micro-embolism. Therefore, factors affecting placenta
formation and endothelial function damage are the risk factors for PE [16]. Consistent
with other studies [17–19], previous history of preeclampsia, diabetes mellitus, thrombotic
disease, systemic lupus erythematosus (SLE), antiphospholipid syndrome (APS), kidney
disease, assisted reproductive technology, obstructive sleep apnea hypopnea syndrome
(OSAHS), BMI > 30 kg/m2, age over 35, multiple pregnancies, and primipara were included
as risk factors in the model. In this study, there was no thrombotic disease in the PE group,
which may be because pregnant women with thrombotic disease tendency continued
to take anticoagulant drugs, such as aspirin in the first trimester, effectively preventing
abnormal blood flow status and thrombosis and reducing the risk of PE.

The pathologic lesions of preeclampsia and eclampsia are characterized by widespread
endothelial lesions in various organ beds [20], such as liver lesions with periportal and por-
tal necrosis and hepatic arterial medial necrosis, based on an autopsy series of
317 mothers who died of eclampsia. Therefore, when PE has not progressed in the first
trimester of pregnancy, slight changes in liver vessels may have occurred in pregnant
women, and the liver function is affected, which is manifested as elevated liver enzymes,
abnormal coagulation function, and abnormal substance metabolism. Similarly, renal tissue
demonstrated hallmarks of glomerular endotheliosis reported in previous studies [21].
Glomerular endothelial cell lesions, impaired mechanical barrier and charge barrier, and
increased filtration membrane permeability lead to abnormal renal function and proteinuria
in PE patients [22].

Previous studies have shown an association between abnormal lipid metabolism
and inflammatory activation with preeclampsia [23–26]. In this study, except for HDL-C
and ApoA1, the other blood lipid indicators in the PE group were higher than those in
the control group. HDL is involved in the reverse transport of cholesterol (as a vascular
protective factor that has an anti-atherosclerosis effect while ApoA1 is a tool to carry
HDL), is also a component of HDL, and has a relatively important role in preventing the
occurrence of atherosclerosis. HDL-C and ApoA1 levels of the PE group were lower than
those of the control group, which was consistent with previous studies [27].

In this study, it is not hard to see that the models established combining routine
laboratory indicators with risk factors improve the accuracy of prediction rather than only
with risk factors. In this study, the SVM model had the best prediction ability of early-onset
PE. Machine learning has received a lot of attention in recent years. The advantages and
disadvantages of machine learning and traditional statistical models vary with different
research questions, research designs, and research data. Compared to the other machine
learning methods, the SVM is very powerful at recognizing subtle patterns in complex
datasets, greatly improves the prediction performance of the model, and has a good clinical
application prospect [28]. The SVM loss function has its own regular term, so SVM is a
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structural risk minimization algorithm. The so-called structural risk minimization means
to seek a balance between a training error and model complexity to prevent overfitting so
as to minimize the real error. In order to better minimize structural risks, regular terms
were added to the SVM model construction to further reduce potential overfitting.

In previous studies, mean arterial pressure, uterine arterial pulse index, and serum
placental growth factor were selected as biomarkers for early-onset PE prediction [29,30].
Although the accuracy and specificity are relatively high, the collection cost is high, and the
operation is difficult. Similar to this study, Jong et al. used logistic regression, decision tree
model, naive Bayes classification, support vector machine, random forest algorithm, and
stochastic gradient boosting method to build a prediction model for delayed preeclampsia
by collecting general clinical data, medical history and biochemical laboratory data. The
stochastic gradient boosting model had the best prediction performance with an accuracy
and false positive rate of 0.973 and 0.009 [31]. Although different from the variables
included in this study, it also shows that machine learning algorithms can effectively
predict preeclampsia to a certain extent. The routine laboratory indicators adopted in
this study are included in the routine prenatal examination, which is convenient to obtain,
simple and rapid, and at the same time reduces the extra cost for patients and the prediction
cost. However, the deficiency also lies in this; the established model lacks the specific index
of early-onset PE, and the specificity of the model is not high. The sample size of the
PE group is smaller than that of the control group, which may have a certain impact on
the model. Subsequent studies will improve upon this. The sample size of this study is
small, which does not meet the requirements of EPV (Event Per Variable), so the results of
the logistic regression may not be robust enough. However, considering that this type of
patient is rare and that the results are somewhat interpretable, it is still presented. Further
research is needed to confirm the reliability of the results.

5. Conclusions

The performance of clinical risk factors alone in predicting early-onset PE is poor, and
the performance significantly improved when combing risk factors with routine laboratory
indicators. The support vector machine (SVM) model showed the best AUCROC, specificity,
and sensitivity compared with the logistic regression model and decision tree model.
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//www.mdpi.com/article/10.3390/life13081648/s1, The univariate logistic regression analysis of
risk factors for PE was shown in Supplementary Table S1 (p < 0.05).

Author Contributions: Y.X.: Conceptualization, Investigation, Visualization, Writing—original draft.
N.Y.: Investigation, Data curation. X.G.: Investigation, Data curation. Y.W.: Writing-review & editing,
Project administration, Funding acquisition. H.Z.: Data curation. K.J.: Conceptualization, Writing—
review & editing, Project administration and Funding acquisition. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the General Project of National Natural Science Foundation
of China (Project No.62071007).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Peking University Third Hospital (protocol
code IRB00006761-M2016122, date of approval 22 September 2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: We would like to thank all study participants who were involved in this investi-
gation but are not in the author list.

239



Life 2023, 13, 1648

Conflicts of Interest: We declare that we have no financial and personal relationships with other
people or organizations that can inappropriately influence our work, there is no professional or
other personal interest of any nature or kind in any product, service and/or company that could be
construed as influencing the position presented in, or the review of, the manuscript entitled.

Abbreviations

PE: preeclampsia; ML, machine learning; BMI, body mass index; SLE, systemic lupus
erythematosus; APS, antiphospholipid syndrome; ART, assisted reproductive technology;
OSAHS, obstructive sleep apnea; ALB, albumin; ALT, alanine transaminase; AST, aspar-
tate transaminase; ALP, alkaline phosphatase; C1q, complement C1q; Ca, calcium; Cr,
creatinine; CRP, C-reactive protein; GGT, γ-glutamyl transpeptidase; GLB, globulin; TG,
triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; Lp (a), lipoprotein (a); ApoA1, apolipoprotein A1;
ApoB, apolipoprotein B; sdLDL-C, small dense low density lipoprotein; TP, total protein;
TBA, total bile acid; T-Bil, total bilirubin; D-Bil, direct bilirubin; UA, uric acid; UREA, urea;
P, phosphorus; LYM, absolute value of lymphocyte; NEU, absolute value of neutrophil;
PLT, platelet count; PT, prothrombin time; PTA, prothrombin activity; APTT, activated
partial thrombin time; FIB, fibrinogen; FDP, fibrinogen degradation Products; TT, thrombin
time; SVM, support vector machine, CI, confidence interval.

References
1. Khan, K.S.; Wojdyla, D.; Say, L.; Gülmezoglu, A.M.; Van Look, P.F. WHO analysis of causes of maternal death: A systematic

review. Lancet 2006, 367, 1066–1074. [CrossRef]
2. Duley, L. The Global Impact of Pre-eclampsia and Eclampsia. Semin. Perinatol. 2009, 33, 130–137. [CrossRef]
3. Habli, M.; Eftekhari, N.; Wiebracht, E.; Bombrys, A.; Khabbaz, M.; How, H.; Sibai, B. Long-term maternal and subsequent

pregnancy outcomes 5 years after hemolysis, elevated liver enzymes, and low platelets (HELLP) syndrome. Am. J. Obs. Gynecol.
2009, 201, 381–385. [CrossRef]

4. Nelson, D.B.; Ziadie, M.S.; McIntire, D.D.; Rogers, B.B.; Leveno, K.J. Placental pathology suggesting that preeclampsia is more
than one disease. Am. J. Obs. Gynecol. 2014, 210, 61–66. [CrossRef]

5. De Kat, A.C.; Hirst, J.; Woodward, M.; Kennedy, S.; Peters, S.A. Prediction models for preeclampsia: A systematic review.
Pregnancy Hypertens. 2019, 16, 48–66. [CrossRef]

6. Poon, L.C.; Shennan, A.; Hyett, J.A.; Kapur, A.; Hadar, E.; Divakar, H.; McAuliffe, F.; da Silva Costa, F.; von Dadelszen, P.;
McIntyre, H.D.; et al. The International Federation of Gynecology and Obstetrics (FIGO) initiative on pre-eclampsia: A pragmatic
guide for first-trimester screening and prevention. Int. J. Gynaecol. Obstet. 2019, 145 (Suppl. S1), 1–33. [CrossRef]

7. Payne, B.A.; Hutcheon, J.A.; Ansermino, J.M.; Hall, D.R.; Bhutta, Z.A.; Bhutta, S.Z.; Biryabarema, C.; Grobman, W.A.; Groen, H.;
Haniff, F.; et al. A risk prediction model for the assessment and triage of women with hypertensive disorders of pregnancy in
low-resourced settings: The miniPIERS (Pre-eclampsia Integrated Estimate of RiSk) multi-country prospective cohort study. PLoS
Med. 2014, 11, e1001589. [CrossRef]

8. Thangaratinam, S.; Allotey, J.; Marlin, N.; Mol, B.W.; Von Dadelszen, P.; Ganzevoort, W.; Akkermans, J.; Ahmed, A.; Daniels, J.;
Deeks, J.; et al. Development and validation of Prediction models for Risks of complications in Early-onset Pre-eclampsia (PREP):
A prospective cohort study. Health Technol. Assess. 2017, 21, 1–100. [CrossRef]

9. Chappell, L.C.; Duckworth, S.; Seed, P.T.; Griffin, M.; Myers, J.; Mackillop, L.; Simpson, N.; Waugh, J.; Anumba, D.; Kenny, L.C.;
et al. Diagnostic accuracy of placental growth factor in women with suspected preeclampsia: A prospective multicenter study.
Circulation 2013, 128, 2121–2131. [CrossRef]

10. Zeisler, H.; Llurba, E.; Chantraine, F.; Vatish, M.; Staff, A.C.; Sennström, M.; Olovsson, M.; Brennecke, S.P.; Stepan, H.; Allegranza,
D.; et al. Predictive Value of the sFlt-1:PlGF Ratio in Women with Suspected Preeclampsia. N. Engl. J. Med. 2016, 374, 13–22.
[CrossRef]

11. North, R.A.; McCowan, L.M.; Dekker, G.A.; Poston, L.; Chan, E.H.; Stewart, A.W.; Black, M.A.; Taylor, R.S.; Walker, J.J.; Baker,
P.N.; et al. Clinical risk prediction for pre-eclampsia in nulliparous women: Development of model in international prospective
cohort. BMJ 2011, 342, d1875. [CrossRef]

12. Obermeyer, Z.; Emanuel, E.J. Predicting the Future—Big Data, Machine Learning, and Clinical Medicine. N. Engl. J. Med. 2016,
375, 1216–1219. [CrossRef]

13. Darcy, A.M.; Louie, A.K.; Roberts, L.W. Machine Learning and the Profession of Medicine. JAMA 2016, 315, 551–552. [CrossRef]

240



Life 2023, 13, 1648

14. Frizzell, J.D.; Liang, L.; Schulte, P.J.; Yancy, C.W.; Heidenreich, P.A.; Hernandez, A.F.; Bhatt, D.L.; Fonarow, G.C.; Laskeyet, W.K.
Prediction of 30-Day All-Cause Readmissions in Patients Hospitalized for Heart Failure: Comparison of Machine Learning and
Other Statistical Approaches. JAMA Cardiol. 2017, 2, 204–209. [CrossRef]

15. Gestational Hypertension and Preeclampsia: ACOG Practice Bulletin Summary, Number 222. Obstet. Gynecol. 2020, 135,
1492–1495. [CrossRef]

16. Ives, C.W.; Sinkey, R.; Rajapreyar, I.; Tita, A.T.N.; Oparil, S. Preeclampsia—Pathophysiology and Clinical Presentations: JACC
State-of-the-Art Review. J. Am. Coll. Cardiol. 2020, 76, 1690–1702. [CrossRef]

17. Phipps, E.A.; Thadhani, R.; Benzing, T.; Karumanchi, S.A. Pre-eclampsia: Pathogenesis, novel diagnostics and therapies. Nat. Rev.
Nephrol. 2019, 15, 275–289. [CrossRef]

18. Good clinical practice advice: First trimester screening and prevention of pre-eclampsia in singleton pregnancy. Int. J. Gynaecol.
Obstet. 2019, 144, 325–329. [CrossRef]

19. ACOG Practice Bulletin No. 202: Gestational Hypertension and Preeclampsia. Obs. Gynecol. 2019, 133, 1.
20. Hecht, J.L.; Ordi, J.; Carrilho, C.; Ismail, M.R.; Zsengeller, Z.K.; Karumanchi, S.A.; Rosen, S. The pathology of eclampsia: An

autopsy series. Hypertens. Pregnancy 2017, 36, 259–268. [CrossRef]
21. Gaber, L.W.; Spargo, B.H.; Lindheimer, M.D. Renal pathology in pre-eclampsia. Baillieres Clin. Obs. Gynaecol. 1994, 8, 443–468.

[CrossRef] [PubMed]
22. Garovic, V.D.; Wagner, S.J.; Turner, S.T.; Rosenthal, D.W.; Watson, W.J.; Brost, B.C.; Rose, C.H.; Gavrilova, L.; Craigo, P.; Bailey,

K.R.; et al. Urinary podocyte excretion as a marker for preeclampsia. Am. J. Obs. Gynecol. 2007, 196, 320–321. [CrossRef] [PubMed]
23. Dey, M.; Arora, D.; Narayan, N.; Kumar, R. Serum Cholesterol and Ceruloplasmin Levels in Second Trimester can Predict

Development of Pre-eclampsia. N. Am. J. Med. Sci. 2013, 5, 41–46. [CrossRef] [PubMed]
24. van Rijn, B.B.; Veerbeek, J.H.; Scholtens, L.C.; Post, U.E.; Koster, M.P.; Peeters, L.L.; Koenen, S.V.; Bruinse, H.W.; Franx, A.

C-reactive protein and fibrinogen levels as determinants of recurrent preeclampsia: A prospective cohort study. J. Hypertens.
2014, 32, 408–414. [CrossRef]

25. Alma, L.J.; Bokslag, A.; Maas, A.; Franx, A.; Paulus, W.J.; de Groot, C. Shared biomarkers between female diastolic heart failure
and pre-eclampsia: A systematic review and meta-analysis. ESC Heart Fail. 2017, 4, 88–98. [CrossRef]

26. Mary, S.; Kulkarni, M.J.; Malakar, D.; Joshi, S.R.; Mehendale, S.S.; Giri, A.P. Placental Proteomics Provides Insights into
Pathophysiology of Pre-Eclampsia and Predicts Possible Markers in Plasma. J. Proteome Res. 2017, 16, 1050–1060. [CrossRef]

27. Wang, Y.; Shi, D.; Chen, L. Lipid profile and cytokines in hypertension of pregnancy: A comparison of preeclampsia therapies.
J. Clin. Hypertens. 2018, 20, 394–399. [CrossRef]

28. Huang, S.; Cai, N.; Pacheco, P.P.; Narrandes, S.; Wang, Y.; Xu, W. Applications of Support Vector Machine (SVM) Learning in
Cancer Genomics. Cancer Genom. Proteom. 2018, 15, 41–51.

29. Serra, B.; Mendoza, M.; Scazzocchio, E.; Meler, E.; Nolla, M.; Sabrià, E.; Rodríguez, I.; Carreras, E. A new model for screening for
early-onset preeclampsia. Am. J. Obs. Gynecol. 2020, 222, 601–608. [CrossRef]

30. Akolekar, R.; Syngelaki, A.; Poon, L.; Wright, D.; Nicolaides, K.H. Competing Risks Model in Early Screening for Preeclampsia by
Biophysical and Biochemical Markers. Fetal Diagn. Ther. 2013, 33, 8–15. [CrossRef]

31. Jhee, J.H.; Lee, S.; Park, Y.; Lee, S.E.; Kim, Y.A.; Kang, S.-W.; Kwon, J.-Y.; Park, J.T. Prediction model development of late-onset
preeclampsia using machine learning-based methods. PLoS ONE 2019, 14, e221202. [CrossRef] [PubMed]

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.

241



life

Article

Outcomes of Pregnancy in COVID-19-Positive Mothers in a
Tertiary Centre
Vigneshwaran Subramaniam, Beng Kwang Ng *, Su Ee Phon, Hamizan Muhammad Rafi’uddin, Abd Razak Wira
Sorfan, Abd Azman Siti Hajar and Mohamed Ismail Nor Azlin

Department of Obstetrics and Gynaecology, Faculty of Medicine, Universiti Kebangsaan Malaysia,
Jalan Yaacob Latiff, Bandar Tun Razak, Cheras, Kuala Lumpur 56000, Malaysia; kinet246@gmail.com (V.S.);
sephon88@yahoo.com (S.E.P.); rafinofee@gmail.com (H.M.R.); wirasorfan@gmail.com (A.R.W.S.);
sitihajar.abdazman@gmail.com (A.A.S.H.); azlinm@ppukm.ukm.edu.my (M.I.N.A.)
* Correspondence: nbk9955@ppukm.ukm.edu.my

Abstract: Background: COVID-19 is an emerging global pandemic with potential adverse effects
during pregnancy. This study aimed to determine the adverse maternal and foetal outcomes due to
COVID-19 infection. We also compared maternal and neonatal outcomes with regard to the timing of
diagnosis (first and second trimester vs. third and fourth trimester); early COVID-19 (stage I and II)
vs. severe-stage COVID-19 (III, IV, and V); and lastly, women who were partially vaccinated vs.
unvaccinated. Methods: This was a retrospective study conducted in HCTM from January 2021 to
January 2022. All pregnant women admitted for COVID-19 infections were recruited. The patients’
records were traced. Adverse maternal and neonatal outcomes were documented and analysed.
Results: There were 172 pregnant women recruited into this study. We excluded twenty-four patients
with incomplete data and nine women who delivered elsewhere. The final 139 patients were available
for data analysis. The majority of women were in their third trimester of pregnancy (87.8%); however,
only 5.0% and 7.2% were in the first and second trimesters, respectively. The study population had a
median BMI of 29.1 kg/m2 and almost half of them had never received a COVID-19 vaccination. A
sub-analysis of data concerning adverse maternal and foetal outcomes comparing early vs. severe
stages of COVID-19 infection showed that severe-stage disease increased the risk of preterm birth
(54.5% vs. 15.4%, p < 0.001) and preterm birth before 34 weeks (31.9% vs. 2.6%, p < 0.001) significantly.
The severe-stage disease also increased NICU admission (40.9% vs. 15.4%, p = 0.017) with lower birth
weight (2995 g vs. 2770 g, p = 0.017). The unvaccinated mothers had an increased risk of preterm birth
before 34 weeks and this was statistically significant (11.6% vs. 2.9%, p = 0.048). Conclusions: Adverse
pregnancy outcomes such as ICU admission or patient death could occur; however, the clinical course
of COVID-19 in most women was not severe and the infection did not significantly influence the
pregnancy. The risk of preterm birth before 34 weeks was higher in a more severe-stage disease and
unvaccinated mother. The findings from this study can guide and enhance antenatal counselling of
women with COVID-19 infection, although they should be interpreted with caution in view of the
very small number of included cases of patients in the first and second trimesters.

Keywords: COVID-19; pregnancy; maternal; perinatal; infection; vaccination

1. Introduction

The world was shaken in 2019 by the spread of an unknown virus causing pneumonia-
like symptoms. Starting from a small city in Wuhan, China, the virus spread like wildfire
and led to a global pandemic. The outbreak was caused by a novel coronavirus known
as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and the disease is
now named coronavirus disease 2019 (COVID-19) [1]. Due to the increasing mortalities
from COVID-19 globally, the WHO announced this highly infectious disease as a global
pandemic on 11th March 2020 [1]. Pregnant and non-pregnant women had the same risk
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of acquiring COVID-19 [1]. Due to physiologic, anatomic, and immunologic changes
in pregnancy, there was an increased risk of complications during pregnancy and the
management of pregnant women was more challenging and complicated. Pregnant women
with COVID-19 were 5.4 times more likely to be hospitalised, 1.5 times more likely to be
admitted to the ICU, and 1.7 times at higher risk of requiring mechanical ventilation [1].

Malaysia was not exempt from this global pandemic, with the first three imported
cases confirmed on 25th January 2020. Since then, Malaysia has reported 2.75 million cases
and 31,485 deaths as of 31 December 2021 [2]. The first large outbreak in Malaysia was
managed successfully using movement restrictions between March and April 2020 [3].
Following the implementation of the MCO, all Malaysians were primarily instructed to
stay indoors. Other imposed restrictions included a prohibition of mass gatherings, health
screening and quarantine for Malaysians coming from abroad, restriction on foreigners
entering the country, and closure of all facilities except primary and essential services
such as health services, water, electricity, telecommunication, and food supply compa-
nies [3]. However, since September 2020, institutional outbreaks, state elections, and an
inconsistent implementation of public health and social measures have led to large peri-
odic outbreaks [4]. Hospital Canselor Tuanku Muhriz (HCTM) started seeing COVID-19
patients during pregnancy in January 2021.

Several studies conducted in Europe observed adverse pregnancy outcomes in
COVID-19-infected women. Adverse pregnancy outcomes were associated with infec-
tion acquired at early gestational age, more symptomatic presentation, and use of oxygen
support therapy. Maternal and neonatal outcomes include caesarean section, premature
birth, low birth weight, COVID-19 transmission in neonates, maternal ICU admission,
mechanical ventilation rates, and maternal death. Little evidence suggests that COVID-19
infection in early pregnancy causes preterm delivery and low birth weight in certain coun-
tries [5–12]. A recent systematic review regarding the effect of COVID-19 on maternal,
perinatal, and neonatal outcomes among 324 pregnant women concluded that gestational
age upon admission ranged from 5 weeks to 41 weeks, and up to 14% of women presented
with severe pneumonia. There were four cases of spontaneous miscarriage, and gestational
age upon delivery ranged from 28 weeks to 41 weeks. The majority of women delivered via
caesarean section, and in those with severe disease, almost all required ICU admission [13].

Unfortunately, local data about the effect of COVID-19 infection on adverse maternal
and neonatal outcomes are limited. This study will allow us to increase our knowledge
about the effect of COVID-19 during pregnancy among the local population and help to
redistribute resources in the management of COVID-19-related issues in the local setting.
We aimed to determine the adverse maternal outcomes such as miscarriage, preterm
birth, preterm prelabour rupture of membrane, SGA, IUGR, emergency caesarean section,
post-partum haemorrhage, and maternal death. We also aimed to determine the adverse
neonatal outcomes such as low birth weight, NICU admission, baby requiring mechanical
intubation, neonatal COVID-19 infection, and neonatal death. In the sub-analysis, we also
compared maternal and neonatal outcomes with regard to the timing of diagnosis (before
28 weeks vs. after 28 weeks); early COVID-19 (stage I and II) vs. severe-stage COVID-19
(III, IV, and V); and lastly, partially vaccinated women vs. unvaccinated women.

2. Materials and Methods
2.1. Study Design

This was a retrospective study conducted in HCTM from January 2021 to January 2022.
All pregnant women admitted for COVID-19 infection were recruited. Patients’ records
were traced from the record office unit, which includes the patient’s social characteristics
(age, parity, gestational age upon admission, body mass index, and pre-existing antenatal
co-morbidity (e.g., diabetes mellitus, hypertension, and hyperthyroidism)), their presenting
complaint (asymptomatic, fever, cough, chest tightness, sore throat, SOB, diarrhoea, loss
of smell, loss of taste, myalgia, fatigue, and headache), and laboratory testing performed
during admission (TWC, lymphocyte count, CRP, ALT, and AST). Adverse maternal out-
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comes such as miscarriage, preterm birth, preterm prelabour rupture of membrane, SGA,
IUGR, emergency caesarean section, post-partum haemorrhage, ICU admission, need for
mechanical ventilation, antiviral therapy used, required antibiotic therapy, LMWH used,
corticosteroid used, and maternal death were documented on the data collection sheet.
Lastly, adverse neonatal outcomes such as low birth weight, poor Apgar score, NICU
admission, mechanical intubation, oxygen support, neonatal COVID-19 infection, and
neonatal death were also documented.

The diagnosis of COVID-19 was based on the results of real-time reverse transcriptase
polymerase chain reaction (rRT-PCR) or RTK Ag detection and positive saliva test. The sam-
ples were collected from upper respiratory nasopharyngeal swabs to confirm COVID-19
either from government hospitals or private hospitals. Patients’ medical records with
incomplete data or who delivered elsewhere were excluded from the study. We included
all of the pregnant women who were admitted to HCTM for COVID-19 infection and
delivered in our hospital. Exclusion criteria were patients with incomplete data and who
delivered elsewhere.

2.2. Sample Size Calculation

This study reports the rates or prevalence of clinical manifestations (symptoms, labora-
tory, and radiological findings) and risk factors of maternal and perinatal outcomes (preterm
birth, foetal distress, and low birth weight) in pregnancies of women with COVID-19 and
admitted to HCTM. Following the formula calculator that Epitools used, we used a preva-
lence calculator similar to the prevalence used by Smith et al. [9]. Therefore, based on the
calculated sample size, about 139 patients were needed for this study.

2.3. Data Analysis

The Statistical Package of Social Sciences (SPSS) Version 22.0 (IBM Corp., Armonk, NY,
USA) was used to analyse the study data. Data that were not normally distributed were
expressed as median (quartile). Other statistical tests included Mann–Whitney U and Fisher
exact/chi-square tests. A probability value of <0.05 was considered to be statistically significant.

3. Results

There were 172 pregnant women recruited into this study. We excluded twenty-
four patients with incomplete data and nine women who delivered elsewhere. The final
139 patients were available for data analysis. The median maternal age was 32 years old,
Para two, and the median gestational age upon admission was 38 weeks gestation. The
majority of women were in their third trimester of pregnancy (87.8%), with only 5.0%
and 7.2% being in the first and second trimesters, respectively. The ethnicity distribution
followed the Malaysian population with the majority of the women being Malay (87.1%),
followed by others (7.2%), and then Chinese and Indian (2.9% each). More than half of the
women were professional in occupation, followed by housewives (34.5%). Most women
received tertiary education and belonged to the M40 group according to household income
in Malaysia. The study population had a median BMI of 29.1 kg/m2 and almost half of
them had never received a COVID-19 vaccination (Table 1).

Almost three quarters of patients diagnosed with COVID-19 were diagnosed using
COVID-19 PCR testing. The majority presented in the early stages (stages 1 and 2), but
16.8% of patients were diagnosed with COVID-19 stage 3A and above. Sixty percent
of them were symptomatic upon diagnosis. Symptoms such as cough, sore throat, and
fever were among the most common symptoms experienced by patients. Other symptoms
included myalgia (28.8%), fatigue (20.1%), headache (8.6%), loss of smell (23.3%), and
loss of taste (28.8%). Almost 60% of patients were given LMWH for the prevention of
pulmonary embolism, but only 13.6% were given steroids (Table 2).

Upon admission, laboratory testing was performed that included a median white
blood count of 10.3, a lymphocyte count of 16.3, and a CRP of 2.1. Both median ALT and
AST were 15.0 and 14.0, respectively. There were 107 chest radiographs performed: 6.5%
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revealed ground-glass opacity and 12.1% observed pneumonia changes. Only ten CT scans
were performed, and only one patient was diagnosed with pulmonary embolism (Table 3).

Table 1. Maternal characteristics.

Maternal Characteristic N (%)

Age (years) 32.0 (28.0, 35.0)
Parity 2 (1, 3)
Gestational age upon admission 38.0 (33.0, 39.1)
Trimester

• First 7 (5.0)
• Second 10 (7.2)
• Third 122 (87.8)

Ethnicity
• Malay 121 (87.1)
• Chinese 4 (2.9)
• Indian 4 (2.9)
• Other (non-Malaysian) 10 (7.1)

Occupation
• Professional 72 (51.8)
• Non-professional 19 (13.7)
• Housewife 48 (34.5)

Educational level
• Primary 6 (4.3)
• Secondary 48 (34.5)
• Tertiary 80 (57.6)
• No formal education 5 (3.6)

Household income
• B40 (<RM 4360) 55 (39.5)
• M40 (>RM 4360–RM9619) 71 (51.1)
• T20 (>RM9616) 13 (9.4)

Body mass index (kg/m2) 29.1 (25.5, 32.4)
• Medical comorbid 37 (26.6)
• Diabetes 13 (40.6)
• Hypertension 8 (25.0)
• Hyperthyroidism 2 (6.2)
• Bronchial asthma 9 (28.1)

Status vaccination of mother
• Completed the first dose 24 (17.9)
• Completed the second dose 44 (32.8)
• Completed the first booster 2 (1.5)
• Not vaccinated 64 (47.8)

Data presented as median (quartile) unless otherwise specified.

With regard to pregnancy outcomes, there were five miscarriages (3.6%) and 22.4%
of the pregnancies were delivered before 37 weeks. Upon further analysis, 7.5% of the
patients delivered preterm before 34 weeks, with 1.4% of SGA and 2.9% of IUGR. Almost
60% of patients delivered via lower segment caesarean section (LSCS), followed by vaginal
delivery (32.4%) and instrumental delivery (3.6%). Of the caesarean deliveries, 85.7% were
emergency, and 14.3% were elective. The reasons for elective caesarean section included
being COVID-19-positive (58.3%), followed by other obstetrics indications such as two
previous scars, refused trial of scar, and placenta praevia. Almost half of the patients
underwent emergency LSCS due to COVID-19 in labour, and only 5.3% of deliveries were
complicated with PPH (Table 4).
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Table 2. Diagnosis and clinical presentation.

N (%)

Type of test performed
• Saliva RTK antigen 16 (11.5)
• Rapid mole PCR 16 (11.5)
• PCR 107 (77.0)

COVID-19 category
• 1 55 (39.6)
• 2A 39 (28.1)
• 2B 23 (16.5)
• 3A 5 (3.6)
• 3B 1 (0.7)
• 4A 6 (4.3)
• 4B 6 (4.3)
• 5 4 (2.9)

Clinical presentation
• Symptomatic 84 (60.4)
• Fever 58 (41.7)
• Cough 66 (47.5)
• Chest tightness 9 (6.5)
• Sore throat 64 (46.0)
• Shortness of breath 20 (14.4)
• Vomiting 17 (12.2)
• Diarrhoea 21 (15.1)
• Loss of smell 28 (20.1)
• Loss of taste 32 (23.0)
• Myalgia 40 (28.8)
• Fatigue 28 (20.1)
• Headache 12 (8.6)

Drug used
• Antiviral 9 (6.5)
• Antibiotic 26 (18.7)
• LMWH (enoxaparin) 83 (59.7)
• Steroids 19 (13.7)

RTK: rapid test kit, PCR: polymerase chain reaction, LMWH: low-molecular-weight heparin.

Table 3. Laboratory testing and radiological imaging.

Laboratory Testing N (%)

WBC (n = 139), ×109/L 10.3 (7.9, 12.2)
Lymphocyte (n = 139), ×109/L 16.3 (11.2, 21.9)
CRP (n = 139), mg/dL 2.1 (1.1, 3.8)

ALT (n = 139) 15.0 (11.0, 21.0)

AST (n = 61) 14.0 (11.0, 20.0)

Chest radiograph (n = 107)
• Ground-glass opacity 7 (6.5)
• Observed pneumonia changes 13 (12.1)
• Clear CXR 87 (81.3)

CT thorax (n = 10)
• PE 1 (10)
• No PE 9 (90)

WBC: white blood count, CRP: C-reactive protein, AST: Aspartate Aminotransferase, ALT: Alanine Transaminase,
PE: pulmonary embolism. Data presented as median (quartile) unless otherwise specified.

246



Life 2023, 13, 1491

Table 4. Pregnancy outcomes.

Pregnancy Outcome N (%)

Miscarriage 5 (3.6)

Preterm birth less than 37 weeks 30 (22.4)

Preterm birth less than 34 weeks 10 (7.5)

Preterm prelabour rupture of membrane 3 (2.2)

SGA 2 (1.4)

IUGR 4 (2.9)

Mode of delivery
• SVD 45 (32.4)
• Instrumental delivery 5 (3.6)
• LSCS 84 (60.4)

Nature of LSCS
• Elective 12 (14.3)
• Emergency 72 (85.7)

Reason for elective LSCS
• COVID-19-positive 7 (58.3)
• Two previous scars 2 (16.7)
• Refused VBAC 2 (16.7)
• Placenta praevia major 1 (8.3)

Reason for emergency LSCS
• COVID-19-positive in labour 34 (47.2)
• Foetal distress 19 (26.4)
• Poor progress 1 (1.4)
• Maternal indication 9 (12.5)
• Abnormal lie in labour 8 (11.1)
• Bleeding placenta praevia 1 (1.4)

Post-partum complication
• PPH 7 (5.3)

SGA: small for gestational age; IUGR: intrauterine growth restriction; SVD: spontaneous vertex delivery;
LSCS: lower segment caesarean section; VBAC: vaginal delivery after caesarean; PPH: post-partum haemorrhage;
maternal indications include a higher stage of COVID-19, e.g., stage 4B and stage 5.

The median birth weight was 2990 g and almost 20.1% were admitted to the NICU
due to various reasons such as presumed sepsis (11.1%), respiratory distress (29.7%), and
prematurity (59.3%). There were a total of 16 out of 27 babies admitted to the NICU who
required oxygen support, half of the babies required mechanical ventilation, and the other
half were given oxygen support such as CPAP or nasal oxygen. There were no neonatal
deaths in our study population (Table 5).

There were no statistically significant differences when comparing the timing of
diagnosis of COVID-19 infection in each trimester (first and second trimester and third
trimester onward) with regard to maternal and foetal outcomes, except for the miscarriage
(Table 6).

A sub-analysis of data concerning adverse maternal and foetal outcomes comparing
early vs. severe stages of COVID-19 infection showed that severe-stage disease increased
the risk of preterm birth (54.5% vs. 15,4%, p < 0.001) and preterm birth before 34 weeks
(31.9% vs. 2.6%, p < 0.001) significantly. Severe-stage disease also increases NICU admission
(40.9% vs. 15.4%, p = 0.017) and lower birth weight (2995 g vs. 2770 g, p = 0.017) (Table 7).

Lastly, unvaccinated mothers had an increased risk of preterm birth before 34 weeks
and this was statistically significant (11.6% vs. 2.9%, p = 0.048) (Table 8).
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Table 5. Neonatal outcomes.

Neonatal Outcome N (%)

Birth weight (gram) 2990 (2547, 3282)
NICU admission 27 (20.1)
Reason for admission, n = 27

• Presumed sepsis 3 (11.1)
• Respiratory distress 8 (29.6)
• Prematurity 18 (59.3)

Oxygen support, n = 16
• Mechanical ventilation 8 (50.0)
• Oxygen other than mechanical ventilation 8 (50.0)

Baby COVID-19-positive, n = 134 5 (3.7)
Neonatal death 0
Data presented as median (quartile) unless otherwise specified.

Table 6. Comparison of maternal and neonatal outcomes based on the diagnosis of COVID-19.

Pregnancy Outcome
First and Second

Trimester
n = 16

Third Trimester
Onward
n = 123

p (Value)

Miscarriage, n (%) 5 (31.3) 0 <0.001
Preterm birth, n (%) 4 (26) 20 (16.2) 0.109
Preterm birth less than 34 weeks, n (%) 2 (12.5) 8 (6.5) 0.192
Preterm prelabour rupture of

membrane, n (%) 0 3 (2.4) 1.000

SGA, n (%) 0 3 (2.4) 1.000
IUGR, n (%) 0 4 (3.3) 1.000
Mode of delivery, n (%)

• SVD
• Instrumental delivery
• LSCS

6 (37.5)
0

5 (31.3)

39 (31.7)
5 (4.1)

79 (64.2)
0.275

Post-partum complication
• PPH, n (%) 1 (6.3) 6 (4.9) 0.459

Neonatal outcome

Baby weight (gram) 2900
(2400, 3160)

2990
(2560, 3320) 0.305

NICU admission, n (%) 3 (18.8) 24 (19.5) 0.694
Mechanical intubation, n (%) 2 (12.5) 6 (4.9) 0.467
COVID-19-positive, n (%) 0 5 (4.1) 1.000
Data presented as median (quartile) unless otherwise specified.

Table 7. Comparison of maternal and neonatal outcomes based on the diagnosis of COVID-19 in
early vs. severe stage.

Pregnancy Outcome
Early Stage

(I, II)
n = 117

Severe Stage
(III, IV, V)

n = 22
p (Value)

Miscarriage, n (%) 5 (4.3) 0 1.000

Preterm birth, n (%) 18 (15.4) 12 (54.5) <0.001

Preterm birth less than 34 weeks, n (%) 3 (2.6) 7 (31.9) <0.001

Preterm prelabour rupture of membrane, n (%) 1 (0.9) 2 (9.1) 0.070

SGA, n (%) 3 (2.6) 0 1.000

IUGR, n (%) 3 (2.6) 1 (4.5) 0.516
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Table 7. Cont.

Pregnancy Outcome
Early Stage

(I, II)
n = 117

Severe Stage
(III, IV, V)

n = 22
p (Value)

Mode of delivery, n (%)

• SVD
• Instrumental delivery
• LSCS

38 (32.5)
5 (4.3)

69 (59.0)

7 (31.8)
0

15 (68.2)
0.567

Post-partum complication

• PPH, n (%) 7 (6.0) 0 0.599

Neonatal outcome

Baby weight (gram) 2995
(2602, 3342)

2700
(2027, 3210) 0.047

NICU admission, n (%) 18(15.4) 9 (40.9) 0.017
Mechanical intubation, n (%) 4 (3.4) 4 (18.2) 1.000
COVID-19-positive, n (%) 5 (4.3) 0 0.591
Data presented as median (quartile) unless otherwise specified.

Table 8. Comparison of maternal and neonatal outcomes based on the diagnosis of COVID-19
according to vaccination stage.

Pregnancy Outcome

At Least
Partially

Vaccinated
n = 70

Unvaccinated
n = 69 p (Value)

Miscarriage, n (%) 0 5 (7.2) 0.028

Preterm birth, n (%) 11 (15.7) 19 (27.5) 0.053

Preterm birth less than 34 weeks, n (%) 2 (2.9) 8 (11.6) 0.048

Preterm prelabour rupture of membrane, n (%) 1 (1.4) 2 (2.9) 0.606

SGA, n (%) 3 (4.3) 0 0.246

IUGR, n (%) 2 (2.8) 2 (2.9) 1.000

Mode of delivery, n (%)

• SVD
• Instrumental delivery
• LSCS

22 (31.4)
3 (4.3)

45 (64.2)

23 (37.7)
2 (2.9)

39 (56.5)
0.826

Post-partum complication

• PPH, n (%) 5 (7.1) 2 (2.9) 0.444

Neonatal outcome

Baby weight (gram) 3100
(2607, 3352)

2885
(2525, 3200) 0.059

NICU admission, n (%) 12 (17.1) 15 (21.7) 0.395
Mechanical intubation, n (%) 3 (4.3) 5 (7.2) 1.000
COVID-19-positive, n (%) 2 (2.8) 3 (4.3) 0.669
Data presented as median (quartile) unless otherwise specified.

4. Discussion

The COVID-19 pandemic has been the greatest communicable disease outbreak.
Malaysia has experienced several waves of infection, leading to a devastated health system.
Malaysia reported 2.75 million cases and 31,485 deaths as of 30 December 2021. The disease
burden studied by Jayaraj et al. showed that approximately 32.8% of the total population
in Malaysia was estimated to have been infected with COVID-19 by the end of December
2021 [14]. The proportion of COVID-19 infections in ages 0–11, 12–17, 18–50, 51–65, and
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above 65 years were 19.9% (n = 1,982,000), 2.4% (n = 236,000), 66.1% (n = 6,577,000), 9.1%
(n = 901,000), and 2.6% (n = 256,000), respectively [14]. The Malaysian MOH, since the
outset, prepared for the worst-case scenarios and outlined the plan in clear and easily
accessible guidelines. The mitigation strategies that have been in place for disease contain-
ment have included movement control order (MCO), enhanced MCO, social distancing,
flattening the epidemic curve, vaccination, and achieving herd immunity [15,16].

Pregnant women are susceptible to COVID-19 complications due to gestation-related
physiological changes. A cross-sectional study conducted during the Malaysian MCO
showed that the majority of women (95%) demonstrated an adequate level of knowledge
on COVID-19, whilst 99% had good practice [17]. Women with adequate knowledge also
reported a more positive perception of MCO and better obstetric care experience. Addition-
ally, the author also found that tertiary education, employment status, and higher house-
hold income were independent predictors of adequate maternal knowledge of COVID-19.
Younger and nulliparous women demonstrated greater anxiety levels [17]. Our study
population was young women with a median age of 32 years old, Para two. More than half
of the women were professional and received a tertiary level education, with 60% of them
being M40 and above.

Currently, the results of different studies on the asymptomatic proportion vary sig-
nificantly from country to country, by at least 1.4% up to 80% [18,19]. On the other hand,
among these COVID-19 patients who experience symptoms, about 80% of them develop
mild to moderate symptoms. In comparison, 10–20% of cases present severe symptoms
throughout the disease, and about 5–6% become critically ill with ARDS, multi-organ
failure, and/or septic shock [20]. In our study, 15.8% of the women presented at least
stage 3 of the disease and 60.4% were symptomatic. We had three maternal deaths due
to COVID-19 among the study population. They were aged between 28 and 37 years old,
and presented between 27 and 33 weeks. All three of them were obese, came in with
stage 5 disease, and were admitted to the ICU. Two of them were not vaccinated at all and
another one only received one dose of the vaccine. All of the babies were delivered before
34 weeks, with babies weighing between 700 and 1600 g. However, none of the babies were
COVID-19-positive.

The implementation of lockdowns or MCO over a long period of time in several
countries, including Malaysia, has caused an economic crisis, either at the individual
or national level. The impact of the economic burden, rates of unemployment, loss of
income, and increased mental health issues were found to increase steadily, especially
among the young, women, and poor families [21]. Thus, constant lockdowns were not
the best way to combat the spread of COVID-19. The Malaysian government established
the National COVID-19 Immunisation Program (PICK), which served as a coping strategy
or mechanism to increase the Malaysian population’s herd immunity in dealing with the
COVID-19 hazard. This initiative aimed to vaccinate 80 percent (23.6 million) of Malaysia’s
population by February 2022 [22]. Unfortunately, until mid-2022, the number of PICK
registrations (particularly for booster doses) in Malaysia remained low and unsatisfactory
due to some vaccine hesitancy [23,24].

In our study, almost half (47.8%) of the pregnant women remained unvaccinated. A
total of 17.9% of women had received one dose, 32.8% had completed two doses of vaccine,
and only two women had had their first booster dose. All five miscarriages in our study
were from the unvaccinated group. We also found that the unvaccinated group had a
higher risk of preterm birth before 34 weeks. This contradicts a study by Wainstock et al., in
which there were no differences found between the groups in terms of pregnancy, delivery,
and newborn complications, including gestational age at delivery, the incidence of SGA,
and newborn respiratory complications [25]. However, we could not demonstrate any
correlation between vaccination status vs. stages of COVID-19. This is in contrast with
the more recently published systematic review and meta-analysis (2023), where the rate
of COVID-19 infections among vaccinated pregnant women compared to unvaccinated is
significantly reduced by 43% [12].
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With regard to the effects of COVID-19 infection during pregnancy, adverse pregnancy
outcomes were associated with infection acquired at early gestational age, severe COVID-19
stage, and use of oxygen support therapy [5–12]. In this study, we could not demonstrate
the adverse pregnancy outcome if the patient presented earlier gestation, as the sample size
for patients in the first trimester and second trimester was only 5.0% and 7.2%, respectively.
This is probably due to the fact that quite a number of patients presented earlier at our
institution and were discharged or home monitored, but never delivered in our centre.
However, we managed to demonstrate that the presentation of COVID-19 at stage 3 and
above (severe stage) was associated with preterm birth, preterm birth before 34 weeks,
higher risk of NICU admission, and lower birth weight.

Looking at the data from our neighbour, Singapore, where a prospective cohort study
was performed among 16 patients, 37.5%, 43.8%, and 18.7% were infected in the first,
second, and third trimesters, respectively. Two patients aged ≥35 years (12.5%) developed
severe pneumonia; one patient (body mass index: 32.9 kg/m2) required transfer to intensive
care. There were no maternal mortalities. Five pregnancies produced term live births, while
two spontaneous miscarriages occurred at 11 and 23 weeks [26].

In the earlier systematic review and meta-analysis by Di Mascio D et al. (2019), which
included nineteen studies with 79 hospitalised women, preterm birth (24.3%) was the most
common adverse pregnancy outcome. COVID-19 infection was associated with a higher
rate of PPROM (20.7%), preeclampsia (16.2%), IUGR (11.7%), caesarean section delivery
(84%), and perinatal death (11.1%) [6]. In another systematic review by Di Toro F et al.,
which included 24 studies and 1100 pregnancies, the prevalence of pneumonia was 89%,
and 8% of women were admitted to the ICU. Three stillbirths and five maternal deaths
were reported. The prevalence of COVID-19-related admission to the neonatal intensive
care unit was 2%. Nineteen out of four hundred and forty-four neonates were positive for
COVID-19 at birth [7]. In our study, we had a total of three maternal deaths but no cases of
neonatal death. There were five babies who were confirmed to be COVID-19-positive in
our study.

Lastly, the issue of vertical transmission of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is still not well established. In a review that involved fifty-one
studies reporting 336 newborns screened for COVID-19, only 15 (4.4%) were positive for
throat swab RT-PCR [27]. Among neonates who were SARS-CoV-2-positive after throat
swab, only five (33.3%) had concomitant placenta, amniotic fluid, and cord blood samples
tested, and of which, only one amniotic fluid sample was positive via RT PCR [27]. Thus,
it is still debatable whether vertical transmission occurred during the first trimester of
pregnancy. Additionally, there is no evidence to support caesarean delivery, abstaining
from breastfeeding, or mother and infant separation [27,28].

The strength of this study is that this is probably the first local study looking at maternal
and foetal outcomes due to COVID-19 infection during pregnancy with a relatively good
sample size. Besides reporting the profile of patients and the clinical features, we also looked
at the effect of early diagnosis, stages of COVID-19, and vaccination status on pregnancy
outcomes. However, there were a few limitations in this study. We did not have enough
samples or representative cases from the first and second trimesters; thus, the data on the
outcomes of pregnancy should be analysed with caution. We lost the follow-up when the
patient was diagnosed early but did not deliver in our centre. We could not assess and further
analyse the placental involvement in all of these cases, as there was another project looking at
placental histo-morphological patterns, disease severity, and perinatal outcomes.

5. Conclusions

Adverse pregnancy outcomes such as ICU admission or death could occur; however,
the clinical course of COVID-19 in most women was not severe, and the infection did not
significantly influence the pregnancy. The risk of preterm birth before 34 weeks was higher
in those with more severe-stage disease and unvaccinated mothers. The findings from this
study can guide and enhance antenatal counselling of women with COVID-19 infection,
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although they should be interpreted with caution in view of the very small number of cases
in the first and second trimesters.
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