
IntechOpen Series  
Obstetrics and Gynecology, Volume 6

Selected Topics in Prenatal 
and Neonatal Diagnoses

Edited by Irina Vlasova-St. Louis

Edited by Irina Vlasova-St. Louis

Selected Topics in Prenatal and Neonatal Diagnoses explores the latest prenatal and 
neonatal diagnostics advancements, offering clinicians, researchers, and healthcare 

professionals a comprehensive resource on emerging technologies and methodologies. 
This volume covers key developments in fetal imaging, genetic screening, and early 
neurorehabilitation, highlighting the critical role of early detection and intervention 

in improving neonatal outcomes. With a focus on ultrasound innovations, next-
generation sequencing, and neuroplasticity-based rehabilitation, this book bridges the 

gap between cutting-edge research and clinical practice. Readers will gain valuable 
insights into non-invasive diagnostic techniques, genetic advancements in rare 

metabolic disorders, and novel strategies for managing perinatal brain injuries. By 
presenting a multidisciplinary approach to prenatal and neonatal care, this volume 
is an essential reference for those dedicated to optimizing maternal-fetal health and 

shaping the future of neonatal medicine.

Published in London, UK 

©  2025 IntechOpen 
©  Md Saiful Islam Khan / iStock

ISBN 978-0-85466-878-6

Zouhair O. Amarin,  
Obstetrics and Gynecology Series Editor

ISSN  3049-706X

Selected Topics in Prenatal and N
eonatal D

iagnoses





Selected Topics in Prenatal 
and Neonatal Diagnoses

Edited by Irina Vlasova-St. Louis

Published in London, United Kingdom



Selected Topics in Prenatal and Neonatal Diagnoses
http://dx.doi.org/10.5772/10.5772/intechopen.111037
Edited by Irina Vlasova-St. Louis

Contributors
Alexandra Matei, Irina Vlasova-St. Louis, Madhavi Latha Routhu, Svetlana Khaiboullina, Thalía 
Harmony, Uri Barak

© The Editor(s) and the Author(s) 2025
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and 
not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy 
of information contained in the published chapters. The publisher assumes no responsibility for 
any damage or injury to persons or property arising out of the use of any materials, instructions, 
methods or ideas contained in the book.

First published in London, United Kingdom, 2025 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: IN TECH d.o.o., Prolaz Marije Krucifikse Kozulić 3, 51000 Rijeka, 
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Selected Topics in Prenatal and Neonatal Diagnoses
Edited by Irina Vlasova-St. Louis
p. cm.

This title is part of the Obstetrics and Gynecology Book Series, Volume 6
Topic: Maternal-fetal Medicine
Series Editor: Zouhair O. Amarin 
Topic Editor: Artúr Beke

Print ISBN 978-0-85466-878-6
Online ISBN 978-0-85466-877-9
eBook (PDF) ISBN 978-0-85466-879-3
ISSN 3049-706X

If disposing of this product, please recycle the paper responsibly.



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D

7,500+ 
Open access books available

195,000+
International  authors and editors

210M+ 
Downloads





IntechOpen Book Series  

Obstetrics and Gynecology
Volume 6

Aims and Scope of the Series
Obstetrics and Gynecology field typically covers several subspecialties that include 
maternal-fetal medicine, gynecologic oncology, reproductive endocrinology and 
subfertility, urogynecology and female pelvic reconstructive surgery, critical care 
medicine, complex family planning, pediatric and adolescent gynecology, meno-
pausal and geriatric gynecology, and minimally invasive gynecologic surgery. 
Apart from being diverse, obstetrics and gynecology is a challenging and demand-
ing specialty. It combines medical and surgical skills.
The sequence of books in this series will have certain characteristics in common that 
will be recognized as part of the same informative multi-volume book programme. 





Meet the Series Editor

Zouhair Amarin is a Professor of Obstetrics and Gynaecology at 
the Jordan University of Science and Technology. He was previ-
ously a lecturer at the University of Glasgow, Scotland, a senior 
lecturer at the University of Nottingham, England, and the dean 
of the Faculty of Medicine at Mutah University, Jordan. Professor 
Amarin is a fellow of the Royal College of Obstetricians and Gy-
naecologists, and the Faculty of Public Health, London. He holds 

master’s degrees in medical science and medical education. He is a pioneer in IVF and 
was the first in the world to develop microsurgical epididymis sperm aspiration for 
clinical use. He also discovered a surgical procedure for critical ovarian hyperstim-
ulation syndrome. Professor Amarin has edited books, authored book chapters, and 
published more than 130 papers. He is the recipient of eight awards. 





Dr. Vlasova-St. Louis is a distinguished biomedical specialist with 
extensive expertise in molecular medicine. She earned her MD 
and Ph.D. from Ural State Medical Academy in Russia, followed 
by postdoctoral training at the University of Minnesota in the USA 
and a fellowship sponsored by the Lymphoma Research Founda-
tion. Utilizing cutting-edge techniques such as next-generation 
sequencing, she has made significant biomedical discoveries across 

molecular, cellular, and organismal levels in both normal and pathological conditions. 
As an Assistant Professor in the Division of Infectious Diseases and International 
Medicine at the University of Minnesota, Dr. Vlasova-St. Louis led research on im-
mune reconstitution in immunocompromised individuals. She collaborated with the 
Division of Hematology-Oncology and Transplantation to study complications arising 
from various conditioning therapies and hematopoietic stem cell transplantation regi-
mens. Additionally, she was a genomics specialist at the Newborn Molecular Analysis 
Unit, contributing to public health initiatives in newborn screening through advanced 
sequencing programs. Currently, Dr. Vlasova-St. Louis is the President of Vinnana AI 
LLC, an AI-driven company specializing in genetic variant interpretation. She has an 
extensive record of scientific publications in high-impact journals, books, and confer-
ence presentations, solidifying her reputation as a leader in molecular medicine and 
genomic research.

Meet the Volume Editor





Preface XV

Chapter 1 1
Introductory Chapter: Advances in Prenatal and Neonatal Diagnostics
by Irina Vlasova-St. Louis

Chapter 2 7
Applicability of Ultrasound Volumetric Approach in the Prenatal Detection 
of Fetal CNS Anomalies
by Alexandra Matei

Chapter 3 23
Role of Ultrasound and Its Recent Applications in Diagnosing Fetal 
Malformations
by Madhavi Latha Routhu

Chapter 4 47
Perspective Chapter: Next-Generation Sequencing and Variant Cataloging  
for Screening and Diagnosis of Sphingolipidoses and Mucopolysaccharidoses
by Irina Vlasova-St. Louis, Uri Barak and Svetlana Khaiboullina

Chapter 5 103
Prevention of Neurological Sequels in Infants with Perinatal Brain Damage 
Using Katona’s Neurohabilitation Procedure
by Thalía Harmony

Contents





Preface

The future of perinatal care lies in precision medicine,
early intervention, and a commitment to giving
every newborn the healthiest start in life.
— Adapted from modern medical perspectives —

The rapid evolution of medical science continues to transform our understanding of 
prenatal and neonatal health. With technological advancements and deeper insights 
into fetal and neonatal physiology, clinicians and researchers are better equipped 
than ever to diagnose and manage conditions that impact the earliest stages of life. 
Selected Topics in Prenatal and Neonatal Diagnoses brings together a curated selection 
of contemporary research and clinical advancements highlighting the significant 
strides made in early detection and intervention.

The introductory chapter, Advances in Prenatal and Neonatal Diagnostics, provides 
a comprehensive overview of recent progress in this field, setting the stage for the 
specialized topics that follow. Among these is the application of ultrasound volu-
metric imaging in detecting fetal central nervous system anomalies. This technique 
enhances diagnostic accuracy, allowing for earlier and more precise assessments of 
fetal brain development. Another chapter delves into the role of ultrasound and its 
recent applications in diagnosing fetal malformations, underscoring its significance 
as a non-invasive, accessible, and indispensable tool in prenatal care.

Genetic advancements have revolutionized diagnostic capabilities. Next-generation 
sequencing (NGS) and variant cataloging are now essential tools for screening and 
diagnosing lysosomal storage disorders, including sphingolipidoses and mucopoly-
saccharidoses. This volume explores how these advanced methodologies enhance 
genetic diagnostics, refine risk assessments, and deepen our understanding of disease 
pathogenesis and progression in affected neonates.

Beyond diagnostics, early interventions are pivotal in shaping neonatal outcomes. 
One chapter of this book examines Katona’s neurorehabilitation procedure, which 
harnesses neuroplasticity to support recovery. This approach introduces targeted 
rehabilitation techniques designed to mitigate long-term impairments, offering hope 
for infants affected by perinatal brain injuries.

This volume aims to serve as a valuable resource for clinicians and medical profes-
sionals dedicated to maternal-fetal and neonatal health. By bridging the gap between 
innovative research and clinical practice, we hope to contribute to the ongoing efforts 
to improve diagnostic precision and therapeutic outcomes for the most vulnerable 
patients - those at the very beginning of life.
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     Chapter 1  

    Introductory Chapter: Advances in 
Prenatal and Neonatal Diagnostics  
    Irina     Vlasova-St. Louis     

      1.  Introduction 

 Maternal and fetal health are fundamental predictors of an individual’s well-being 
throughout life, extending from infancy through childhood, adolescence, and adult-
hood. Early diagnosis and management of prenatal and neonatal diseases are crucial 
to ensuring optimal outcomes for newborns and reducing the long-term burden 
of neurodevelopmental impairments and physical disabilities. In this context, the 
emergence of advanced technologies has led to the integration of ultrasound imaging, 
mass spectrometry, genetic sequencing, and wearable devices into clinical practice 
(  Figure 1  ).  

   2.  Modern diagnostics 

 Over the past few decades, advancements in ultrasound technology have sig-
nificantly improved. Ultrasound is now routinely used during the first trimester of 
pregnancy for early screening and diagnosis. Ultrasound can confirm the viability 

  Figure 1.
  Applications of novel diagnostics in prenatal and neonatal medicine.          
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of pregnancy, assess gestational age, and detect multiple pregnancies or structural 
anomalies, such as neural tube or abdominal wall defects.

High fetal imaging quality can now be obtained during first-trimester of preg-
nancy, providing clearer, more detailed images and enabling earlier detection of 
congenital abnormalities (e.g., evaluation of nuchal translucency) and monitoring 
fetal development (more description is provided in this book) [1]. The replacement 
of high-frequency 2-dimentional ultrasound with 3D and 4D HD imaging techniques 
(Figure 1) has improved the accuracy of diagnosing internal organ anomalies, facial 
anomalies, and other skeletal malformations, which accompany various chromosomal 
and congenital diseases [2]. They also add the dimension of real-time motion, assess-
ing fetal movements and behaviors, such as facial expressions, which can provide 
insights into neurological development [1]. Doppler ultrasound measures placental 
and fetal/placental/umbilical cord blood circulation, detecting conditions such as 
intrauterine growth restriction and fetal hypoxia [3]. Transfontanelle ultrasound is 
commonly used in neonates, particularly premature infants, to assess the brain for 
abnormalities [4]. In some cases, ultrasound can be followed up by MRI, to improve 
resolution of brain and other tissues [5]. Advancements in instrument portabil-
ity, along with the integration of tablets connected to cloud-based interfaces, have 
streamlined diagnostic protocols and significantly accelerated the interpretation of 
imaging results [6, 7]. Artificial intelligence (AI) and machine learning algorithms 
can assist in identification of subtle anomalies prenatally and in neonates, improving 
diagnostic accuracy and reducing operator dependency [6].

High-throughput biochemical technologies like liquid chromatography tandem 
mass spectrometry (LC-MS/MS) offer tests that can multiplex the detection of several 
biochemical biomarkers [8]. These tests become invaluable as a dry blood spot-based 
newborn screening tests for inborn error of metabolism disorders [8]. Early detection 
of metabolic disorders through mass spectrometry-based newborn screening allows 
for the initiation of life-saving treatments. These may include dietary modifications, 
enzyme replacement therapies, and, in severe cases, hematopoietic stem cell trans-
plantation [9, 10]. With support from machine learning infrastructure, metabolomic 
diagnostics hold promise for improving newborn health by enabling early detec-
tion of metabolic disorders, which could ultimately reduce the long-term economic 
burden of disease treatment and management if integrated into routine care [11].

Genetic tests become integral to diagnosing rare genetic disorders, where stan-
dard diagnostic tools fall short. Noninvasive prenatal testing (NIPT) is a tool for 
screening pregnant women for fetal chromosomal aneuploidies [12]. NIPT detects 
cell-free fetal DNA (cffDNA) circulating in the maternal bloodstream as early as 
9 weeks of gestation [12, 13]. Next-generation cffDNA sequencing (NGS-NIPT) is 
routinely used for detecting chromosomal aneuploidies, significantly reducing the 
need for invasive procedures such as amniocentesis or chorionic villus sampling 
for confirmatory testing [13]. Recent advancements in NIPT technologies have 
enabled screening for pathogenic microdeletions, fetal RhD status, and fetal sex 
determination where there is a risk of X-linked genetic disorders. Although NIPT 
is highly accurate for detecting common trisomies, its accuracy decreases for 
macrodeletions and sex chromosome abnormalities [14]. Research is underway to 
develop NIPT technologies capable of whole-genome sequencing (WGS), which 
would allow for the screening of a broader range of genetic conditions and could 
potentially include monogenic disorders, rare genetic syndromes, and screening 
for multiple pregnancies [15, 16].
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NGS-based genomics newborn screening (GNS) has become an invaluable 
tool in neonatal care units, offering life-saving diagnostic capabilities for new-
borns with rare genetic conditions, enabling neonatologists and pediatricians 
to intervene promptly, tailoring treatment strategies to the individual needs of 
the newborn [17]. The GNS program provides significant benefits in improving 
neonatal health outcomes and ending diagnostic odyssey early [18]. There have 
been proposals of expansion on GNS as the first-tier screening, which would 
precede traditional biochemical methods [19]. Yet many challenges remain in 
the interpretation of genetic test results, such as reporting variants of uncertain 
significance (VUS), which may lead to referral for additional testing, and anxiety 
for parents about child’s future health [20, 21]. NGS-based carrier screening of 
recessive diseases and genetic counseling of carrier-parents, who are at risk of 
having offspring with known pathogenic gene variants, gives the option to make 
informed decisions about current or future pregnancies [22].

Thorough clinical assessment is still essential part of early diagnostics of newborns 
and should not be disregarded. Perinatal brain damage, resulting from complica-
tions such as hypoxic-ischemic encephalopathy, intracranial hemorrhage, or preterm 
births, often results in motor, cognitive, and developmental challenges, including 
cerebral palsy, epilepsy, and intellectual disabilities [23, 24]. By leveraging the brain’s 
natural plasticity, targeted rehabilitation techniques, like Katona’s method, described 
in this book, was designed to mitigate long-term neurological consequences. Katona’s 
approach leverages newborn’s neuroplasticity, using structured repetition of reflexes 
to form new neural pathways that compensate for brain damage [25]. Additionally, 
the integration of wearable devices and telemedicine into neonatal care enhances 
early detection and continuous monitoring, allowing for real-time assessment of vital 
signs, movement patterns, and neurological function (Figure 1). These technologies 
facilitate timely interventions, particularly in remote or underserved areas, improving 
long-term outcomes.

3.  Conclusion

The field of prenatal and neonatal diagnostics has seen remarkable advancements. 
The combination of molecular and biochemical diagnostics with advance imaging 
holds great promise for improving the health newborns through implementation 
of preventive measures and individualized treatments. Moreover, genome editing 
technologies are now applied as targeted treatments of malfunctioning genes, offer-
ing opportunities to treat fetus during pregnancy [26]. The ultimate goal is to deliver 
timely preventive measures and ensure each person receives the most appropriate 
treatment when needed.

While novel diagnostics require significant expertise and infrastructure, their 
value in detecting and managing perinatal diseases is immeasurable. However, these 
advances bring challenges, particularly in terms of cost, accessibility, and the need for 
highly skilled personnel.
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Chapter 2

Applicability of Ultrasound 
Volumetric Approach in the 
Prenatal Detection of Fetal  
CNS Anomalies
Alexandra Matei

Abstract

Accessibility to newer imaging technologies has led, over the last years, to 
improved detection of prenatal CNS anomalies. Considering the implications 
regarding poor prognosis and postnatal adverse fetal outcomes, the early detection 
rate is still considered unsatisfactory, mostly related to 2D ultrasound examinations, 
which are highly operator-dependent. Transvaginal 3D volumetric ultrasound offers 
the possibility of multiplanar analysis of fetal CNS architecture but requires a spatial 
sense of anatomic landmark distribution. Automated and semiautomated volumetric 
approaches are currently being studied, and promising results underline their advan-
tages compared to fetal magnetic resonance imaging, which is time- and resource-
consuming. 3D volume contrast imaging C (VCI-C) depicts considerable aspects of 
cerebellar and vermis morphology, allowing concomitant biometric measurements. 
The possibility to examine additional diagnostic planes increases vizualization of 
specific intracranial structures, leading to extensive insight into specific anomalies. 
Implementation of standard neurosonographic plane acquisition could overcome 
several downfalls of the ultrasound volumetric reconstruction approach.

Keywords: neurosonography, 3D ultrasound, fetal anomalies, multiplanar, volumetric, 
central nervous system

1.  Introduction

Prenatal screening for fetal anomalies is routinely performed in obstetrical practice to 
detect life-threatening conditions. The development of in-vivo fetal imaging techniques, 
such as ultrasound and magnetic resonance imaging (MRI), marked a cornerstone in 
prenatal detection and assessment of central nervous system (CNS) malformations, an 
essential aspect of paramount importance in fetal wellbeing.

There is a reported high incidence of CNS malformations in as many as 1–2/1.000 
fetuses, consequently accounting for the most common congenital abnormalities  
[1–3]. Neural tube defects are the most frequent CNS malformations, with a 
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prevalence in pregnancy of 52/100.000, but evidence suggests that cerebral structural 
anomalies with an intact neural tube might reach an incidence of approximately 1/100 
births [3].

Basic mid-trimester transabdominal ultrasound examination of the fetal brain 
requires the acquisition of three views based on two axial planes: transventricular and 
transthalamic views required for the evaluation of brain hemispheres and an addi-
tional axial transcerebellar view necessary for the evaluation of the posterior fossa 
[4]. The following structures should be analyzed: cavum septum pellucidi, midline 
falx, thalami, lateral ventricles with choroid plexus, cerebellum and cisterna magna 
[4]. Whenever a fetal brain anomaly is suspected or the pregnancy is associated with 
high-risk for the development of the aforementioned conditions, experts rely on 
extended ultrasound examination. This comprehensive targeted evaluation is entitled 
“neurosonography”. It is an advanced ultrasound assessment of the fetal CNS that 
implies up-to-date knowledge of fetal neurology and brain anatomy. Specific indica-
tions for targeted fetal neurosonography can be reviewed in the updated International 
Society of Ultrasound in Obstetrics and Gynecology (ISUOG) guideline dedicated to 
fetal CNS examination [2].

As mentioned before, suspicion of fetal CNS abnormalities leads to the necessity 
for further paraclinical investigations to disentangle doubtful diagnoses. In addition 
to mid-trimester transabdominal ultrasound, fetal neurosonography encompasses 
the transvaginal multiplanar approach and fetal MRI. Both ultrasound techniques 
offer the possibility to study brain growth and development during the fetal period 
using the volumetric approach. Fetal MRI is a non-invasive diagnostic tool that can 
characterize the development of the CNS due to increased image resolution and tissue 
contrast and therefore contributes to pregnancy management [5].

The basis for targeted ultrasound examination of fetal CNS is the multiplanar 
approach [3]. Compared to routine screening evaluation which focuses on three 
axial views obtained by transabdominal evaluation, neurosonography prioritizes the 
transvaginal examination when the fetus is in vertex presentation, due to the higher 
resolution of images allowing for appropriate display of additional coronal and sagit-
tal planes. For other fetal presentations, an external version might be considered [3]. 
Four coronal views (transfrontal, transcaudate, transthalamic and transcerebellar) 
and three sagittal views (mid-sagittal anterior, mid-sagittal posterior, parasagittal) 
are recommended key planes, but additional views can be necessary for diagnosis, 
depending on the region of interest; combined approaches – transabdominal and 
transvaginal are sometimes required as well [3, 6].

In this context, the role of three-dimensional (3D) ultrasound is unquestionable, 
since it allows the operator to display and analyze simultaneously perfectly aligned 
views in all orthogonal planes, which also benefit from enhanced image quality [3]. 
Several international guidelines and protocols provide detailed instructions on the 
specific methodology required for the relevant acquisition of these views [2–4].

Depending on the resources each department benefits from, various imaging 
options have been proposed and studied in order to maximize the cost-benefit balance 
in the practice of prenatal fetal anomaly screening and diagnosis.

Conventional two-dimensional (2D) ultrasound is a powerful, real-time non-
invasive and non-ionizing diagnostic tool in the hands of an experienced operator  
[7, 8]. It has broad clinical applicability, and the fact that it is a safe imaging tech-
nique, allows it to be the preferred diagnostic approach in fetal imaging.

In everyday obstetrical activity access to an ultrasound machine has become indis-
pensable. Depending on the aim of the obstetrical evaluation, 2D ultrasound mode is 
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an adequate resource for the assessment of fetal wellbeing and growth as well as for 
standard screening for structural anomalies. However, over the last couple of years, 
an increased requirement for additional ultrasound tools has emerged, especially to 
improve the detection rates during the performance of targeted sonography. This is 
mainly related to the operator-dependent imaging acquisition mode, which precisely 
influences the interpretation of ultrasound images and data. This is a consistent issue 
especially if the processes of acquisition and interpretation of images are performed 
by different people: a sonographer and/or a clinician/obstetrician, depending on the 
specific national health care system requirements.

Multiple clinical applications of 2D planar ultrasound imaging are relevant to the 
day-to-day obstetrical workflow. Several criteria have promoted this imaging system 
as a clinically accepted screening and diagnostic tool, mainly during prenatal follow-
up: a fast, safe, economical and portable ultrasound examination usually provides a 
rapid and accurate assessment of both the fetus and the mother, reducing the length 
of stay in the clinic [9]. Compared to the MRI – the other medical imaging system 
available for use during pregnancy, which implies a significantly higher financial 
burden for any healthcare system as well as a time-consuming clinical activity, the 
2D ultrasound evaluation offers an acceptably accurate examination in the hands of 
a skilled user, enough to justify its operation and maintenance costs [9]. The set of 
images provided and stored by MRI examination are undoubtedly superior but still 
sensitive to fetal motion artifacts.

On the other hand, the 2D scan allows the user to identify images of different 
sections of 3D fetal anatomical structures, but in the absence of an automatic frame 
of reference, the exact orientation of the image is not precisely determined since it 
is strongly dependent on the hand positioning of the ultrasound probe. Therefore, 
there is an increased variability in the image acquisition process, although in 
clinical practice obstetrical guidelines offer strong recommendations concerning 
the standard views to be used in fetal anomaly screening and diagnosis as well as 
the anatomical landmarks to aid measurements and localize probe position and 
orientation [9].

Volumetric 3D ultrasound aims to surpass the operator-dependent characteristic 
of standard 2D scans, by using specialized probes. By performing a volumetric 3D 
scan of different sections of the body using a standard, anatomically registered 
frame of reference, this examination offers the possibility to swipe through a set of 
individual images belonging to a block of dataset, allowing the user to access sagittal, 
transverse and/or coronal planes.

Potential limitations that encourage continuous research for more complex and 
advanced image acquisition strategies refer to the small field of view, limited penetra-
tion, diffraction-limited resolution and the fact that a 2D image yields only a selective 
cross-sectional sampling of a complete 3D anatomical volume; consequently, a sig-
nificant level of skill and experience are essential for the user to obtain a recognizable, 
clinically useful, high-quality ultrasound image [7, 10].

Performing a fetal scan either for screening of fetal anomalies or for evaluation of 
fetal growth is routine practice during prenatal visits. As mentioned before, depend-
ing on the aim of the evaluation, capturing in detail a region of interest has become a 
necessity. Volumetric 3D ultrasound imaging has emerged as a solution for this, based 
on the motor-controller “wobbler probe” with the internal motorized translation 
of a one-dimensional array and 2D “matrix array probes”, which allow for acoustic 
beam steering in the elevation dimension in addition to the azimuth dimension 
[7, 9]. Nevertheless, image processing and interpretation are still dependent on the 
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operator’s skills, requiring advanced knowledge and experience to obtain maximum 
information related to the region of interest.

Ultrasound probes using sensing technologies to achieve volumetric image 
reconstruction represent an alternative to volumetric 3D ultrasound and have been 
investigated since the beginning of the 1990s. The main difference between them and 
the classic 2D probe technology resides in the integration of real-time tracking of the 
position and orientation of the probe and its acquired image data in 3D space [9]. To 
achieve this, a reference frame meaning a 3D Cartesian coordinate system must be 
established, and the transformation between each object specified; spatial location 
tracking is a functional requirement and is obtained using an electromagnetic field 
sensor or pre-calibrated optical tracking setup to retund both spatial coordinates and 
quaternions – the accepted standard parameterization of rotation [7].

Researchers at Stanford and Duke University have addressed the increasing 
demand for financially accessible alternatives and have developed setup devices that 
do not involve the high costs of the 3D ultrasound equipment mentioned above, but 
further improvements are needed [7, 9]. Current studies are focused on increasing 
the accuracy and intuitiveness of ultrasound image acquisition, with less reliance on 
operator skills; this way, several emerging tracking technologies – although still in 
the research stage, have proved significant potential to overcome current difficulties 
regarding motion artifacts and imaging resolution [11, 12]. In the era of the artificial 
intelligence breakthrough, it has become increasingly necessary to reach high rates of 
reproducibility in the field of diagnostic imaging by promoting automatization as part 
of medical progress.

Furthermore, the fetal automatic segmentation is of particular interest at present, 
since this would represent a pragmatic solution to the abovementioned downfalls of 
both 2D and 3D volumetric ultrasound approaches. Particularly referred to the chal-
lenges associated with the volumetric ultrasound of the whole fetal head; automatic 
solutions are currently sought to overcome:

• the poor image quality resulting from the speckle noise and low resolution

• low tissue contrast and long-span shadow occlusion caused by the significant 
acoustic attenuation on the skull

• the large variety of fetal heads, mainly inner structures’ morphology during 
different gestational periods and fetal poses [13]

Multiple attempts have been dedicated to meet these challenges and even to simul-
taneously segment the fetus, gestational sac and placenta in ultrasound volumes [14].

However, neuroimaging studies during the fetal period began to advance almost 
two decades ago. Brain structure segmentation is an important prerequisite for 
identifying and labelling brain regions and deriving more accurate quantitative 
measurements [5, 15]. These measurements of the fetal brain and subcortical vol-
umes can facilitate the early identification of predictors for brain dysmaturation [1]. 
Early detection of fetal brain abnormalities is of key clinical importance due to its 
involvement in obstetrical management of the affected pregnancies and the potential 
prediction of neurodevelopmental outcomes.

Several studies have focused on the potential of artificial intelligence to automati-
cally segment brain tissue compartments using MRI, to address the issue of manual 
segmentation, which requires time and expertise; results showed significant efficacy 
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and reproducibility of the conceived mechanisms, especially for the segmentation of 
the cerebellum and thalami – key cerebral structures involved in neurocognition and 
motor behavior [1, 5, 15]. Still, compared to MRI imaging, fetal sonography is strictly 
dependent on tissue properties and the positioning of the area of interest relative 
to the ultrasound transducer: anatomical boundaries are typically incomplete, and 
strong acoustic shadowing can interfere with image acquisition [16]. Initial studies 
focused on automatic ultrasound detection of specific fetal brain structures but cur-
rently, there is growing interest in automatic segmentation techniques, which allow 
for additional depiction of the structure’s shape and appearance [16]. Huang et al. 
studied two brain structures that have different ultrasound appearances: the choroid 
plexus and the corpus callosum and proposed a method that allowed for automatic 
biometry measurements with acceptable deviations compared to within human 
inter−/intraobserver deviations and a high region segmentation accuracy [16].

2.  Fetal CNS examination in early gestation

Early detection of fetal structural abnormalities at 11 + 0 to 14 + 0 weeks of 
gestation is the primary objective of the first-trimester morphology scan. ISUOG 
recommends that this examination should not be limited only to the assessment of 
fetal crown-rump length (CRL) and nuchal translucency (NT) [17] but should also 
encomprise a throughout evaluation of fetal anatomy, suggesting that adequate time 
allocated for a detailed structural survey can increase the detection rate.

Nevertheless, several synergistic factors influence the possibility of ultrasound 
detection of fetal structural anomalies. The type and quality of ultrasound equip-
ment available for routine screening is an essential element to be considered. This 
is even more relevant if taking into consideration second-opinion scans or targeted 
fetal sonographies. Additionally, in these particular cases, the experience and skills 
of the examiner play a significant role in reaching a successful, complete and correct 
examination. In the process of ultrasound screening for anomalies, the sonographer 
needs to consider the epidemiological aspects related to potential structural defects 
that can be identified in the specific population and at a specific time in pregnancy.

In the first trimester of pregnancy, the main advantage of ultrasound screening 
resides in the fact that transvaginal probes can be used for adequate image acquisi-
tion, allowing excellent representation of fetal brain structures. However, at this 
early stage in pregnancy, manipulation of the fetus for optimal depiction of mor-
phology corresponding to specific anatomical structures is extremely limited. This 
is where the value of 3D ultrasound specifically emerges. Experts in the field suggest 
that the fetal brain can be accurately assessed as early as 7 weeks of pregnancy, stat-
ing that embryological development can be followed using ultrasound, allowing for 
holoprosencephaly, anencephaly and spina bifida to be discovered early in the first 
trimester [18, 19].

Development of the fetal brain is a dynamic process and ultrasound evaluation 
of cerebral structures should take into account the rapid changes that the fetal CNS 
undergoes from the early to the mid and second half of gestation. Advances in imag-
ing technology have known a breakthrough over the past three decades, allowing for 
studies to address the issues of early detection of fetal CNS anomalies. Early fetal 
neurosonography at 12–15 weeks of gestation allows for a throughout visualization of 
brain structures using a high-frequency transvaginal transducer [2, 3, 20], especially 
since the ossification process of the calvarium is not complete.
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At 13–14 weeks of gestation, the focus should be on appraising the normal struc-
ture of the diencephalon and the posterior fossa, taking into consideration the fact 
that complete development of the cerebellum takes place later, in the second trimes-
ter, and therefore, suspected isolated vermian abnormalities at this stage in pregnancy 
associate high-risk of false-positive results [3, 19]. In this latter situation, mid-sagittal 
views can distinguish between normal development of posterior fossa structures and 
potential structural anomalies. New studies and protocols address the potential of 
early spina bifida diagnosis; specifically, the mid-sagittal plane allows the examiner 
to identify indirect signs and to perform custom measurements depicting the ratio 
between the brain stem and the distance between the brain stem to the occipital 
bone which in open spina bifida is >1 [3, 21]. Furthermore, Ushakov underlined the 
importance of 3D ultrasound volume acquisition at the first-trimester scan when 
he described “the crash sign” detectable on axial views in fetuses with spina bifida, 
marking the posterior displacement of the mesencephalon and deformation against 
the occipital bone [22]. However, as Paladini and Volpe anticipated more than 10 years 
ago, open spina bifida, cystic major anomalies of the posterior fossa and cerebral 
ventriculomegaly should remain “potentially detectable abnormalities” during early 
scans in pregnancy [19].

Specialized literature and internationally up-to-date protocols and guidelines rec-
ommend that despite the increasing performance in early neurosonography, a follow-
up scan at 20 weeks of gestation should be performed in all pregnancies [3, 19]. Only 
particular cases of holoprosencephaly, anencephaly and gross cephalocele should 
disregard this recommendation since these entities should be clear-cut pathological 
entities to be recognized during first-trimester scan [3, 19].

3.  Fetal CNS examination in later gestation

Ultrasound screening for fetal anomalies has been a routine assessment at mid-
gestation for more than four decades. Specifically related to the evaluation of the 
fetal CNS, axial planes have been used for ensuring biometrical measurements and 
anatomical depiction of the main visible cephalic structures.

While for low-risk populations this protocol for basic examination covers suf-
ficiently the need for prenatal morphological assessment of the fetus, in high-risk 
populations when suspicion of abnormal development occurs, additional investiga-
tions are required. Initially, MRI offered a feasible alternative for the detailed charac-
terization of specific regions of interest and the surrounding areas of the fetal brain, 
mainly due to its quality as a non-ionizing radiation exposure imaging technique. 
Nevertheless, associated increased costs and timing for image acquisition, combined 
with restricted accessibility, emphasized the requirement for ultrasound technologists 
to provide solutions that would overcome the abovementioned downfalls.

Early studies on retrieving 3D ultrasound volumes began 30 years ago when 
researchers focused on precise quantitative volume measurement of fetal organs [23]. 
Rapid evolution in the field started with the construction of reference centiles based 
on the assessment of fetal brain volume and led in over a decade to a persistent search 
for improved solutions for more complex clinical issues related to the practice of pre-
natal anomaly screening: for example, refining the diagnostic ultrasound accuracy for 
fetal craniofacial dysmorphisms using shape optimization processes after fetal head 
segmentation [23, 24]. In parallel, comprehensive studies were conducted to identify 
normal global growth trajectory of fetal cerebral structures such as the cortical plate, 
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deep gray nuclei and ventricles, using MRI [25]. It is already known that brain matu-
ration takes place in the latter half of the pregnancy and that its structure has specific 
features during cerebral expansion. Disruptions of the expansion processes affecting 
the growth and regression of certain brain structures are suspected to determine 
the cognitive outcome of the fetus [25]. Therefore, it is of paramount importance to 
recognize the contribution MRI and histopathological studies had to the understand-
ing of brain development; improving the slice thickness as part of the advanced image 
processing techniques to adjust the inter-slice motion and obtain a super-resolution 
reconstruction of volumetric images maintained fetal brain volumetry examinations 
essential in the evaluation of fetal development [26].

However, by using only the transverse plane of the fetal head, limited informa-
tion can be obtained; consequently, the need for further evaluation of the remaining 
orthogonal planes has become more valuable. This was in accordance with postnatal 
ultrasound examinations of the brain, carried out through the large fontanel, pro-
viding coronal and sagittal planes that did not serve neonatologists for comparison 
with prenatal images. It was in 2007 that ISUOG issued the first guideline addressing 
the need for extended CNS sonography, known as “fetal neurosonography” [2, 3]. 
This way, suspicious findings in the fetal brain would require additional coronal and 
sagittal planes as part of the extended ultrasound evaluation. As expected, depending 
on multiple maternal (increased body-mass index) and fetal factors (presentation, 
anterior placental insertion, multiple pregnancies, etc.), these additional cutting 
planes are sometimes difficult to obtain.

With the introduction of 3D and 4D ultrasound, volume data sets are generated, 
and these allow for any cutting planes to be subsequently reconstructed. In 2012, 
Chaoui et al. were among the first experts to present the clinical applications of mul-
tiplanar reconstruction using 3D sonography in fetal CNS evaluation [18]. The digital 
information stocked in one or multiple volumes can be examined either retrospectively 
by 3D scanning mode or live by 4D examination. The reconstruction of the plane of 
interest is performed after the acquisition of the volume, which is further displayed 
using volume rendering – a similar technique to the one used for MRI and CT scanning.

Different representations of the cutting plane are possible: as a single cutting 
plane, as three orthogonal planes or as tomography – multiple very thin layer planes 
using volume contrast mode imaging (VCI) as the default setting to minimize arti-
facts; additionally, the examiner can draw a line or a curve by himself which can serve 
as the basis for the creation of the image [18]. This virtual reconstruction of images 
facilitates access to structures that are not usually sonographically clearly visible 
during a standard transabdominal ultrasound, such as the corpus callosum and the 
cerebellar vermis – for these structures, if the fetus lies in cephalic presentation, a 
transvaginal scan is an alternative for assessing their morphology.

For volume recording, Chaoui recommends setting a cross-sectional plane of 
the fetal head, parallel to the skull base, containing the cavum septi pellucidi, using 
a sweep angle >50°, to cover the entire brain [18]. This way, multiplanar rendering 
offers the possibility to display the architecture of the falx cerebri with the cavum 
septi pellucidi, anterior and dorsal horns of the lateral ventricles, cortex, cerebellum 
and cisterna magna. Moreover, the Omniview application allows the sonographer to 
recreate both sagittal and coronal planes based on the same initial acquisition trans-
verse plane, to further assess the structure of the corpus callosum, cerebellar vermis, 
anterior complex and longitudinal ventricular diameter (Figure 1) [18].

In specific, targeted cases, multiplanar rendering can be performed after record-
ing a data volume based on a coronal plane, using the cavum as an anatomical 
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landmark and a sweep angle >70° [18]. In this case, in addition to the previously 
mentioned structures, an image of the interhemispheric gap, the thalami, the lateral 
insulae as well as the gyri and sulci in the 3rd trimester can be analyzed [18]. In other 
words, suspected anomalies related to agenesis of the corpus callosum, to the anterior 
complex (anterior horn and cavum septi pellucidi) or the cortex, can be more pre-
cisely identified.

Gray matter migration process occurs in the 12th week of fetal development, 
which overlaps with the time of corpus callosum development; consequently, dys-
plasias of the corpus callosum can be accompanied by gray matter heterotopia [27]. 
Other CNS anomalies such as Dandy-Walker syndrome, absence of cavum septum 
pellucidi, Chiari malformation, septo-optic dysplasia, etc. can be identified concomi-
tantly to corpus callosum dysplasia secondary to a neural tube disorder caused by 
specific adverse factors during the dorsal induction process of nerve end plate in the 
early embryonic development period [27].

A more detailed description of the corpus callosum morphology can be found in 
the reconstruction of the section based on the volume obtained using an initial sagittal 
plane of the fetal head and an acquisition angle >50°; in addition to the midline struc-
tures, the neighboring brain areas are also depicted and above all, an optimal display 
of genu, corpus, isthmus and splenium of the corpus callosum can be obtained, facili-
tating diagnosis of hypoplasia or other dysplasias of the corpus callosum [18]. Also, 
this is the preferred scan for cerebellar vermis assessment, including fissura prima, 
fissura secunda and brainstem to vermis angle [18], practical along with the transvagi-
nal ultrasound, whenever anomalies of the fetal posterior fossa are suspected.

Reconstruction of the corpus callosum can be achieved after recording a volume 
data set based on a cross-sectional image of the fetal head, taking into account the 

Figure 1. 
Multiplanar examination of a fetal brain with suspected vermian hypoplasia at 24w5d scan. Based on 
transventricular view (plane A), coronal views (plane B) and sagittal views (plane C) allow for further analysis 
of corpus callosum or posterior fossa morphology. Personal archive.
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following recommendations: to obtain the sagittal plane, the examiner must adjust 
the levels so that the A-axis lies in the same plane as the falx cerebri and the B plane 
perpendicular to the falx and the cavum septi pellucidi, thus resulting in a C-plane 
corresponding to the thalamus, cavum septi pellucidi and corpus callosum [18]. In a 
4D scan, a line can be drawn by the sonographer directly on the region of interest.

Concomitantly, a similar reconstruction process can be performed to examine the 
cerebellar vermis further. If the basic ultrasound identifies suspicious findings in the 
area of the fetal posterior cranial fossa, additional sagittal exploration of the vermis 
and the surrounding structures needs to be accomplished. Reconstruction of this 
sagittal plane can be performed directly via the transcerebellar plane after volume 
acquisition, allowing the A-axis to pass through the vermis and the falx, and B plane 
perpendicular to the centre line; the C level will therefore visualize the vermis and the 
vermis-brain stem relation [18].

A more recent paper cites the applicability of the 3D volumetric transvaginal 
approach in the early characterization of posterior fossa structures, underlying the 
fact that the anterior membranous area and cerebellar vermis can be subject to in detail 
evaluation of their morphological changes even at first-trimester scan, as a basis for 
better understanding of pathological development of posterior fossa [28]. However, 
further research is needed before considering this approach in populational practice.

Experts mention that 3D ultrasound technologies such as volume contrast imaging 
in combination with C-plane (VCI-C) and tomographic ultrasound imaging (TUI) 
although used for the assessment of corpus callosum and vermis cerebelli, still have 
some limitations since they cannot clearly distinguish the corpus callosum from septum 
pellucidi because the acoustic beam is parallel to fetal head [27]. This is where the 
implementation of the 3D Omniview technique can provide the corresponding image of 
the region of interest by manually cutting using either a straight line (Figures 2 and 3) 
or a curvilinear approach to the 3D data in an arbitrary direction [27].

Figure 2. 
VCI Omniview technique for the assessment of the corpus callosum at 19w1d based on initial axial 
transventricular plane (plane A) and a linear cut through the area of interest with corresponding virtual 
reconstruction of sagittal plane (plane B). Personal archive.
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4.  Other implications

The concept of “reorganization of the developing human brain” in the context of 
pathological conditions or lesions became of particular importance in the early 2000s 
when a study group reunited Nicolaides, Gratacos, Figueras and co. sought to evaluate 
the feasibility and reproducibility of volume segmentation of fetal intracranial structures 
using 3D ultrasound imaging [29]. Their results were in line with previous postnatal 
research, underlining the existence of selective growth restriction in certain brain regions 
which could disclose diminished cognitive function and delayed neurodevelopmental 
processes later in life [30]. The efficacy of a semiautomatic segmentation in 3D ultra-
sound volumes: Virtual Organ Computer-Aided Analysis (VOCAL) managed to show a 
reduction in the frontal and an increment in the thalamic volumes in fetuses with intra-
uterine growth restriction, compared with those appropriate for gestational age, matched 
by gestational age [29]. Later, the development of automatic segmentation of specific 
brain structures on 3D ultrasound volumes, addressed the need for manual delineation 
by an expert operator, centreing the cerebellum as a suitable anatomical landmark for 
intrauterine growth and health assessment [31, 32]. Calibration over movement, posture 
and balance is a hallmark of cerebellar function. There are some critical points to be 
addressed in the matter of cerebellar ultrasound volumetric study, which justify the pecu-
liar interest of sonographers in this brain structure. First, the cerebellar volume is highly 
correlated with the gestational age and the transverse cerebellar diameter, and the specific 
organ segmentation provides the proper features for Dandy-Walker syndrome diagnosis; 
second, 2D ultrasound has several limitations regarding the measurements of lengths, 
contours or volumes of structures with an irregular shape as is the case of the cerebellum, 
and the manual segmentation is both time-consuming and inconsistent [33].

Benacerraf, a pioneer of ultrasound applications in prenatal diagnosis, presented 
an insightful use of volumetric ultrasound approaches in the detection and diagnosis 

Figure 3. 
VCI Omniview technique for the assessment of the corpus callosum at 19w1d based on initial axial transcerebellar 
plane (plane A) and a linear cut through the area of interest with corresponding virtual reconstruction of sagittal 
plane (plane B). Personal archive.
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of fetal brain anomalies. She emphasized the role of 3D scan used for the differential 
diagnosis of encephalocele, as well as for the reconstruction of the three orthogonal 
planes or for the tomographic cut involved in the diagnosis of septo-optic dysplasia, 
her work being in agreement with other ultrasound experts [19, 34].

Pooh et al. described the wide spectrum of volumetric ultrasound neuroimaging 
modes, highlighting the importance of unlimited offline analysis of the brain mor-
phology, mentioning volume contrast imaging techniques (VCI) and HDlive silhou-
ette imaging, at the same time questioning the role of fetal MRI in the diagnostic 
process [19, 20]. While at the beginning of 3D volumetric ultrasound use neurosonog-
raphy was considered the centerpiece for fetal anomaly screening before 24 weeks of 
gestation and MRI after this gestational age, expert panels currently agree that these 
imagistic tools are complementary, MRI as a second-line investigation being relevant 
for diagnostic in only 7–15% of cases [3, 20].

Specifically for cases where CNS congenital defects are suspected, different 
ultrasound modes are more relevant than others, depending on the complexity of 
diagnostic criteria. For example, while ventriculomegaly can be easily depicted using 
axial views in 2D ultrasound which allows for accurate measurement of the enlarged 
atrial width in the lateral ventricles >10 mm, any structural impairment of corpus cal-
losum, cerebellum or other posterior fossa structures still pose diagnostic challenges 
and require supplementary sagittal views, preferentially in multiplanar modes [20].

Corpus callosum and the cerebellum have been widely studied cerebral structures 
during intrauterine life, due to their relevance in normal development of motor, sensory 
and cognitive functions. These fundamental structures begin to develop early in the life 
of the embryo and their definitive functions are well established either at the end of the 
first year of postnatal life for the cerebellum or at the end of the second year of life for the 
corpus callosum [20, 35]. Although there have been almost 15 years since the fundamen-
tal principles of fetal neurosonography have been addressed by experts, there are still 
multiple limitations that encompass this practice: fetal brain development is a dynamic 
entity and can be susceptible to lesions later during pregnancy and in the postnatal life; 
parent counseling in cases of CNS anomalies involve diverse scenarios, from “nearly” 
normal neurological outcomes to severely impaired functions, depending on the com-
plexity of the suspected condition [6, 20, 34]. The intricacy of prenatal CNS anomaly 
diagnosis goes even further, adding more knowledge to the core of the embryological 
development of all cerebral anatomical structures: ultrasound evaluation should be 
performed as a complete examination emerging from the latest international guidelines 
in the field and special consideration should be given to populational variability too. 
The most relevant example is that of corpus callosum evaluation, where its progressive 
morphological development – first of the anterior part and after of the posterior part, 
should be taken into account when suspecting potential hypoplasia after 20 weeks of 
gestation. Nevertheless, this adds to the fact that guidelines recommend rather a qualita-
tive assessment than a quantitative one since a short, thin or thick corpus callosum is not 
necessarily synonymous with an abnormality of this cerebral structure [3, 19].

The rapid spread of fast volumetric ultrasound (4D) along with artificial intelligence 
technology in different medical fields can only represent the inception of a new era 
concerning innovations in imagistic diagnosis and therapy [12]. Precise motion tracking 
with 4D ultrasound is currently intensely studied and holds promising potential in pre-
natal screening and diagnosis. To fully understand the complexity of the brain, func-
tional neuroimaging techniques could be of use in intrauterine life as well. Solutions 
could emerge from several investigations of functional ultrasound performed on 
rodents aiming to develop a method to image dynamic deep brain activation by directly 
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measuring subtle cerebral blood volume changes [36]. Also, ongoing developments in 
the field of virtual reality enable experts to apply new research opportunities in the field 
of prenatal imaging as well: novel volumetric measurements based on segmentation of 
various parts of the fetal body at the end of the first trimester [37] possess the ability to 
add to an immersive body of knowledge with respect to adaptation mechanisms in early 
pregnancy which imply contextual adverse outcomes later in life.

To conclude, there is a remarkable multidirectional learning trajectory regarding 
ultrasound opportunities in prenatal diagnosis. The reliability of 2D ultrasound in 
obstetrics remains dependent on the skill and experience of the operator but there is 
evidence that both novice and expert interpretations of key biometric measurements 
of 3D volumetric datasets are highly reliable [38]. At the same time, the continuous 
search for domain shifting towards automatization in prenatal screening provides 
new evidence that with the use of system coordinates, it is now possible to automati-
cally locate and segment the fetal brain and eye sockets in 2D and 3D images [39]. In 
contrast, based on economic and financial disparities resembling different healthcare 
systems, other researchers are focusing on reconstructing ultrasound volumes from 
2D scans, without requiring extra equipment, since this method is widely used at the 
bedside; the results proved significant potential, at the same time promoting access 
for vulnerable populations of society to advanced monitoring in pregnancy [40, 41].
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Chapter 3

Role of Ultrasound and Its Recent 
Applications in Diagnosing Fetal 
Malformations
Madhavi Latha Routhu

Abstract

Nowadays, ultrasound is widely used for diagnosing fetal abnormalities. For 
better outcomes, early diagnosis of fetal abnormalities are needed. It facilitates 
time for other investigations and counseling for management options. Some of the 
prenatally diagnosed significant structural abnormalities may result in termination 
of pregnancy. Most of the anomalies do not require any treatment. Some structural 
anomalies are associated with genetic conditions or may be due to infections. To 
know the rate of prenatal detection of the disorders by this modality is also essential. 
Recent ultrasound technical improvements like high-resolution linear transducers, 
radiant flow, 3D/4D technology, Spatiotemporal Image Correlation (STIC), Fetal HQ , 
and artificial intelligence enhance the evaluation of the fetal heart. This chapter will 
discuss the role of ultrasound and recent research for improving the detection rate 
of fetal abnormalities and the use of higher-end technical applications to improve 
diagnostic capability and functional analysis.

Keywords: ultrasound, genetic, syndrome, anomalies, fetal heart, fetal malformations

1.  Introduction

Ultrasound is an essential tool for prenatal diagnosis because of its low cost, easy 
availability, non-invasive, no radiation, real-time display and excellent performance 
[1–3]. Prenatal ultrasound is a vital modality to evaluate fetal growth status and malfor-
mations. Recent research focuses on improving the first-trimester detection rate of fetal 
malformations. 64% of all significant cardiac anomalies in the low-risk population and 
around 80% in high-risk are diagnosed by performing a first-trimester fetal echo [4]. 
As per Syngelaki et al. [5], all cases of Acrania (Figure 1), alobar holoprosencephaly, 
large encephalocele, tricuspid or pulmonary atresia, pentology of cantrell, ectopia 
cardis, exomphalos, gastroschisis and body stalk anomaly are diagnosed on 11–13 weeks 
scan. The open spina bifida detection rate in the first trimester was improved from 15 
to 59%, and significant cardiac defects from 5 to 35% [5]. This improvement is achieved 
by better quality ultrasound machines, standardized protocols, especially mid-sagittal 
sections of the brain for the posterior fossa, inclusion of color Doppler examination of 
four chamber views of the heart and outflow tracts and the transverse views of the face 
to demonstrate the upper lip and palate for diagnosing clefts [5].
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The incidence of abnormalities first seen at 35–37 weeks was 0.5% [6]. At this 
examination, some of the cases of ovarian cysts, microcephaly, achondroplasia, dac-
rocystocele and hematocolpos were diagnosed first time with normal NT and second 
trimester ultrasound screening [6]. Detection of late third trimester other anomalies 
are cardiac lesions like 18% of VSDs, some of the Rhabdomyomas, mild pulmonary 
stenosis, mild aortic stenosis and aortic coarctation. Genitourinary anomalies are 
hydronephrosis and in GIT are Diaphragmatic hernias [6]. Detected only in advanced 
pregnancy are Cardiomyopathies, valvular stenosis, and tumors [7, 8].

2.  Hints for detection of fetal anomalies and aneuploidy on 
ultrasonography

Not only ultrasound confirm intrauterine pregnancy, but it also detects the num-
ber of fetuses, where we can look for conjoined twins in monochorionic monoamni-
otic twins. The ultrasound signs for conjoined twins are the same relative positions 
in all views, direct opposition of the twins from each other, and inseparable skin 
contours that must be persistent and at the same anatomic level (Figure 2).

The first diagnostic ultrasound screening for aneuploidy is done at 11–13 + 6 weeks 
of pregnancy, where nuchal translucency is measured, and nasal bone ossification is 
confirmed.

The incidence of Downs syndrome (T21) is 1 in 750. The unossified nasal bone is 
detected in 60–70% of T21 fetuses and 55% in Edward syndrome (T18). According to 

Figure 1. 
Represents Acrania in HD live rendering.
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a meta-analysis, the unossified nasal bone is seen in 1.4% of normal fetuses. In Down 
syndrome, abnormal ductus venosus flow is noted in 80% of cases and short maxilla 
in 25% [9, 10]. In T18, early growth retardation and bradycardia were observed. 
Sometimes, it may be detected even at 11–13 + 6 weeks scan. 3% of healthy fetuses 
and 80% of T18 cases show a single umbilical artery [11]. Exomphalos 60% and 20% 
diaphragmatic hernia are associated with T18 in the first trimester. The other associ-
ated findings with T18 are strawberry-shaped head, choroid plexus cysts, absent 
corpus callosum, enlarged cisterna magna, fascial cleft, micrognathia, heart defects, 
oesophageal atresia, talipes, rocker bottom foot [12]. In Patau syndrome (trisomy 
13), tachycardia is noted in 70% of cases [13]. Frequently associated common find-
ings in T13 are holoprosencephaly, microcephaly, facial abnormalities, cardiac 
abnormalities, enlarged echogenic kidneys, megacystis, postaxial polydactyly and 
early growth retardation. Megacystis and holoprosencephaly are frequently detected 
[10]. Potentially identifiable significant fetal abnormalities in first trimester are early 
hydrops, anencephaly, alobar holoprosencephaly, Body stalk anomalies, ectopia 
cardis, large omphalocele, large gastroschisis, and megacystis.

The second level ultrasound screening is frequently performed at 18–20 weeks of 
gestation to look for congenital malformations, chromosomal anomalies and other 
syndromes, hence known as “genetic screening sonography.”. The soft markers for 
aneuploidy include increased nuchal fold thickness, aberrant right subclavian artery 
(ARSA), echogenic bowel loops, echogenic intracardiac foci, mild lateral ventricu-
lomegaly, mild hydronephrosis and short femur/Humerus. The other soft markers 
which are not included in risk calculation for aneuploidy are choroid plexus cysts, 
single umbilical artery, sandal gap toes, short ears, clinodactyly, increased iliac angle, 
duodenal atresia and small membranous VSD.

Structures to be examined in genetic sonography for screening are cranium, Face, 
spine, neck, heart, Lungs, diaphragm, stomach, abdominal wall, kidneys, bladder, 
and extremities.

Figure 2. 
Represents conjoined twins.
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3.  Ultrasound findings in fetal anomalies

3.1  Central nervous system

Cranial anomalies are one of the most common congenital malformations. For 
routine screening of the fetal brain, there are three principal scan planes in axial view: 
1. Trans thalamic view, 2. Trans ventricular view, 3. Trans cerebellar view. Any clues 
suggesting brain malformations need additional views (advanced neurography) in 
coronal (4 scan planes) and sagittal (3 scan planes) planes to improve the detection rate. 
The indication for detailed neuro sonography in the second trimester is the absence of 
cavum septum pallidum (CSP), ventriculomegaly, abnormal fourth ventricle, and cyst 
in the posterior fossa. Absent CSP may be seen as an isolated finding or in holoprosen-
cephaly, corpus callosum agenesis, and septo optic dysplasia. If square-shaped, look 
for partial corpus callosal agenesis/callosal dysgenesis. CSP is wider in 22q11 deletion 
syndrome and in midline fascial clefts and is longer in the standard variant (dolicho-
cephaly). Narrow CSP may be noted in the typical third trimester, hypoplastic corpus 
callosum and hydrocephalus [14, 15]. Ultrasound findings in alobar holoprosencephaly 
(Figure 3) are a cup-shaped mono ventricle with a dorsal cyst and snake under the skull 
sign. For alobar holoprosencephaly, the ultrasound detection rate is 100%, whereas for 
lobar and semi lobar holoprosencephaly, the detection rate is low; clues to detect these 
conditions are absent Corpus callosum, absent interhemispheric fissure anteriorly in 
lobar, presence of interhemispheric fissure (IHF) noted only between occipital lobes in 
semi lobar and absent IHF in the posterior frontal and parietal region in middle hemi-
spheric variant. Ultrasound signs in complete corpus callosum agenesis showed that the 
direct sign on a midsagittal plane is absent corpus callosum (CC). The indirect signs are 
absent CSP, colpocephaly, steer horn or Viking helmet sign, three-line sign, indentation 
of lateral ventricle due to Probst bundles, cephalad extension of third ventricle, absent 
cingulate sulcus, sunburst sign, abnormal course of pericallosal artery. Partial agenesis 
of corpus callosum (Figure 4) the indirect signs are short and wide CSP and the CSP 

Figure 3. 
Represents holoprocencephaly.
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ratio is less than 1.5. Direct signs are absent splenium CC do not extend to overlie the 
tectal plate of the midbrain, absence of bulbosity of splenium, short cingulate sulcus 
and pericallosal artery is present only over the segment of the CC that is present. In 
the first trimester, Increased fluid in the posterior fossa – can be a transient finding, 
a subtle marker for aneuploidy, developing posterior fossa malformation, cerebellar 
hypoplasia and occipital encephalocele. Abnormal fourth ventricle index is the clue 
for Joubert syndrome, rhombencephalon synapsis, pontocerebellar hypoplasia and 
Walker-Warburg syndrome [16]. To differentiate posterior fossa malformation, look for 
length, AP diameter & area of vermis. Vermian diameter/BPD x 100 demonstrates the 
degree of rotation of vermis which is more in dandy walker malformation than dandy 
walker variant [17]. Clues for posterior fossa abnormalities are open fourth ventricle and 
cyst in the posterior fossa. Signs to detect Microcephaly are head circumference < -3SD, 
receding forehead, acoustic shadowing due to narrowed cranial sutures and foramen 
cranial distance < -2SD. In Lissencephaly shallow sylvian fissure forms figure of 8 and 
shallow or absent another sulcation are seen. In cobblestone complex (walker-Warburg 
syndrome) hyperechoic layer around the cerebral hemispheres, medial pseudo fusion, 
kinked (Z shaped) brainstem, nutcracker sign, delayed sulcation, hydrocephalus, ocular 
abnormality, low set ears are observed. In poly microgyria premature cerebral convexity 
sulcation appears as surface undulations. Schizencephaly the finding is trans mantle 
cleft lined by gray matter. Tuberous sclerosis-cardiac rhabdomyomas and cerebral 
tubers. Acrania anencephaly sequelae, Alobar holoprosencephaly, and large encephalo-
cele are always detectable CNS abnormalities (Table 1).

3.2  Neural tube defects (NTD)

They are frequently reported anomaly. The incidence of NTD are 6.5–8.2/1000 
live births. Anencephaly, encephalocele/meningocele and spina bifida are the most 
commonly detected NTDs [18–20]. Spina bifida are two types: 1. occulta: there is no 
protrusion and the affected area is covered with skin 2. cystica: presence of protru-
sion, and may be covered or not covered with skin. Meningocele contains meninges 
and cerebrospinal fluid whereas myelomeningocele contains meninges, cerebrospinal 

Figure 4. 
Represents partial corpus callosal agenesis.
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fluid and neural structures. Rachischisis/myeloschisis refers to a condition where the 
neural tube is completely exposed, without any covering of meninges or skin [21]. 
To improve the detection rate of NTD in first trimester, the indirect signs on sagittal 
view are non- visualization or obliteration of cisterna magna, non-visualization/
obliteration of intracranial translucency (Figure 5) and posterior shift of brain stem 
causing increased BS/BSOB ratio. On axial planes BPD <10%, expanded/dangling 
choroid plexus, posterior shift of aqueduct of Sylvius, crash sign, parallel cerebral 
peduncles are the potential early marker for NTD [22]. Lemon and Banana signs are 
the second trimester indirect signs for open NTD. Recent advances in technology, 
systemic protocol-based approach by using intracranial signs along with direct visu-
alization of spine using higher frequency probe/trans vaginal approach can increase 
the detection rate of open neural tube defects by 50–90% [22]. Multiplanar or HD live 
rendering can improve the better crater visualization. Signs for closed spinal dysra-
phism are alteration in spinal curvature, missing vertebrae (atypical ossification of 
fetal spine), blunt ending spine with absence of sacral tapering and mass at the spine 
in sagittal plane [22]. On transverse plane are integrity of skin and soft tissue over the 
spine, defect over the spine and divergent pedicles, abnormal alignment of ribs and 
abnormal posturing of limbs and on coronal view. Inclusion of these signs increases 
the detection rate up to 60% [22]. The Sonographic features in diastematomyelia are 

Central Nervous System 
11-14 Weeks 1% of all 
births

Always Acrania

Exencephaly

Encephalocele

Holoprosencephaly

Sometimes Spina bifida

Hydrocephalus

Blake’s pouch cyst

Dandy-Walker malformation

Choroid plexus cysts

Agenesis of the Corpus Callosum

Cervical flexors

Never Infection microcephaly

Lissencephaly

Hemimegaloencephaly

Scaphocephaly

Schizencephaly

Aneurysm of the vein of Galen

Cerebellar hypoplasia

Rhombencephalosynapsis

Intracranial tumours/Lipomas

Infection/ Haemorrhage/Dural Sinus 
Thrombosis

Table 1. 
Represents detection of CNS anomalies in first trimester.
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posterior ossification centres of vertebrae are widened, two hemicords with osseous/
fibrous septum traversing the spinal canal and intact skin. In sacral dysgenesis the 
findings are abnormal sacral tapering (short spine with abrupt ending) and opposed 
iliac bones (shield sign) [22]. Wedge shaped vertebrae with subtle alignment altera-
tion is seen in hemivertebrae.

3.3  Facial abnormalities

Due to the recent research by combining the mid-sagittal, axial and coronal views 
improves the detection rates of cleft lip and cleft palate from 5–35% [5]. The signs are 
(a) maxillary gap sign [23] (b) retronasal triangle view (Figure 6) [24] (c) Frontal 
space distance [25] increased in bilateral cleft lip with palate or micro/retrognathia 
(d) palatomaxillary diameter [26]. In retronasal triangle (RNT) plane complete 
absence of base indicates bilateral cleft palate, absent apex is unossified nasal bone. 
Complete absence of base of RNT with absent maxillary line suggests median cleft 
in holoprosencephaly. The absent superimposed line sign indicates cleft palate [27]. 
absent mandibular gap is micrognathia. In first trimester the palate is less curved and 

Figure 5. 
Represents reduced intra craneal translucency in open NTD.

Figure 6. 
Represents RNT in unilateral cleft lip and palate.
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flat, so using 3D multiplanar imaging and tomographic ultrasound imaging (TUI) 
[27–29] improves the detection rate of cleft palate.

3.4  Congenital heart defects

Most common malformations are cardiac defects. The incidence rate is 1in 100 per 
live births [30]. The diagnostic planes to screen cardiac defects in first trimester are to 
look for situs, four chamber plane, four chamber color flow and 3VT view with color 
are needed. HD live depicting atrioventricular (AV) valve leaflets clearly [31]. The 
inclusion of four chamber and 3VT view in routine screening maximizes the detec-
tion of cardiac defects in all NT scans which aids in early detection of major cardiac 
anomalies [32]. The sensitivity for detection of major CHD of early cardiac screening 
in low-risk pregnancy is under 60% and majority of severe cardiac defects are detect-
able by use of simple scanning protocols [32].

Normal signs in fetal echo are x sign, tick sign, line and dot sign, anterior v sign, left 
v or posterior v sign. The clues for CHD in fetal echo are cardiac axis deviation and situs 
abnormalities [33]. Cardiac abnormalities with normal four chambers are transposition 
of great arteries, Tetralogy of fallot, pulmonary atresia with VSD, Double outlet right 
ventricle, Truncus arteriosus, mild ebsteins anomaly, small VSD/ASD, mild/moderate 
aortic/pulmonary stenosis, mild coarctation of aorta and partial anomalous pulmonary 
venous drainage hence inclusion of outflow tracts and 3VT views in screening procedure 
are needed. Hints for Total abnormal pulmonary venous return on 4chamber view are 
(Figure 7) smooth left atrium (LA), increased distance of left atrium to descending 
aorta, ventricular disproportion, dilated coronary sinus. On 3VT view presence of 
vertical vein noted. In atrio ventricular septal defect (AVSD) the ultrasound findings 
are four chamber shows absent Crux with color shows H sign (Figure 8) in five cham-
ber view show elongated outflow tract (goose neck sign) [34]. Transposition of great 
artery (TGA) missed on prenatal diagnosis in more than 50% cases. In TGA the Left 

Figure 7. 
Represents vertical vein in TAPVC.
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ventricular out flow tract (LVOT) is always abnormal as it shows branching, two vessels 
on three Vessel view, Parallel great arteries (Figure 9) and most of the times 3VT views 
will be abnormal [34]. To rule out overriding in Conotruncal anomalies note the angle 
between the ventricular septum and ascending aorta, no blood from right ventricle to 
aorta and left ventricular outflow tract do not divide in transverse plane. The sign for 
overriding aorta is Y sign (Figure 10) [35] types of tetalogy of fallot (TOF) and associ-
ated malformations are depends on pulmonary artery (PA). PA forward flow in pink 
TOF, reverse flow in blue TOF, no flow in PA with presence of major aortopulmonary 
collateral arteries (MAPCA) confirms pulmonary atresia with ventricular septal defect 
(PAVSD), very large PA and its branches with regurgitation is absent pulmonary valve 
syndrome. TOF may be associated with right aortic arch, TOF associated with AVSD 
more commonly seen in heterotaxy, TOF with absent ductus arteriosus or it may also 
associate with abnormal origin of branch pulmonary artery [34].

Figure 9. 
Represents parallel great arteries in TGA.

Figure 8. 
Represents H sign in AVSD (atrioventricular septal defect).
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3.5  Thoracic abnormalities

In left diaphragmatic hernia look for liver left up along with stomach in thorax. Bowel 
up in left diaphragmatic hernia the Superior Mesenteric Artery direction is toward thorax 
(Figure 11) [36]. High-frequency probe is useful in these cases to look for bowel peri-
stalsis. LHR and quantitative lung index should be measured for the prognosis [36]. 3D 
used to calculate lung volume. Hyperechoic lung noted in congenital pulmonary airway 
malformations, bronchial atresia, congenital lobar emphysema, bronchopulmonary 
sequestration and neuroblastoma [37]. In bronchopulmonary sequestration-feeding 
artery from aorta and venous draining into azygos/hemiazygos vein.

Figure 11. 
Represents upward coursing of SMA in left diaphragmatic hernia.

Figure 10. 
Represents Y sign in overriding of Aorta.
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3.6  Gastrointestinal anomalies

Sonographic findings of oesophageal atresia are polyhydramnios, persistently 
non visualized/small stomach, proximal esophageal pouch, dilated hypopharynx 
[38]. Persistently non visualized stomach is also seen in Arthrogryposis, cleft pal-
ate, micrognathia, Neckmass, CHAOS, epignathus, Anhydramnios and microgas-
tria. Double bubble sign is seen in duodenal atresia. In jejunal atresia few dilated 
bowel loops, dilated stomach, polyhydramnios and there may be intrauterine 
growth retardation (IUGR) [39]. Ileal atresia – more dilated bowelloops, normal 
stomach and liquor. Perforation is more common finding. Ventral wall defects 
noted in Pentalogy of Cantrell, ectopia cardis, omphalocele, Gastroschisis, Bladder 
exstrophy, cloacal exstrophy, Limb body wall complex (Figure 12) and Amniotic 
band sequence (Figure 13) [40]. The differential diagnosis for ventral wall defect 
depends on (1) presence/absence of covering membrane, (2) cord insertion to 
defect, (3) depends on herniated organ, and (4) bowel appearance and associated 
anomalies [40].

3.7  Kidneys and bladder

Laid back adrenal sign is seen in renal agenesis. In Autosomal recessive polycystic 
kidney disease (ARPKD) – bilateral echogenic enlarged kidneys with loss of corticome-
dullary differentiation. Autosomal dominant polycystic kidneys – enlarged echogenic 
kidneys with exaggerated corticomedullary differentiation. Bladder exstrophy –  
persistent non filling of bladder, midline gut and lateral hemi bladder mucosal ever-
sion appears as elephant trunk [41]. Causes of persistent non filled urinary bladder are 
bilateral renal agenesis, bilateral Multicystic dysplastic kidneys (MCDK), single kidney 
with MCDK, Unilateral MCDK with contralateral severe obstruction, ARPKD, cloacal 
exstrophy and rupture urinary bladder in lower urinary tract obstruction (LUTO). 
We can also predict renal function LUTO by doing visicocentesis for urine analysis 
depending on that fetal intervention may be offered [42].

Figure 12. 
Represents limb body wall complex.
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3.8  Skeletal dysplasia (SD)

lethal skeletal dysplasia will have severe micromelia, narrow thorax, polyhydram-
nios and diagnosed early compare to non- lethal SD [43]. Ultrasound approaches 
for SD are length of long bones, mineralization, shape/form, fractures and femur 
foot length ratio. Lethal SD – Telephone receiver shape bones, platyspondyly, fron-
tal bossing seen in thanatophoric dysplasia, fractures and unossified calvarium in 
osteogenesis imperfecta, Hypo mineralization of spine sparing the clavicle, hydrops 
and macrocrania is seen in Achondrogenesis. Narrow thorax with polydactyly in 
short rib polydactyly syndrome [43]. Bowed femur and tibia, hypoplastic scapula 
and ambiguous genitalia in campomelic dysplasia. Narrow thorax, echogenic kidneys 
and polydactyly in asphyxiating thoracic dystrophy. Non- lethal SD are Rhizomelia, 
macrocrania, frontal bossing trident hand are seen in achondroplasia. Mild narrow 
thorax, Acromesomelia, AVSD/ASD, polydactyly in Ellis van Creveld syndrome [43]. 
punctate epiphysis and binder facies in chondrodysplasia punctata, Acromesomelia 
and metaphyseal flaring in acromesomelic dysplasia. Hitch-hiker thumb and joint 
contractures in diastrophic dysplasia [43].

To optimize images, (i) select a high-frequency transducer wherever it is feasible. 
(ii) It is advisable to utilize linear and transvaginal high-resolution transducers. (iii) 
when doing transvaginal ultrasound utilize the other hand to manipulate the uterus. 
(iv) Combine harmonic imaging, compound imaging and speckle reduction. (v) 
Reduce the image sector. (vi) Image depth should be reduced. (vii) Zoom the region 
of interest to occupy around one-third to half of the ultrasound image. (vii) Utilize a 
single focal zone (ix) Adjust the dynamic range to achieve either a high or low contrast 
image. Adjust image resolution. (x) utilize cine loop to review the stored images [44].

4.  Higher-end advanced applications in ultrasound machine

The International Society of Ultrasound in Obstetrics and Gynecology 
(ISUOG) released practice guidelines about the mid-trimester ultrasound 

Figure 13. 
Represents amniotic band syndrome.
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scan [45]. For high-risk pregnancies the American Institute of Ultrasound in 
Medicine (AIUM) recently recommended detailed second and third trimester 
scans, as well as fetal echocardiography [46]. Guidelines for targeted neurosonog-
raphy has been released by ISUOG recently [47, 48]. During the first-trimester 
ultrasonography, approximately half (50%) of significant structural abnormalities 
can be identified [49]. Conducting a routine scan at approximately 36 weeks of 
pregnancy can identify approximately 0.5% of fetal anomalies that were not previ-
ously recognized [6]. Utilizing a high-resolution ultrasound enables a detailed 
examination of first-trimester fetal anatomy, and enhances identification of even 
minor or subtle anomalies [50]. There have been numerous advancements in ultra-
sound technologies, such as high-resolution ultrasonography, linear transducer, 
radiant flow, three/four-dimensional (3D/4D) ultrasound, spatial and temporal 
image correlation (STIC), tomographic ultrasound imaging (TUI), omni view, 
speckle tracking of the fetal heart (HQ ), and artificial intelligence for detecting 
small and subtle abnormalities.

4.1  High-resolution ultrasonography

Utilizing high-frequency transducer, harmonic imaging (HI), spatial compound 
imaging (SCI), and speckle reduction imaging (SRI) in high-resolution ultrasonog-
raphy improves images and signal processing with minimal tissue penetration [50]. 
In HI by exploiting the non-linear propagation of ultrasound through the body 
tissues produces high-resolution images with minimal artifacts [50]. Tissue har-
monic imaging (THI) enhances image quality by eliminating low-intensity echoes 
which clouds the image when the transducer’s fundamental frequency is utilized. 
SCI, can effectively reduce angle-dependent artifacts by integrating several lines of 
sight into a single composite image. Utilizing SRI can diminish speckles for further 
enhancement of image resolution [50]. As per ISUOG guidelines it is helpful to uti-
lize a high-frequency transducer for fetal echocardiogram to identify minor heart 
abnormalities. In high BMI women HI can enhance the imaging resolution during 
the third trimester. ISUOG suggests transvaginal approach in cephalic presentation 
for advanced neuro sonography [48]. In podalic and head in higher up position 
transabdominal high-frequency transducer (8–9 MHz) can be utilized for neuro 
sonography. High-frequency transducers can suitable for examining the spinal 
cord, conus medullaris (Figure 14) [48], and also to rule out Lens and laryngeal 
pathologies in suspected cases [50].

Advances in color flow mapping are high-definition radiant flow and slow flow 
(Figure 15) are employed to visualize vasculature with high and slow flow rates. The 
latest advancements in postprocessing techniques for gray scale and color Doppler 
greatly enhance the visualization of ultrasound images.

4.2  3D ultrasonography

On 2D imaging when mid-sagittal view of brain is not perfectly obtained a 3D 
neurosongram was recommended by ISUOG. 3D displays thicker ‘slices’ which 
increases the signal-to background noise ratio on all three planes thereby enhances 
image resolution. In addition, multiplanar imaging correlation allows the display 
of perfectly aligned views on all three orthogonal planes [48]. In some of the 
malformations like facial clefts, micrognathia, and club foot needs additional 
information which can be provided by 3D ultrasonography [51]. 3D Skeletal mode 
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rendering can display skull, vertebrae, ribs, long bones and fingers (Figure 16) 
[52]. 3D ultrasound with multiplanar analysis and Crystal Vue rendering enable to 
visualize oesophagus which is challenging to see on routine 2D [53]. 3D ultrasound 
also aids in identifying ear and scapula abnormalities whenever needed. Most often 
dorsal spinal anomalies are very subtle and needs evaluation of ribs which is not 
accurately possible on 2D, hence 3D imaging is needed. Tomographic mode display 
of a 3D volume, which is able to show in one image several anatomic regions of the 
fetus. TUI enables the simultaneous display of both midsagittal and para sagittal 
sections in evaluation of palatine defects. Different types of clefts have a constant 
reproducible pattern in TUI [25].

Figure 15. 
Represents slow flow.

Figure 14. 
Represents high resolution of sagittal plane of cauda equine.
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4.3  Spatiotemporal image correlation (STIC)

It acquires single 3D volume in a slow sweep with subsequent analysis of images 
in cine loop sequence in multiplanar/multi sliced format and rendered view which 
reduces the operation dependency of the ultrasound examination. STIC with color 
Doppler in glass-body mode (Figure 17) shows the anatomy of fetal heart and 
major vessels clearly [54]. With matrix probe we can rapidly acquire STIC volume, 
which reduces the motion artifact and facilitates live 4D display [54]. With matrix 
probe simultaneous examination in two orthogonal planes (biplane mode) can be 
done. Novel applications of STIC with electronic matrix transducer can acquire 
3D volumes 4 times faster with enhanced resolution than conventional mechanical 

Figure 17. 
Represents 4D STIC acquisition.

Figure 16. 
Represents 3D rendering of fingers.
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3D transducer. Electronic STIC (eSTIC) or rapid STIC can acquire a STIC volume 
within 2–3 s. 3D/4D allows to assess the cardiac volumes in systole and diastole 
[54]. Sono-VCAD for Volume Computer-Aided Diagnosis with a tomographic 
display of the retrieved planes [55] where the apical 4 chamber view has to be 
acquired. To confirm the volume orientation structures on the volume data sets are 
to be defined (septum, descending aorta, and others). The automation software 
then extracts the conventional diagnostic planes out of the volume and reduces the 
operator dependency [56].

4.4  3D printing

Recent researches in 3D technology allows the derived ultrasound data for 3D 
printing of whole fetuses [57] fetal face [58] or in cases of spina bifida where it can be 
beneficial for presurgical assessment [59]. With advances in STIC, a 3D printing of 
the fetal heart can be done [60] which can be easily downloaded from the machine as 
an STL (Standard Triangle Language) file, which can be seen on a personal computer 
using commonly available software and also used for 3D printing.

4.5  Fetal HQ

It is an innovative software which analyses cardiovascular system and allow the 
assessment of cardiac size, shape and contractility by utilizing speckle tracking at 
multiple points of the fetal heart [61]. The global sphericity index (SI) is a simple 
measurement of cardiac contractility, and it is equal to (end-diastolic mid-basal–api-
cal length)/transverse length [62]. The sphericity index is calculated for each of the 24 
end-diastolic transverse segments, which are located from the base to the apex of each 
ventricle as well as the end-diastolic mid-basal–apical length [61]. The SI for each 
segment was independent of gestational age and fetal biometry [62]. This index value 
is abnormal with cardiac chamber asymmetry like coarctation of aorta and pulmo-
nary stenosis [61]. High risk of perinatal complications and childhood cardiovascular 
diseases are associated with abnormal SI values [63].

4.6  Artificial intelligence (AI)

AI has been increasingly utilized in prenatal ultrasonography in recent years, 
mostly for the purpose of recognizing standard planes, taking biometric measure-
ments, and assisting in the detection of anomalies. AI models regularly used in 
medical imaging are: Convolutional neural network, U-Net and recurrent neural 
network. Machine learning is a subfield of AI that involves using data to learn and 
generate predictions or draw conclusions about new data, with the help of guidance 
[64]. Despite the standard application of United States, it might be difficult to obtain 
accurate readings in certain situations, like maternal obesity, motion blurring, miss-
ing borders, acoustic shadow, speckle noise, and a low signal-to-noise ratio [65]. AI 
applied on 2D images enables automatic computation of fetal biometry.

Deep learning is a sophisticated form of machine learning, uses artificial neural 
networks which connect through multiple synapses to exchange data with each 
other resembling the arrangement of neurons in the brain for analysing medical 
images closest to clinical application [66]. This complex algorithmic AI software is 
now being utilized in medicine to evaluate massive volumes of data, which can help 
prevent, diagnose and monitor patients’ diseases. AI reduces the scanning time and 
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work-related musculoskeletal fatigue [67]. Sono NT automatically identifies and 
measures NT in mid-sagittal section [68]. In Sono CNS by applying AI on 3D volume 
of fetal head can auto calculate the CNS biometry (Figure 18) [69]. Sono-VCAD 
applied on STIC volume can navigate cardiac planes [70].

5.  Discussion

Fetal malformation diagnosis depends on many factors like expertise &experience, 
machine and man, fetal age &maternal weight, interest & intellect And system involved 
and systemic approach. The overall prenatal detection rate of ultrasound screening with 
and without chromosomal anomalies was 57% [71], whereas only associated with chro-
mosomal anomalies the detection rate was high approximately 88–93%. Without chro-
mosomal anomalies ranged from 48 to 53% [71]. As per J M Carrera et al. between 1970 
and 1991 fetal anomalies were diagnosed antenatally in 78.33% in routine ultrasound 
screening (Table 2) [72]. High-resolution ultrasonography can aid in the precise diag-
nosis of fetal echocardiography and targeted neurosonography in high-risk pregnancies 
[50]. Utilizing radiant flow can enhance the visualization of complex cardiac and vascular 
malformations. The use of 3D/4D ultrasound assist in prenatal diagnosis and counseling. 
High frequency transducer improves the diagnostic accuracy of some anomalies. Speckle 
tracking of the fetal heart enables evaluation of fetal heart morphology, dimensions, and 
contractility [50]. AI aids in recognizing accurate sectional planes and auto calculate the 
biometry, thereby decreasing the operator dependency and scan time [50].

Figure 18. 
Represents Sono CNS.
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Although biochemical markers are sensitive to diagnose aneuploidy especially 
Downs syndrome, gestational age is an important parameter as the levels of markers 
depends on gestational age. For risk stratification nuchal translucency measurement 
is needed along with double marker. For estimation of accurate gestational age and 
measurement of nuchal translucency ultrasound is needed. By diagnosing structural 
defects on prenatal ultrasound condition can be better explained and easily convin-
cible to the parents by direct demonstration of fetal images for further management 
options. Biochemical markers and ultrasound complement each other in aneuploidy 
screening [73].

6.  Conclusion

Utilizing standard anatomical protocol improves the sensitivity of screening for 
all anomalies. International protocols with traditional anatomical views should be 
developed and introduced to optimize fetal anomaly detection. If you detect one 
anomaly, search for any additional related anomalies. Applying above mentioned 
recent technical applications and ultrasound signs will vastly improve the sensitivity 
of ultrasound in detecting anomalies in future.
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Ultra sound fetal malformation

Detection rate Frequency of anomaly Earliest diagnosed malformations

1970–74:19.75% Urinary Tract: 22.86% Thoracoabdominal wall:81.08%

1990–91:96.33% Head and neck: 18.68% Urinary Tract (70.83%)

Musculoskeletal: 8.64% Diaphragm 70.83%

Heart anomalies: 7.35%

Gastrointestinal 7.35%

Table 2. 
Represents Journey of detection of malformation on routine prenatal ultra sound screening.
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Abstract

This chapter provides a comprehensive examination of how next-generation 
sequencing (NGS) technologies are transforming prenatal and neonatal care, 
particularly in the diagnosis of lysosomal diseases (LDs). These rare, inherited 
conditions are caused by defects in lysosomal metabolism. If not detected and 
treated early, they can lead to significant disabilities and reduced life expectancy. 
The chapter specifically focuses on the use of NGS to diagnose and screen sphin-
golipidoses (SLDs) and mucopolysaccharidoses (MPSs). It covers the molecular 
pathogenesis, classification, and main symptomatology of the diseases. The chapter 
reviews the progress made in identifying the genes associated with SLDs and 
MPSs and cataloging clinically relevant genetic variants. Additionally, it highlights 
the growing adoption of NGS for diagnosis and screening by institutions such as 
academic research centers, private healthcare providers, and government health 
agencies. It also discusses the challenges in NGS implementation, regulation, and 
outlines future directions for its application in prenatal and neonatal medicine.

Keywords: lysosomal diseases (LDs), sphingolipidoses (SLDs), mucopolysaccharidoses 
(MPSs), next-generation sequencing (NGS), whole exome sequencing (WES), whole 
genome sequencing (WGS), genetic variant classification and curation, variant 
pathogenicity, phenotype/genotype correlation, newborn screening, carrier screening

1.  Introduction

In modern medical diagnostics, genetic testing plays a critical role in identifying 
hereditary conditions that, if undetected during the first few days or months of life, 
can lead to severe disabilities or significantly reduce life expectancy.

Among the most transformative applications of genetic testing is its use in peri-
neonatal diagnostics and screening, particularly through next-generation sequenc-
ing (NGS). This cutting-edge technology has revolutionized prenatal and neonatal 
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diagnosis, enabling early detection of genetic disorders and effective disease preven-
tion through carrier screening [1]. NGS technologies, including whole exome sequenc-
ing (WES), whole genome sequencing (WGS), and targeted panel sequencing, have 
become integral tools in clinical laboratories for uncovering genetic variants. These 
techniques are particularly valuable in neonatal intensive care units (NICUs), where 
they facilitate the diagnosis of rare genetic diseases, congenital anomalies, and meta-
bolic disorders that are often undetectable using conventional methods [2]. By offering 
unparalleled sensitivity and specificity, NGS not only accelerates the diagnosis of 
genetic conditions but also informs personalized treatment protocols and improves 
prognosis [3]. Additionally, its capability to detect ultra-rare or previously unde-
scribed genetic disorders underscores its significance in advancing medical research.

Inborn errors of metabolism (IEM) constitute a large proportion of the conditions 
screened during the neonatal period [4]. IEM-underlying disorders are characterized 
by a wide range of symptoms and complications, making them difficult to diagnose 
using traditional approaches. NGS-based newborn screening offers a comprehensive 
solution by identifying genetic variations associated with IEM. This early detection 
enables healthcare providers to implement personalized management strategies, 
optimizing long-term health outcomes for affected newborns [5]. Furthermore, the 
ability of NGS to detect a broad spectrum of rare and novel metabolic conditions 
highlights its superiority over conventional biochemical screening methods [6].

The importance of addressing metabolic disorders is reflected in international 
classification efforts. The International Classification of Diseases 11th Revision 
(ICD-11) now includes a broader range of IEMs, signifying their increasing relevance 
in global health [7]. The presence of “unspecified” (Z) and “other specified” (Y) cat-
egories in ICD-11’s classification of metabolic diseases reflects the ongoing challenges 
in definitively categorizing these complex disorders. The extension .0Z serves as a 
provisional classification for unclear diagnoses, while .0Y accommodates rare variants 
and newly discovered conditions that do not align with established classifications. 
This hierarchical system highlights both the rapid evolution of our understanding 
and the current limitations in creating distinct categories for every known variant, 
particularly affecting ultra-rare conditions and atypical presentations. This classifica-
tion system enables standardized diagnosis and improved clinical management across 
healthcare system. Complementing this effort, the International Classification of 
Inherited Metabolic Disorders (ICIMD) provides a detailed categorization of bio-
chemical pathways, with a particular focus on lysosomal metabolism disorders (com-
monly referred to as lysosomal diseases). These pathways are vital for the breakdown 
and recycling of intracellular molecules [8].

Building on this foundation, this chapter explores the use of NGS as a diagnostic 
and screening tool for lysosomal diseases (LDs). It highlights recent advancements 
by academic medical centers, private hospitals, and governmental organizations in 
identifying and cataloging clinically relevant genetic variants. The focus is placed on 
two major groups of LDs - sphingolipidoses and mucopolysaccharidoses - discussing 
advances in classification, challenges in implementation, and future directions for 
integrating NGS into clinical and public health laboratories.

2.  Lysosomal diseases (LDs, ICD-11code: 5C56.0Y, 5C56.0Z)

Lysosomal diseases (formerly, lysosomal storage diseases) encompass a diverse 
group that recently exceeded seventy inherited disorders affecting lysosomal 
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metabolism due to defects in enzymes, transporters, or other proteins essential to 
lysosomal function. Although each individual LDs are rare, conjointly they represent 
a significant number of cases worldwide, ranging up to 23 per 100,000 live births [9]. 
Most LDs follow an autosomal recessive inheritance pattern [10]. This means that an 
affected child is born to phenotypically healthy parents, who are heterozygous for the 
genetic variants (carry one copy of the mutated gene) and are unaware of their carrier 
status. As a result, families may lose a child to the disease or endure a lengthy diagnos-
tic odyssey before a diagnosis is made.

The molecular mechanisms underlying LDs, along with the genetic backgrounds 
of affected individuals, display considerable variability, leading to a wide spectrum of 
clinical symptoms and presentations [10]. Currently, the combination of genetic and 
biochemical tests has proven to increase success of the diagnostic utility.

2.1 Diagnostic challenges

Biochemical tests, while valuable for diagnosis of LDs, present challenges in har-
monizing testing procedures and minimizing false positive and false negative results 
[11]. Typically, these tests detect metabolic byproducts in urine, plasma, or dried 
blood spots, often employing tandem mass spectrometry assay (described in intro-
ductory chapter) [12]. There are numerous (laboratory-developed) biochemical assays 
that directly measure the activity of affected enzymes [11]. However, they are difficult 
to multiplex, making them labor-intensive and time-consuming. Additionally, there is 
limited biochemical correlation between enzyme levels in dried blood spots and actual 
disease phenotypes [13]. This complicates interpretation of test results and assessment 
of the prognosis [14]. Premature newborns, in particular, have a significantly higher 
rate of results that fall into gray area and requiring the test to be repeated [15]. This 
increases the cost and period of diagnostic uncertainty for families.

2.2 Opportunity for NGS

NGS-based tests offer the potential for earlier and more accurate diagnosis, 
even in premature babies. In clinical settings, many companies, such as Prevention 
Genetics (now part of Exact Sciences) offer custom panels that include 10 to 242 
genes implicated in lysosome-related disorders. The panels for newborn screening 
are also in the development: for example, the NEOseq_ACTION panel has tested 254 
genes designed to diagnose neonates with LDs and other metabolic conditions [16]. 
Although newborn sequencing for LDs is primarily conducted in clinical settings, 
several public health laboratories in the United States and other countries have 
incorporated targeted NGS into newborn screening programs for conditions such as 
Mucopolysaccharidosis types I and II, Krabbe disease, and Pompe disease [17, 18].

NGS is instrumental for diagnosis of unexplained developmental delays, organo-
megaly, and neurological deterioration, associated with unknown hereditary meta-
bolic conditions [19–21]. However, a key challenge for NGS lies in accurately assessing 
gene-disease associations and determining the pathogenicity of genetic variants (also 
referred to here as mutations) [22]. The analysis of NGS as a diagnostic or screening 
procedure presents challenges in assigning variant classification and identifying puta-
tive disease-causing mutations. As of today, a large proportion of variants is classified 
as variants of uncertain significance (VUS). Additionally, conventional NGS proto-
cols have limited detection of the complex rearrangements and large indels (except 
for KaryoSeq HD) [23]. To address these limitations, orthogonal techniques such as 
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array-based comparative genomic hybridization (aCGH), a multiplex ligation-depen-
dent probe amplification (MLPA), a polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP), or cDNA analysis by Sanger sequencing, must 
be employed to complement the NGS molecular analysis. Predicting the late onset 
of LDs through mutational analysis remains challenging, especially in the absence 
of neonatal symptoms [24]. Currently, neither NGS nor biochemical tests alone can 
accurately predict the late onset forms or assess the milder forms of the disease. As a 
result, both technologies will likely continue to be used in the future to delineate LDs 
pathology, correlate phenotypes, and predict disease progression [25].

3.  Identification and classification of mutations in affected LDs genes

LDs are caused by a wide range of genetic mutations that impair lysosomal func-
tion. These mutations disrupt various biochemical pathways within lysosomes, which 
are essential for the degradation and recycling of cellular waste [26]. NGS, introduced 
over a decade ago, has been a breakthrough tool for diagnosing LDs, helping fami-
lies end their diagnostic odyssey [27]. Nevertheless, predicting phenotypic effect 
and onset and course of the disease for novel combinations of pathogenic variants, 
particularly those in a compound heterozygous state, remains challenging. The 
genotype-phenotype relationship in LDs is complex. Individuals who are homozygous 
for pathogenic variants in LD-causing genes develop severe forms of the respective 
disorders characterized by early onset and rapid progression. In contrast, other types 
of mutations, such as missense mutations, may lead to milder forms of the disease, 
with later onset and slower progression. The severity often depends on the specific 
mutation and whether the individual has compound heterozygosity (two or more 
different mutations in the same gene).

This chapter includes links to ClinVar and the Human Gene Mutation Database 
(HGMD) databases in Table 1, highlighting genes and mutations that cause spe-
cific lysosomal diseases (SLDs and MPSs). The ClinVar database is a part of the US 
National Center for Biotechnology Information (NCBI) organization. It compiles 
genetic variants of clinically relevant genes and populated by approved volunteer-
submitters. The HGMD is owned and curated by Qiagen Inc., and it also catalogs gene 
variants associated with genetic disorders, including LDs. These databases are practi-
cal resources for researchers and clinicians, who assess the pathogenicity of genetic 
variants following the standards, developed by American College of Medical Genetics 
and Genomics (ACMG) and Association for Molecular Pathology (AMP) [28]. 
ACMG’s 2015 standards for sequence variant interpretation are world-wide accepted 
guidelines to classify genetic variants according to five main categories. In brief, this 
classification combines genetics with clinical, familial, populational, functional, and 
computational evidence for pathogenicity [28].

Various types of mutations reported in LDs. The most clinically significant are non-
sense, frameshift, gross insertions/deletions/duplications or other complex rearrange-
ments, as well as splicing mutations that result in exon skipping, or intron retention. In 
cases where clinical data is lacking, the pathogenicity of missense variants associated 
with LDs is often assessed using computational programs that predict (in silico) the 
variant’s impact on protein structure and function [29]. Variants predicted to be 
harmful are more likely to be disease-causing and to contribute to the development of 
the condition, particularly when backed by evidence such as functional studies and 
significant differences in their frequency between affected individuals and the general 
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population [30, 31]. Many remain classified as variants of uncertain significance 
(VUS) due to their rarity and limited evidence, which is common in rare diseases like 
LDs where small patient cohorts hinder clear pathogenic links. More research and 
clinical data are needed to understand the significance of these VUS and their role in 
LDs. In this chapter, we provide multiple examples of genes with pathogenic variants 
linked to disorders of glycosphingolipid and glycosaminoglycan degradation.

4.  Disorders of glycosphingolipid degradation

4.1 Genes affected in sphingolipidoses (ICD-11 codes: 5C56.0Z, 5C56.0Y)

Sphingolipidoses (SLDs) comprise a diverse group of genetic disorders character-
ized by the accumulation of sphingolipids within cells and tissues due to deficiencies 
in specific lysosomal enzymes required for their degradation [32]. The buildup of 
sphingolipids, such as sphingomyelin, glucocerebroside, or ceramide, can lead to dys-
function and damage in multiple organs throughout the body. The specific symptoms 
and severity of sphingolipidoses vary depending on the type of sphingolipid that 
accumulates in the affected organs [33].

The sphingolipid degradation pathway is complex, with SLDs biochemically 
categorized into primary and secondary types [34, 35]. Primary SLDs result from 
enzyme deficiencies directly within the sphingolipid degradation pathway [35, 36]. 
In contrast, secondary SLDs arise from deficiencies in other proteins that affect gly-
cosphingolipid catabolism indirectly [36, 37]. Recently developed liquid chromatog-
raphy coupled with tandem mass spectrometry-based test (LC-MS/MS) multiplexed 
detections of four biomarkers of SLDs [37]. Because early diagnosis and intervention 
are crucial for managing the progression of these disorders, the implementation 
of NGS in neonatal screening has significant medical utility in improving patient 
outcomes.

4.2  Pathogenic variants in the GALC gene are causative for globoid cell 
leukodystrophy (GLD) (ICD-11 code: 8A44.4)

Mutations in the GALC gene result in the deficiency of the enzyme galactosyl-
ceramidase (also known as galactocerebrosidase), which underlays the pathology 
of globoid cell leukodystrophy (also Krabbe disease) (Table 1) [38]. This enzyme is 
essential for the hydrolysis of galactolipids, particularly in the central nervous system 
and kidneys [38]. The inability to break down galactolipids results in the accumula-
tion of toxic substances, leading to the progressive neurological deterioration seen in 
GLD [39]. Traditionally, Globoid Cell Leukodystrophy is screened through biochemi-
cal methods, such as measuring enzyme activity and the biomarker psychosine [38]. 
However, these methods can sometimes yield false positive results, underscoring 
the need for molecular diagnostic confirmation. This is particularly important in 
the infantile form of Krabbe disease, which is a deadly condition requiring urgent 
intervention in newborn period [40–42]. Early treatment, such as a hematopoietic 
stem cell transplantation, is most effective if performed before 30 days of life [43]. 
The inclusion of infantile Krabbe disease in the Recommended Uniform Screening 
Panel (RUSP) in 2024 by Public Health Programs in the USA marks a significant 
public health advancement [44]. This milestone enables the future implementation 
of next-generation sequencing (NGS) as a screening method in newborn screening 
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programs, potentially facilitating earlier diagnosis and timely interventions to 
improve outcomes.

Pathogenic variants in GALC have been extensively studied. Loss-of-function 
mutations (null variants), or those resulting in significant protein truncation, are 
responsible for the severe infantile form of GLD [45–47]. Certain combinations of 
missense variants may cause late infantile onset [48]. Adult onset of Krabbe is usu-
ally caused by missense variants (e.g., p.L634S) or whole exon deletions [46, 49, 50]. 
Adult onset Krabbe can present as an accidental finding on MRI imaging along with 
general clinical findings such as seizures, spastic paraplegia, or sudden onset of 
cognitive decline [49–51]. Moreover, mutations in GALC have been implicated in 
conditions with dual rare genetic diseases, such as the co-occurrence of Angelman 
syndrome and Krabbe disease [52].

Krabbe disease is economically burdensome due to the costs associated with treat-
ment and long-term care. By using NGS for carrier screening, healthcare providers 
can identify individuals with heterozygous GALC mutations. This proactive approach 
allows for early intervention and informed family planning, which can significantly 
reduce the long-term costs of managing the disease [53]. Genetic counseling further 
supports this strategy by helping families understand their risk and make informed 
decisions, thereby mitigating the financial and emotional impact of Krabbe disease.

4.3  Pathogenic variants in the GBA1 are causative for glucocerebrosidosis types 
1–3 (Gaucher disease, GD)

Gaucher disease (glucocerebrosidosis types 1–3) is the most common form of 
LDs. It is caused by pathogenic variants in glucosylceramidase beta 1 (GBA1) gene 
that encodes the acid β-glucosidase (also known as glucocerebroside, GCase) enzyme 
[54]. GCase catalyzes the conversion of glucosylceramide (GlcCer) into ceramide 
and glucose. The deficiency/absence of this enzyme leads to the accumulation of 
glycolipid glucocerebroside (glucosylceramide), primarily in the spleen, liver, and 
bone marrow, affecting cellular signaling and function [55]. There are different types 
of GD, such as type 1 (non-neuronopathic), type 2 (acute neuronopathic), and type 
3 (chronic neuronopathic), which vary in severity and the presence or absence of 
neurological symptoms [56, 57]. Several public health laboratories in the USA and 
rare disease centers worldwide have implemented newborn screening programs 
for Gaucher disease. After initial positive screening results, patients are referred 
to specialized clinics for comprehensive biochemical monitoring. This monitoring 
extends beyond basic GCase enzyme assessment to include multiple biomarkers 
such as glycosylsphingosine (lyso-Gb1) and glycosylsphingosine chitotriosidase 1 
(CHIT1), which can be measured in both blood and cerebrospinal fluid [56, 58–60]. 
However, the reliability of biochemical monitoring remains challenging, as these tests 
frequently yield false positive or false negative results. Such diagnostic uncertainty 
complicates clinical decision-making processes and may lead to misinterpretation of 
disease status, highlighting the need for improved diagnostic strategies [61].

NGS has become a commonly used diagnostic tool for GD. Several studies 
attempted to differentiate GD types, based on patient’s genetics [62]. The assessment 
of the GBA1 gene faces challenges due to the presence of pseudogene. It should be 
noted that it is located close to a pseudogene called GBAP1, which is a non-functional 
copy of the GBA1 gene [63]. The presence of the glucosylceramidase beta pseudogene 
1 (GBAP1), which is highly homologous to the functional GBA1 gene, complicates 
genetic testing using NGS technologies [64]. The pseudogene and the functional gene 
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share significant sequence similarity, making it challenging to distinguish between 
mutations in the functional gene and pseudogene [65]. Additionally, recombinations 
between two genes, complicate identification and location of the specific mutations 
responsible for GD [66]. Therefore, MLPA verification, as well as careful molecular 
analysis to parse mutations in GBA1 from GBAP is required [67, 68]. Recently, long-
read NGS was used to sequence GBA1 and adjacent regions to identify individuals, 
carrying a recombinant allele [69]. According to research results, long-read NGS did 
not outperform pair-end short-read NGS, and still required orthologous confirma-
tory assay [69]. Thus, many clinical investigators prefer to order GBA1 PCR–RFLP, or 
Sanger dideoxy sequencing for patients suspected of having GD [62, 70, 71].

The genotype-phenotype relationship in Gaucher disease has been extensively 
studied. It was shown that the common variant p.L483P is associated with GD types 
2–3, while p.N409S mutation was found in GD type 1 [72]. Despite these findings, 
significant challenges remain in predicting the future disease course, particularly in 
infants. For this reason, continuous reassessment of variant classifications, as well as 
close monitoring of patients, is crucial to ensure accurate prognosis and appropriate 
medical intervention. This helps address the variability in clinical outcomes that can 
arise, even among individuals with the same mutations [73–75].

In recent years, there has been a significant advances in our understanding of 
GBA1 variants (as outlined in Table 1). The International Working Group on Gaucher 
Disease (IWGGD) has proposed standardized diagnostic procedures to improve 
consistency in GD management [76]. However, progress in establishing a robust 
genotype-phenotype relationship has been hampered by challenges such as inconsis-
tent data sharing and limitations in DNA banking within GD registry platforms [77].

With the availability of ERT for Gaucher disease, which provides partial therapeu-
tic effect, the importance of early diagnosis has grown. NGS, especially in newborn 
screening NGS, is now believed to be timely. The early diagnosis can help address 
critical issues like neurological dysfunction and prevent severe complications such 
as skeletal abnormalities and cytopenia [78]. Moreover, the link between glucocer-
ebrosidase gene mutation carrier status and the increased genetic risk for developing 
Parkinson’s disease emphasizes the importance of NGS-based carrier screening as a 
precision diagnostic test for making informed reproductive decisions [79].

4.4  Pathogenic variants in the GLA gene are causative for Fabry disease (FD) 
(ICD-11 code: 5C56.01)

FD is an X-linked lysosomal disease caused by a mutation in a gene called galactosi-
dase A gene (GLA), leading to a deficiency of the enzyme α-galactosidase A (AGAL). 
Enzyme deficiency leads to the accumulation of globotriaosylceramide (Gb3) primar-
ily affecting the kidneys, heart, and nervous system [80]. In hemizygous males, Fabry 
disease generally presents in two forms: classic form, with symptoms usually beginning 
in childhood or adolescence (e.g., corneal opacity, acroparesthesia, angiokeratomas, 
hypohidrosis) [81]. Symptoms may appear later in adulthood (late-onset form) and are 
usually associated with common pathogenic variant p.R112H (Table 1) [82].

Historically, heterozygous females were considered as asymptomatic carriers of 
X-linked disorders, as the presence of one normal X chromosome was thought to be 
sufficient to prevent the full expression of the disorder [83]. However, recent findings 
have shown that females can exhibit a wide range of clinical symptoms, including 
atypical presentations of FD with renal and cardiac pathology [84, 85]. Therefore, it is 
important to diagnose not only affected male newborns but also female carriers.
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To date, almost 1300 variants have been described, with 446 of them being 
pathogenic or likely pathogenic, and nearly the same number of VUS (Table 1) [86]. 
There were cases where familial FD was initially diagnosed based on biochemical 
test results. Later identified genetic variants that were previously classified as benign 
in older literature, were reclassified based on new evidence [87, 88]. Various ERTs 
are available to help mitigate myocardial fibrosis and renal complications in Fabry 
disease, underscoring the importance of NGS in precision diagnosis [89, 90].

4.5  Pathogenic variants in the ASAH1 are causative for Farber’s 
lipogranulomatosis (FRBRL) and related disorders

FRBRL is a disease linked to a deficiency in the enzyme acid ceramidase (ACD), 
which is encoded by the ASAH1 gene (N-acylsphingosine amidohydrolase) (Table 1). 
Pathogenic variants in ASAH1 can result in two extremely rare genetic disorders: 
FRBRL and Spinal Muscular Atrophy with Progressive Myoclonic Epilepsy (SMA-
PME) [91]. Recent research suggests that these two disorders may represent a spec-
trum of acid ceramidase deficiency conditions rather than entirely separate diseases 
[92, 93]. The NGS and detailed variant analysis are crucial in identifying disease-
causing genetic variants for ASAH1-related disorders, including well known, such as 
p.R153C and p.G307S [94]. There are more reports about novel mutations in ASAH1 
for SMA-PME (including p.P37T and p.T42M) [95–98].

FRBRL is classified as sphingolipidosis, although its molecular pathogenesis is not 
well understood. Traditionally, FRBRL was divided into 4 types, based on the age of 
onset:

• Classic, with symptoms appearing between 2 weeks to 4 months of age;

• Intermediate, which typically begins around 9 months of age;

• Mild disease, with symptoms emerging between 2 to 20 months of age;

• Neonatal visceral disease, where symptoms such as hepatosplenomegaly are 
present at birth due to massive histiocyte infiltration of organs like the liver and 
spleen, as well as the lungs, thymus, and lymph nodes [92, 99, 100].

The classic, intermediate, and mild forms of the disease often have symptoms of 
subcutaneous nodules, laryngeal abnormalities, painful joint contractures, and neu-
romuscular impairment [91]. In addition to molecular testing and NGS, histological 
analysis of tissue biopsies typically reveals granulomatous infiltration, foam cells, and 
lysosomes with characteristic comma-shaped, curvilinear tubular structures known 
as Farber’s bodies [101].

The body of knowledge surrounding the genetics of FRBRL/SMA-PME and 
ASAH1 mutations’ spectrum is continually expanding (Table 1) [102]. Functional 
studies of pathogenic variants, identified in cases of fetal demise, provided the 
insights into molecular pathogenesis, particularly highlighting the abnormal splicing 
caused by the c.458-2A > T mutation [103]. Additionally, mutational analyses using 
mouse models and functional studies in patient leukocytes have played a key role in 
clarifying why symptoms may vary among patients [98, 104]. As research advances, 
these disorders are likely to undergo reclassification. A deeper understanding of the 
genetic variants within the ASAH1 gene, alongside their biochemical mechanisms, 
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may lead to their organization into a unified category. This category would accurately 
reflect the shared enzyme deficiency responsible for these conditions, helping to 
streamline diagnoses and inform treatment approaches.

4.6  Pathogenic variants in the ARSA gene are causative for metachromatic 
leukodystrophy (MLD) (ICD-11 code: 5C56.02)

MLD is a sphingolipidosis that is characterized by the inability to degrade sul-
fatides, mainly the galactosyl-3-sulfate ceramides. It is caused by deficient activity 
of lysosomal enzyme arylsulfatase A, due to pathogenic single nucleotide variants 
(SNV) in the arylsulfatase A (ARSA gene) [105, 106]. This enzyme deficiency results 
in the accumulation of sulfatides (specifically cerebroside sulfate) within the lyso-
somes of oligodendrocytes and Schwann cells, leading to the progressive demyelin-
ation characteristic of MLD [107].

Patients can present symptoms in late infantile, juvenile, or adult age, which 
include psychomotor and cognitive decline (with various degrees of progression), 
seizures, and eventually, paralysis [108, 109]. Adult onset of MLD is often misdi-
agnosed as multiple sclerosis or other neurodegenerative and psychiatric diseases 
[110, 111]. It was noted that a spectrum of compound heterozygous mutations 
persists in consanguineous communities from various countries and regions of the 
world [112–114]. Rare variants identified by WGS include not only missense, but 
also in-frame duplications, and the pathogenic variants in other leukodystrophies 
genes (e.g., SUMF1, PSAP) [115–117].

Genetic testing for ARSA is now part of most NGS panels for diagnosing LDs, 
facilitating early diagnosis, and even presymptomatic screening of newborns as per 
recent consensus guidelines [118–120]. The algorithms, predicting the disease severity 
are under development, though they are not yet fully established [118]. While there is 
no cure for MLD, allogeneic stem cell transplantation is used as a treatment option to 
slow disease progression [121]. Given the genetic basis of the disease, genetic coun-
seling for families with affected children and NGS carrier screening of relatives are 
essential strategies for preventing of the disease in future generations [122, 123].

4.7  Pathogenic variants in the PSAP gene are causative for combined PSAP 
deficiency (CPSAPD)

CPSAPD is an ultra-orphan condition. All types of mutations, including deletions, 
insertions, splice site mutations, and missense mutations, were reported in PSAP 
(Table 1). The PSAP gene encodes prosaposin mRNA, which is processed and trans-
lated into four saposin proteins: A, B, C, and D [124]. A deficiency in these proteins 
disrupts the degradation of sphingolipids, leading to the pathological accumulation of 
these lipids within lysosomes, particularly affecting neurons [125].

CPSAPD has a complex phenotype that reflects the essential roles of saposins in 
sphingolipid metabolism. The disease is often misdiagnosed with atypical Gaucher, 
Krabbe, and other glycosphingolipid degradation disorders [126, 127]. The polymor-
phism in the PSAP gene is also linked to Parkinson’s disease [128, 129].

Given the intricate genetic factors underlying CPSAPD pathology and the frequent 
involvement of multiple genes (e.g., ARSA [117]), prioritizing NGS for differential 
diagnosis, as well as carrier screening for informed family planning and genetic risk 
assessment, is crucial.
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4.8 Genes affected in GM1, GM2 and GM3 gangliosidoses

Gangliosidoses are considered a subset of sphingolipidoses. Gangliosides are a 
specific type of sialic acid-containing sphingolipids with localization in neuronal 
membranes [130]. Gangliosidoses are characterized by excessive accumulation of 
specific gangliosides in the central nervous system [131]. Neurodegeneration usu-
ally progresses rapidly, resulting in a poor prognosis with patients rarely surviving 
into adulthood [132]. NGS testing can be used to identify mutations in the relevant 
genes, confirming the diagnosis of gangliosidoses and providing information 
about the specific subtype. Preconception genetic risk assessment is crucial for 
GM genetic counseling, as there is no cure for these disorders. The treatment is 
supportive (focusing on managing symptoms), or experimental and under inves-
tigation [133, 134].

4.8.1 Pathogenic variants in the GLB1 gene are causative for GM1 gangliosidosis

GM1 gangliosidosis is caused by mutations in the GLB1 gene, which encodes the 
enzyme β-galactosidase. Mutations in the same gene are also responsible for muco-
polysaccharidosis type IV (see subchapter 5.4.2). The deficiency in β-galactosidase 
leads to the accumulation of GM1 gangliosides (GM1G) in neurons, contributing to 
skeletal dysostosis and neurodegenerative symptoms of the disorder [135]. There are 
three subtypes of GM1 gangliosidosis based on the age of onset and severity: infantile, 
late infantile, and juvenile/adult forms [135, 136].

Variations in the nature and location of mutations within the GLB1 gene (as 
listed in Table 1) account for differences in the loss of enzyme activity. Location 
of these mutations within the gene’s functional domains directly impacts the 
enzyme β-galactosidase’s ability to degrade GM1G, leading to various levels of 
disease severity [137]. Mutations that disrupt regions essential for substrate 
processing typically result in more severe disease phenotypes (e.g., p.R201C, 
p.W273L, p.I51T). In contrast, mutations in less critical regions may cause milder 
forms of the disease (e.g., p.R457Q, p.T500A, p.N462K) [137, 138]. This variabil-
ity in mutations explains the range of clinical manifestations observed in GM1 
gangliosidosis.

Based on Next-Generation Sequencing (NGS) data and our understanding of 
GLB1 gene mutations, individualized gene therapy treatments are currently being 
tested in clinical trials NCT03952637 and NCT04713475. These trials are investigat-
ing the efficacy and safety of personalized gene therapies aimed to correct specific 
genetic defects in patients with GM1 gangliosidosis, utilizing gene transfer techniques 
to restore the function of the defective GLB1 gene [133].

Additionally, single nucleotide polymorphisms (SNP) in the GLB1 gene have been 
associated with other neurological disorders, including Alzheimer’s, Parkinson’s, and 
Huntington’s disease [138].

4.8.2 Genes affected in GM2 gangliosidoses

Two proteins are affected in GM2: 1. β-hexosaminidase A which is composed 
of one α-subunit (encoded by HEXA gene) and one β-subunit (encoded by HEXB 
gene), and 2. β-hexosaminidase B, consisting of two β-subunits (encoded by 
HEXB).
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4.9  Pathogenic variants in the HEXA gene cause Tay-Sachs disease (TSD) (ICD-11 
code: 5C56.00)

Mutations in the HEXA gene lead to a deficiency or complete absence of the 
HEX A enzyme (the α-subunit of β-hexosaminidase A). These mutations result 
in the accumulation of GM2 gangliosides within the neurons of the brain and 
spinal cord [139]. Progressive neurodegeneration, cherry-red spots in the macula, 
and persistent strabismus are hallmarks of TSD [140]. The onset, symptoms, 
and rate of progression depend on total hexosaminidase activity as well as func-
tional and structural imbalance between HEX subunits (HEX A and HEX B) 
[141, 142].

TSD is more commonly seen in people who are of Ashkenazi Jewish or French-
Canadian descent (males and females are equally affected) [143]. The frequency 
of pseudodeficiency may also be higher in these populations, thus representing a 
diagnostic conundrum estimating whether the proband is truly affected and what 
would be the expected onset of the disease [139]. A number of well-reported patho-
genic variants with clinical cases are cataloged in HGMD and ClinVar (Table 1) (e.g., 
p.R499C, p.R504H, p.R504C, p.M1T, p.Q106*, c.1073 + 1G > A, c.571-1G > T, etc.) 
[140, 144, 145].

The molecular pathology of TSD is complex, however, key mechanisms can be 
outlined as: 1) defects of enzyme folding, preventing it from adopting the correct 
conformation necessary for its function; 2) defects in enzyme chains assembly or 
misfolding that can disrupt the assembly process; 3) trafficking defects: misfolded 
proteins may be recognized by the cell’s quality control systems and targeted for 
degradation before they can reach the lysosome [146].

Prenatal and preconception genetic screening, as well as the screening populations 
at risk, are of utmost importance for TSD since there is still no cure for this deadly 
condition [147].

4.10  Pathogenic variants in the HEXB contribute to GM2 gangliosidosis 
(Sandhoff disease)

The Sandhoff disease caused by mutations in the HEXB gene that encode a 
β-subunit of β-hexosaminidase. In Sandhoff disease, both β-hexosaminidase A 
(which consists of α- and β-subunits) and β-hexosaminidase B (made of two 
β-subunits) enzymes are defective [148]. These mutations cause the accumulation of 
GM2 gangliosides and globosides in various tissues [149].

Newly discovered variants identified by NGS (e.g., homozygous frameshift 
p.A40fs*24 or gross deletion g.74012742_74052694del) have been reported in single 
case studies (Table 1) [150, 151]. Since the hexosaminidase A enzyme (described 
above) is composed of one α-subunit and one β-subunit, the mutations in the HEXB 
gene also lead to reduced or absent HEX A enzyme activity. Thus, both HEX A and 
HEX B activities, as well as the total hexosaminidase activity, are decreased depend-
ing on the severity of the mutations in the HEXB gene [152, 153]. The presence 
of pathogenic variants in other genes (e.g., MYH7) could complicate the clinical 
presentation and lead to overlapping or additional symptoms that are not solely 
attributed to Sandhoff disease [154]. This presents challenges in diagnosis, as variant 
classifications in either HEX gene alone cannot serve as the sole basis for clinical 
judgment. It requires the use of specific algorithms that incorporate both biochemi-
cal and genetic studies [155].
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4.11  Pathogenic variants in the GM2A gene contribute to GM2 gangliosidosis  
AB variant

The GM2A gene encodes for the GM2 ganglioside activator protein (GM2A, 
also GM2AP) (Table 1). This protein plays a crucial role in the metabolism of GM2 
gangliosides, acting as a substrate-specific cofactor for β-hexosaminidase A. The 
β-hexosaminidase hydrolyses GM2 gangliosides releasing GM3 gangliosides [137, 156]. 
GM2AP binds to GM2 gangliosides and presents them to HEX A, for degradation 
within the lysosomes [157].

GM2 gangliosidosis AB has about thirty documented cases in the literature with the 
combination of variants reported being p.K27* and p.P139S [158]. Patients with GM2 
activator deficiency exhibit symptoms of neurodegeneration, similar to TSD and Sandhoff 
diseases (typically presenting in early childhood), because this genetic defect affects the 
same metabolic pathway [138, 159]. Thus, biochemical analysis of HEX enzyme activities 
alone is not sufficient to diagnose GM2 AB [160–162]. Information on GM2 AB can also be 
found through the National Tay-Sachs and Allied Diseases Association websites (NTSAD).

4.11.1 Pathogenic variants in the ST3GAL5 gene cause GM3 gangliosidosis

Pathogenic variants in the ST3GAL5 gene (ST3 β-galactoside α-2,3-
sialyltransferase 5) cause sialyltransferase enzyme deficiency and GM3 gangliosidosis 
[163]. This enzyme adds sialic acid to glycoproteins and glycolipids, which is essential 
for the synthesis of GM3 gangliosides [164]. Loss of sialyltransferase function results 
in the accumulation of gangliosides (sphingolipids with sialic acid) in neurons, lead-
ing to developmental regression, intellectual disability, motor dysfunction, seizure, 
and choreoathetosis [165–167]. The most common pathogenic variant identified in 
the French, Pakistani, African American, and North American Amish populations, is 
p.R288Ter [163, 168]. As observed in other genetic conditions, the location of patho-
genic variants can greatly impact the level of residual enzyme activity [165, 169].

An alternative clinical form of GM3 gangliosidosis is the salt and pepper devel-
opmental regression syndrome (SPDRS), which presents with distinctive clinical 
symptoms [170]. The SPDRS is characterized by salt-and-pepper-like appearance 
of skin dyspigmentation along with progressive neurological decline [171]. Both 
conditions share a genetic cause but seem to differ in the mutational spectrum and 
their clinical presentation and progression [170, 172]. Future re-classification may 
group both conditions under a common name GM3 synthase deficiency (GM3SD) or 
ST3GAL5-related conditions, reflecting their shared biochemical basis [163].

4.12 Genes affected in sphingomyelinase deficiencies

Sphingomyelinases are a specific subset of sphingolipidoses that involve the abnormal 
metabolism and accumulation of sphingomyelin due to acid sphingomyelinase enzyme 
deficiency (ASMD), also known as Niemann-Pick disease types A, B, and C [173, 174].

4.12.1  Pathogenic variants in the SMPD1 gene are affected Niemann-Pick disease 
type A and B (NPA and NPB)

NPA and NPB are caused by mutations in the sphingomyelin phosphodiesterase 1 
(SMPD1) gene, leading to a decreased activity of lysosomal acid sphingomyelinase 
(ASM) [175]. The enzyme ASM is mainly present in lysosomes, where it hydrolyzes 
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the sphingomyelin (SM) to ceramide and phosphocholine. Different types of patho-
genic variants for NPA and NPB were described in the literature, with mutations 
ranging from missense to small and large indels [176–180].

The genetic nature of mutations for ASMD type A is more severe (e.g., nonsense and 
frameshifts which are classified as “pathogenic very strong” according to ACMG stan-
dards) [181, 182]. Clinical symptoms of NPA include an early onset of disease (infan-
tile), neurological involvement, muscular atrophy, and developmental delay [178, 179, 
183]. Laboratory findings in the bone marrow usually show lipid-laden foamy histiocytes 
in the bone marrow and macular cherry-red spots on the fundoscopic exam [179, 184].

In contrast, NPB usually manifests later in life with symptoms such as hepato-
splenomegaly (and occasionally adrenal enlargement) and abnormal hematological 
findings [185]. The most common SMPD1 variant associated with NPB is p.R610del 
[177, 186]. Many novel variants related to NPB have been discovered through NGS 
during differential diagnosis of unexplained hepatosplenomegaly [187–189]. Although 
combined mutations in SMPD1 and other genes are extremely rare, a few cases have 
been reported, such as mutations in the tyrosine hydroxylase gene, highlighting the 
significance of WES or WGS for accurate diagnosis [188, 190]. It is particularly impor-
tant to rule out acid sphingomyelinase deficiency in patients with suspected glucosylce-
ramidase beta deficiency (Gaucher disease). Both conditions can present with similar 
clinical symptoms, such as hepatosplenomegaly and other organ pathologies, making 
accurate diagnosis essential for proper management [191, 192]. NGS carrier screening is 
becoming more popular in countries where the prevalence of NPD A/B is high [186].

The introduction of recombinant human ASM (olipudase alfa, Xenpozyme®) in 
2022 is a significant advancement in treatment of ASMD, particularly type B, which 
primarily presents with non-central nervous system manifestations [193]. Olipudase 
alfa has been shown to reduce ASMD mortality and morbidity over a two-year treat-
ment period, underscoring the critical importance of early genetic diagnosis [194]. 
The global regulatory approval of this biologic agent has led to updates in disease 
management guidelines and recommendations for monitoring this phenotypically 
and genotypically complex condition [192, 195].

4.12.2 Pathogenic variants in the NPC1 and NPC2 cause Niemann-Pick disease type C

Mutations in the NPC1 or NPC2 genes disrupt the intracellular transport of choles-
terol and lipid within cells, leading to the pathological accumulation of these substances 
and resulting in the clinical manifestations of Niemann-Pick disease type C (NPC) 
[196]. These proteins (NPC intracellular cholesterol transporter 1 Niemann-Pick type 
C1 and C2) function together in the membranes of late endosomes and lysosomes [197]. 
NPC1 and 2 are essential for moving cholesterol out of lysosomes [198]. The disease is 
typically characterized by a progressive neurodegenerative course with symptoms that 
can include ataxia, vertical supranuclear gaze palsy, psychosis, dystonia, respiratory 
distress, hepatosplenomegaly, and in severe cases, neonatal death [199–204].

Approximately 2500 variants in the NPC1 gene have been documented, whereas 
fewer (285) have been reported in the NPC2 gene in databases such as ClinVar and 
HGMD (Table 1). This discrepancy could be related to a recent GWAS study indicat-
ing reduced fertility in heterozygotes for NPC2 mutations [205]. Lower fertility rates 
could lead to fewer carriers of NPC2 mutations, thereby decreasing the chance of two 
carriers having offspring with NPC. The diverse mutations in NPC1 and NPC2 genes 
result in a broad spectrum of phenotypic presentations [180, 206–211]. The detection 
of NPC1 or NPC2 mutations is frequently an incidental finding during NGS panel 
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workups for diagnosis of other LDs [212, 213]. Therefore, it is important to test both 
NPC1 and NPC2 genes for a conclusive genetic diagnosis [214]. Identifying novel 
mutations, and assessing genetic variants for pathogenicity based on the ACMG stan-
dards would strengthen the clinical utility of genetic testing and empower informed 
genetic counseling of affected individuals and their families [206].

Currently, there is no cure for NPC, and treatment remains symptomatic and 
supportive. Miglustat is a drug that inhibits ganglioside synthesis and has shown 
effectiveness in slowing the progression of neurological symptoms [215]. This drug is 
also approved for use in Gaucher disease [216]. On August 2, 2024, the FDA genetic 
metabolic diseases advisory committee (GeMDAC) voted favorably for the approval 
of the investigational drug arimoclomol for NPC treatment [217]. For more informa-
tion about NPC and updates on experimental treatments, readers are encouraged to 
visit the Hide and Seek Foundation for Lysosomal Disease Research and the Niemann-
Pick Disease Foundation (NNPDF) websites.

In summary, sphingolipidoses are rare monogenic diseases typically diagnosed at 
specialized medical centers. However, there is growing support from medical experts, 
non-profit organization, like National Organization for Rare Disorders (NORD), 
and patient advocacy groups to include these metabolic disorders in recommended 
newborn screening panels.

5.  Disorders of glycosaminoglycan metabolism

5.1 Genes affected in mucopolysaccharidoses (MPSs) (ICD-11 code: 5C56.3)

MPSs are a group of LDs caused by deficiencies in lysosomal enzymes responsible 
for the degradation of glycosaminoglycans (GAGs). These disorders result in accu-
mulation of GAGs (including keratan sulfate and chondroitin-6-sulfate), in various 
tissues throughout the body, leading to progressive multiorgan dysfunction and a 
wide range of clinical manifestations (Figure 1) [218]. The clinical manifestations 
of MPSs vary widely, ranging from severe infantile-onset forms with rapid progres-
sion to milder forms with symptoms appearing later in life [219, 220]. The severity 
and presentation of MPSs depend on the specific enzyme deficiency, the degree of 
enzyme activity, and the amount and distribution of accumulated GAGs [220]. GAGs 
are long sugar chains vital for the structure and function of tissues such as cartilage, 
skin, and the extracellular matrix [218].

There are 11 recognized subtypes of MPSs, each associated with deficiencies in 
specific lysosomal enzymes and characterized by distinct clinical features (Figure 1). 
All MPSs are considered rare, with estimated incidences ranging from 1 to 7 per 
100,000 live births depending on the country [221, 222].

While several common founder mutations have been identified in certain popula-
tions for some MPS types, the phenomenon of pseudodeficiency complicates diag-
nosis. Pseudodeficiency refers to genetic variants that reduce enzyme activity but do 
not cause clinical symptoms of MPS [223]. These variants can confound diagnostic 
testing and lead to false-positive results [223]. Therefore, biochemical assessment of 
GAG levels and enzyme activity is instrumental for confirming the diagnosis of MPS 
and distinguishing between true enzyme deficiencies and pseudodeficiency.

Brusius-Facchin et al. assessed the sensitivity and specificity of the NGS panel 
for detecting genetic mutations in patients with MPSs who had been previously 
diagnosed and genotyped by Sanger sequencing [224]. The NGS method identified 
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96% of the variants previously found with Sanger sequencing, confirming its high 
sensitivity, while no new variants were detected, ensuring 100% specificity, suggest-
ing NGS is suitable as the first-tier assay [224]. By implementing a two-tier diagnostic 
approach, workflow can be optimized: NGS can serve as the first tier screening tool, 
identifying potential genetic mutations associated with MPSs, followed by biochemi-
cal confirmation as the second-tier to validate the findings and provide a definitive 
diagnosis. This approach enhances the accuracy and efficiency of MPS diagnoses, 
which is important for timely intervention and management [224].

5.2  Pathogenic variants in the α-L-iduronidase (IDUA) gene are causative  
for MPS I

Pathogenic variants in the IDUA gene are implicated in Mucopolysaccharidosis 
type I (MPS I, ICD-11 code: 5C56.30), an autosomal recessive lysosomal disorder 
[225]. The IDUA gene encodes the enzyme α-L-iduronidase, which is essential for 
breaking down glycosaminoglycans (GAGs), specifically dermatan sulfate and 
heparan sulfate (Figure 1).

MPS I was historically classified into three subtypes - Scheie, Hurler-Scheie, 
and Hurler syndromes - based on the age of onset and severity of symptoms. MPS I 
exhibits a spectrum of phenotypes ranging from severe (classical) to intermediate 
and attenuated forms due to a wide range of α-L-iduronidase deficiencies [226, 227]. 
The disease involves multiorgan pathology and manifests with symptoms like coarse 
facies, valvular heart disease, corneal clouding, hepatomegaly, kyphosis gibbus, 
dysostosis multiplex, pigmentary retinopathy, and cognitive impairment, among 
others [228]. If left undiagnosed and untreated, MPS I can lead to fatal outcomes in 
infancy, underscoring the importance of public health initiatives that incorporate 
testing for IDUA enzyme deficiency using heel-prick dried blood spot screening 
methods [226]. In recognition of this need, MPS I disease was added to the USA 
Recommended Uniform Screening Panel (RUSP) in 2016.

A number of pathogenic variants have been identified and submitted to ClinVar, 
with 347 classified as pathogenic, 159 as likely pathogenic, and 672 as variants of 
uncertain significance (Table 1). Notable IDUA variants are presented in NCBI 
GeneReviews and peer-reviewed publications [229]. Different pathogenic vari-
ants in the IDUA gene confer various phenotypic manifestations of MPS I, with 
some variants leading to more severe disease manifestation than others [230, 231]. 
Homozygous missense mutations (p.A327P, p.W402C, p.R89Q, p.Q70E, p.G51D) that 
abrogate IDUA’s catalytic domain, as well as pathogenic truncating variants (p.Q70X, 
p.W402X) are typically associated with the severe and early onset of MPS I [232–235]. 
This form of the disease requires hematopoietic stem cell transplantation for treat-
ment [236]. There are over a hundred variants that contribute to an intermediate 
severity phenotype or late disease onset when present in compound heterozygosity 
[237]. The combination of variants with different levels of pathogenicity presents a 
diagnostic challenge [238]. A recent report described a biallelic genotype of nonsense 
and missense variants that produced an attenuated MPS I phenotype of a 38-year-old 
patient [239].

NGS is now considered a standard test, enabling early diagnosis and manage-
ment of MPS I in many countries [31, 240, 241]. Several public health institutions are 
utilizing dried blood spots for detecting pathogenic mutations in the IDUA gene as a 
second-tier test [240–244]. However, the presence of pseudodeficiencies in the IDUA 
gene poses significant challenges in screening healthy newborns using NGS [245].
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Combining biochemical data with NGS results helps to identify and catalog 
pseudodeficiency variants, which are typically associated with a modest reduction 
in IDUA enzyme activity and normal urine GAG levels [244, 246]. Several studies 
have identified pseudodeficiency variants, such as p.A79T and p.H82Q, as compound 
heterozygous with VUS or with each other [246, 247]. This co-occurrence leads to 
diagnostic uncertainty and necessitates patient follow-ups and continuous biochemi-
cal monitoring of urine GAGs throughout childhood [246]. Pseudodeficiency can also 
complicate treatment decisions. MPS I is currently managed using enzyme replace-
ment therapy (ERT), which involves weekly infusions of laronidase and can only be 
prescribed to those with a definitive diagnosis [248].

The accumulated genetic and phenotypic evidence from patient registries will enhance 
the diagnosis of MPS I based on reported genotype-phenotype relationships. In 2018, 
ClinGen (Clinical Genome Resource at NIH) established the first Lysosomal Diseases 
Variant Expert Panel (VCEP), which specifically focuses on IDUA gene variant classifica-
tions and submissions to ClinVar. This committee developed a variant classification stan-
dard operating procedure specifically tailored for analyzing variants in the IDUA gene.

5.3  Pathogenic variants in the iduronate 2-sulfatase gene (IDS) are causative for 
MPS II (Hunter syndrome)

Mucopolysaccharidosis type II (MPS II, ICD-11 code: 5C56.31), also known as Hunter 
syndrome, differs from MPS I in its genetic basis and mode of inheritance [249]. In MPS 
II, the affected gene is iduronate 2-sulfatase (I2S). The pathogenic variants are transmit-
ted via an X-linked recessive inheritance pattern [250]. MPS II symptoms are largely 
overlapped with other MPSs and include developmental delay, behavioral problems, 
coarse facial features, enlarged organs, hearing and vision loss, and joint stiffness, which 
makes differential diagnosis near impossible without knowing the genetic cause [227].

To date, 749 pathogenic variants, 302 likely pathogenic variants, and 173 VUS 
have been reported to ClinVar (Table 1). However, very few of these mutations are 
associated with early-onset forms of the disorder [251]. The attenuated forms of MPS 
II appear to be more common but are not detectable by biochemical methods at birth 
[251, 252]. Most missense mutations in the IDS gene are associated with the attenu-
ated form, which is characterized by a later onset of symptoms [253]. Recombination 
between the IDS gene and its pseudogene IDS2 can be detected via NGS, but confirma-
tory tests are required for validation and ongoing monitoring of late-onset cases [254].

Severe MPS II cases often involve frameshift deletions, such as c.1270delG, and 
whole exon deletions [224, 255]. RNA-sequencing analysis can validate rare splice-
junction defects and IDS-EOLA1 gene fusions, as reported in [256]. In an extremely 
rare case of Hunter syndrome in a female child reported by Semyachkina et al., a 
structural defect affecting the Xq28 region resulted in a hemizygous state for a muta-
tion inherited from the mother [257].

A recent study demonstrated that NGS is a more effective method than Sanger 
sequencing for detecting mosaic events in carrier mothers of MPS II patients, providing 
greater sensitivity and accuracy [258]. Unlike Sanger sequencing, which provides a cumu-
lative signal, NGS analyzes individual DNA read, making it easier to detect low level 
mosaicism in mothers, which is important for genetic counseling and estimation of the 
recurrence risk of transmitting the same mutation to male and female offsprings [258].

In summary, while clinical genetic laboratories can now accurately diagnose MPS II, 
predicting genotype-phenotype correlation remains a challenge [240]. Early diagnosis 
through genetic testing is highly advantageous, as demonstrated by the effectiveness of 
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early treatment with the FDA-approved ERT drug idursulfase for severe forms of MPS 
II [259]. Given the benefits of presymptomatic treatment, the US Secretary of Health 
and Human Services added MPS II to the RUSP in August 2022 [260].

5.4 Genes affected in mucopolysaccharidosis type III

MPS III is perhaps the most phenotypically and genotypically diverse type of MPSs. 
It is divided into four subtypes based on the affected genes, with each subtype having 
its unique biochemical and clinical features, depending upon the level of intracellular 
accumulation of heparan sulfate [220]. Despite these differences, all subtypes share 
common symptoms such as progressive neurodegeneration (including retinal degenera-
tion), developmental delay, intellectual disability, behavioral problems, sleep disorders, 
and skeletal abnormalities [261–263]. The severity and age of onset of symptoms can 
vary widely among affected individuals, even within the same subtype, contribut-
ing to the observed phenotypic and genotypic diversity in MPS III [261, 264]. Novel 
pathogenic and pseudodeficiency alleles are reported regularly in the literature and 
databases like HGMD or ClinVar (Table 1) [265]. Although there are ongoing pharma-
cological research efforts to test novel therapeutics for MPS III, no treatments have been 
approved yet. Currently, most patients do not survive beyond adolescence, underscor-
ing the importance of carrier screening and early diagnosis through NGS [266, 267].

5.4.1 Pathogenic variants in the SGSH are causative for MPS IIIA (Sanfilippo type A)

Mutations in the N-sulfoglucosamine sulfohydrolase (SGSH) gene underlie the 
pathology of MPS IIIA (ICD-11 code: 5C56.32). A total of 242 clinically significant 
mutations (classified as pathogenic/likely pathogenic variants) are listed for the 
SGSH gene in ClinVar (Table 1). Interpretation of these variants can be challenging, 
particularly in the absence of clear disease phenotypes [268–270]. Although bio-
chemical tests are valuable for diagnosis of MPS IIIA, they have challenges such as the 
limited availability of enzyme testing (in blood leukocytes or fibroblasts), which is 
typically offered only in centralized laboratories performing NGS [271].

Collecting and storing comprehensive clinical data, including genotype-phenotype 
correlations, treatment outcomes, and disease progression, is also challenging [222]. 
Without robust data collection and storage mechanisms, accurately correlating specific 
SGSH gene mutations with the clinical manifestations of MPS IIIA remains difficult [270].

5.4.2 Pathogenic variants in the NAGLU are causative for MPS IIIB (Sanfilippo type B)

Mutations in the NAGLU gene, which encodes α-N-acetylglucosaminidase, result 
in MPS IIIB disorder. A total of 1276 variants have been reported in the NAGLU 
gene in ClinVar (Table 1), of which 170 are classified as pathogenic and 132 as likely 
pathogenic. Various compound heterozygous mutations have been documented (e.g., 
p.W168Ter/p.M1?) [272]. Certain mutations are associated with earlier onset or more 
severe symptoms, while others may lead to milder or atypical forms of the disease 
[273–275]. Severe forms of the disease are often linked to consanguinity within 
families, making segregation analysis valuable for identifying carriers in extended 
family members [276]. Several case reports describe the co-inheritance of mutations 
in NAGLU and other genes like CYP26B1 or GCDH, which were detected by WES 
[277, 278]. This underscores the importance of WES in diagnosis of MPS IIIB and rare 
diseases in general. As our understanding of NAGLU mutations grows and genetic 
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test interpretations become more refined, clinicians may be able to diagnose MPS IIIB 
shortly after birth, allowing for early intervention and management [279].

5.4.3  Pathogenic variants in the HGSNAT are causative for MPS IIIC  
(Sanfilippo type C)

The HGSNAT gene encodes heparan-α-glucosaminide N-acetyltransferase. 
Mutations in this gene are responsible for MPS IIIC (Table 1). Sanfilippo type C is 
characterized by early-onset progressive neuronal demyelination caused by accumula-
tion of intracellular heparan sulfate [280, 281]. ClinVar has documented submissions 
for 1258 mutations in the HGSNAT gene, including pathogenic, likely pathogenic, 
and variants of uncertain significance (VUS) (see Table 1). The largest proportion of 
pathogenic mutations are a missense variants; however, recent NGS studies identified 
numerous splice variants, frameshifts and small pathogenic deletions [265, 282–284]. 
Additionally, mutations in the HGSNAT gene are associated with late onset nonsyn-
dromic retinitis pigmentosa (RP) [285–287]. Several RP-specific alleles have recently 
been reported, that are different from those identified in MPS IIIC [282, 283, 288, 289].

As more individuals undergo genetic testing for MPS IIIC, the accuracy of variant 
classification is expected to improve. Asymptomatic individuals can be identified through 
carrier screening. Early identification of carriers can benefit the genetic counseling when 
planning a family, especially in regions with high rates of consanguinity [265, 284].

5.4.4 Pathogenic variants in the GNS are causative for MPS IIID (Sanfilippo type D)

MPS IIID is an ultra-rare disease characterized by the accumulation of partially 
degraded heparan sulfates in lysosomes, leading to cellular damage, particularly 
affecting neurons [290]. There are few well-described variants in the GNS gene 
(N-acetylglucosamine-6-sulfatase) that cause the MPS IIID disease, as recorded in 
ClinVar (Table 1) [265, 291]. These variants often cluster within specific families 
[291, 292]. Currently, there is no treatment for MPS IIID, but preclinical studies have 
shown some promise for ERT using recombinant human α-N-acetylglucosamine-6-
sulfatase in a mouse model [293]. The development of biochemical newborn screen-
ing test for MPS IIID is currently in progress [294]. In the meantime, NGS may play a 
crucial role in empowering family planning through GNS carrier screening analysis.

5.5  Genes affected in MPS IVA, MPS IVB, MPS VI, MPS VII, and MPS IX.  
(ICD-11 code: 5C56.3Y)

Like MPS I, these MPS subtypes are also inherited in an autosomal recessive 
fashion [265]. Cases of these MPS subtypes tend to co-segregate within families and 
share similar clinical profiles and phenotypes, with occasional multigenic nature 
[295]. Symptoms of MPSs IV-IX are similar and include skeletal abnormalities, joint 
laxity, short stature, corneal clouding, organomegaly, and potentially life-threatening 
complications affecting the respiratory and cardiovascular systems [265].

Biochemical tests are unable to differentiate between these MPS subtypes due to 
the similar accumulation of partially degraded GAGs within lysosomes (e.g., hyaluro-
nan, chondroitin-, keratan-, or dermatan- sulfates) [295]. Knowledge about variant 
pathogenicity for these forms of MPSs is limited. Therefore, sequencing of the patient 
and parents (trio sequencing) is the only way to identify causative pathogenic vari-
ants, particularly those in a compound heterozygous state.
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5.5.1 Pathogenic variants in the GALNS are causative for MPS IVA (Morquio A)

The mutational spectrum of the galactosamine-6-sulfatase (GALNS) gene, 
associated with MPS IVA (Morquio syndrome type A, ICD-11 code: 5C56.32), is broad 
(see Table 1). Mutations in the GALNS gene lead to a dysfunction or loss of activity 
of the GALNS enzyme, which results in severe or attenuated phenotypes [296]. With 
the rapid implementation of NGS in clinical laboratories, numerous mutations have 
been identified in patients worldwide [297–299]. Certain mutations in the GALNS 
gene have been recorded at higher frequencies than others, suggesting the possibility 
of founder effects [298, 300]. Very rarely, the second pathogenic variant may not be 
detected through standard DNA sequencing [301]. In such cases, next-generation 
mRNA sequencing can be used to identify multiple splicing RNA isoforms, particu-
larly when mutations are located in deep intronic regions that affect splicing [301]. In 
fact, the deep intronic variant c.128_138delGCGATGCTGAG (p.Gly43Aspfs*5) was 
identified as common in the mild form of MPS IVA [299]. Dual gene mutations (e.g., 
GALNS and BTD, Biotinidase) have been reported to present with a combination of 
symptoms from both conditions and demonstrate a strong segregation component 
[265]. Studies employing both mutational and segregation analyses contribute to our 
understanding of the molecular basis of MPS IVA [302]. Also, collected data could 
help uncover the complex interplay between genetic variation, population history, 
and variation in disease phenotype [299]. Early diagnosis and access to ERT treatment 
is imperative to maintain quality of life for these patients.

5.5.2  Pathogenic variants in the GLB1 are causative for MPS IVB  
(Morquio B disease) and GM1 gangliosidosis

Mutations in the GLB1 gene lead to the development of MPS IVB and/or GM1 
gangliosidosis [303]. GLB1 encodes β-galactosidase, which plays a role not only in 
degradation of GAGs but also gangliosides and oligosaccharides [304–306]. The dual 
pathology arises from a deficiency of the β-D-galactosidase enzyme, resulting in 
the accumulation of ganglioside GM1 and keratan sulfates [307, 308]. A key clinical 
distinction of MPS IVB (and IVA) is that cognitive function is typically unaffected, 
unlike MPS types like MPS I, II, or III, where neurological symptoms are common. 
When keratan sulfate accumulation is dominant, patients are diagnosed with MPS 
IVB, which is characterized by pronounced dysostosis multiplex [309, 310].

Few well-described variants in GLB1 have been reported (18 likely pathogenic and 
64 pathogenic, Table 1) as associated with both MPS IVB and GM1 [304]. One of the 
most common mutations associated with MPS IVB is the p.W273L, frequently found 
among European MPS IVB patients [303, 305]. Additionally, variants like p.T500A 
and p.R201H have only been detected in patients with MPS IVB, suggesting the exis-
tence of genotype-phenotype correlations [222]. Therefore, considering biochemical 
results and prioritizing screening for clinically relevant variants, can help differenti-
ate MPS IVB from GM1 [222, 304, 307].

5.5.3  Pathogenic variants in the ARSB mutations are the genetic cause of MPS VI 
(Maroteaux-Lamy syndrome)

MPS VI is also known as Maroteaux-Lamy syndrome (ICD-11 code: 5C56.33). It 
is caused by mutations in the ARSB gene that lead to a deficiency or malfunctioning 
of the arylsulfatase B enzyme, which is involved in the breakdown of GAG dermatan 
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sulfate [311]. Like MPS IV, individuals with MPS VI generally have normal intelli-
gence, but have short stature and more prominent skeletal deformities.

The data on ARSB variants in ClinVar and HGMD is very limited (Table 1). In 
some segregations, certain mutations in the ARSB gene are more prevalent, many 
of which are missense, nonsense, or small deletions [31, 271, 311–315]. Mutations in 
ARSB translational start site and deep intronic regions were reported to cause the 
disease, highlighting the importance of WGS in improving the diagnostic rate of these 
rare disease-causing variants [316, 317]. The most common alleles are p.L321P (in the 
Turkish population) and p.Y251* (in the Arabic population) [318]. Diagnosis typically 
involves NGS panel testing, along with measuring GAG levels in urine and the activity 
of the arylsulfatase B enzyme in blood or fibroblasts [319]. However, early diagnosis is 
important for managing symptoms with the ERT drug galsulfase, marketed under the 
brand name Naglazyme [319].

5.5.4 Pathogenic variants in the GUSB are causative for MPS VII (Sly syndrome)

MPS VII, also known as Sly syndrome, is a very rare disease caused by mutations 
in the GUSB gene, which encodes the enzyme β-glucuronidase [320]. This enzyme 
plays a crucial role in processing GAGs, such as dermatan sulfate and heparan sulfate 
[321]. The onset of symptoms is documented in infancy or later in childhood, and 
the severity of MPS VII can range from mild to life-threatening (hydrops fetalis), 
depending on the degree of enzyme deficiency [321].

The mutational spectrum of the GUSB gene associated with MPS VII is diverse 
(Table 1). A various types of mutations are identified, linking to the most severe form 
of MPS VII such as prenatal nonimmune hydrops fetalis and fetal demise (e.g., homo-
zygous p.R36L, or p.A442T) [322, 323]. The musculoskeletal, neurological, sensory, 
cardiac, and respiratory features of MPS VII are similar to the other MPSs [324–328].

102 pathogenic mutations were described in the GUSB gene (see Table 1), includ-
ing missense/nonsense mutations, splicing mutations, regulatory mutations involv-
ing CpG islands, as well as small deletions and gross deletions [321, 329, 330]. The 
spectrum and frequency of these mutations can vary based on the geographic and 
ethnic background of the patients’ population. The missense p.L176F was reported as 
the most frequent worldwide [331, 332]. Pseudodeficiency alleles and de novo muta-
tions have also been described [26, 323].

Identifying and sharing pathogenic GUSB variants is important due to the life-threat-
ening nature of MPS VII [333]. Prenatal and newborn NGS testing is recommended for 
affected families, as it could facilitate the early treatment with recombinant vestronidase 
alfa, which has demonstrated effectiveness in phase 3 clinical trials [333, 334].

5.5.5 Pathogenic variants in the HYAL1 are causative for MPS IX (Natowicz syndrome)

MPS IX is caused by mutations in the hyaluronoglucosaminidase 1 gene (HYAL1), 
which is involved in the breakdown of hyaluronic acid [335]. Information on mutations 
in MPS IX is limited due to an extremely rare nature of the disease (Table 1). MPS IX 
is often diagnosed in the context of familial juvenile idiopathic arthritis [88].  
Genetic testing is crucial for confirming a diagnosis of MPS IX, especially in cases 
where clinical manifestations are ambiguous or overlap with other conditions. 
Understanding the genetic basis of MPS IX and identifying specific mutations, in the 
HYAL1 gene, are essential for accurate diagnosis, genetic counseling, and potential 
future therapeutic interventions for affected individuals and their families.
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In conclusion, significant progress has been made in understanding the genetic 
mechanisms underlying MPS disorders. Clinical genetic laboratories rely on expert vari-
ant curators to evaluate and classify the pathogenicity of novel variants based on ACMG 
guidelines and FDA-recognized classification frameworks [336]. The classification of 
MPS disorders continues to evolve. While labels like MPS V and MPS VIII have been 
retired and are no longer associated with any conditions, most MPS disorders are now 
considered clinically actionable. This indicates that identifying genetic variants associ-
ated with these diseases enables early clinical intervention, effective management strate-
gies, or informed decision-making, which can improve the patient’s health outcomes. 
Furthermore, new types of MPS are expected to be identified, supported by findings 
from animal models (e.g., ARSK deficiency-related MPS [337], or VPS33A gene-related 
MPS-plus syndrome [338]). These conditions are anticipated to be described in humans 
as NGS becomes increasingly accessible [337]. More information can be found on the 
National MPS Society (UK) and Hunter’s Hope Foundation websites.

6.  Precision genetics, future perspectives

The gene-to-disease approach for diagnosing genetic conditions, including LDs, is 
gaining popularity due to its cost-effectiveness and potential to improve patients’ qual-
ity of life [339]. WES and WGS are increasingly ordered by physicians as diagnostic and 
screening tools because they can identify genetic variations linked to nearly 10,000 rare 
inherited conditions (see Orpha.net website) [340]. NGS tests for SLDs and MPSs, offered 
by private genetic services as part of LD or carrier screening panels, provide comprehen-
sive genetic insights for affected individuals and their families. In addition to enhancing 
diagnostic capabilities, these panels support personalized management strategies [18, 341].

To facilitate the widespread use of NGS panels, WES and WGS for diagnosis 
of germline diseases, cross-laboratory standardization is essential for both NGS 
techniques and variant pathogenicity interpretation [342, 343]. In 2024, the FDA 
published its final ruling on the oversight of Laboratory Developed Tests (LDTs), 
including NGS tests, marking a significant shift in regulatory policy [344]. This new 
framework will be implemented over a five-year period, divided into five stages [345]:

“Stage 1 (Effective 05/2025): Laboratories must comply with requirements for 
medical device reporting, correction and removal reporting, and complaint file 
management.

Stage 2 (Effective 05/2026): New requirements for establishment registration, 
device listing, labeling, and investigational use of LDTs will be enforced.

Stage 3 (Effective 05/2027): Laboratories must implement a compliant quality 
system, including auditing, design controls, and risk management.

Stage 4 (Effective 10/2027): Premarket review requirements for high-risk (Class 
III) IVDs offered as LDTs must be met.

Stage 5 (Effective 05/2028): Premarket review requirements for moderate- and 
low-risk IVDs offered as LDTs must be met.”

The FDA will continue to allow some discretion in enforcement, particularly for 
NGS-LDTs used in integrated healthcare systems or those approved by New York 
State’s Clinical Laboratory Evaluation Program (CLEP). This flexibility will help 
laboratories transition smoothly to the new regulatory framework without disrupting 
patient care [345, 346].

New regulatory requirements also underscore the need for uniformly reporting 
actionable genetic variants, differentiating between clinically significant (deleterious) 
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variants and potentially relevant variants like VUS. As mentioned above, germline 
variant interpretation is currently guided by the ACMG and AMP [28]. The expand-
ing ClinGen projects aim to build and support a robust infrastructure for interpret-
ing genetic variants within the context of human health and disease [347]. Within 
ClinGen, Clinical Domain Working Groups (CDWGs) focus on specific areas of clini-
cal genetics, such as cardiovascular diseases, hereditary cancers, and inborn errors of 
metabolism, including lysosomal disease gene curation panels [347, 348].

The systematic collection and storage of genetic and clinical data are crucial for 
understanding genetic disease progression and informing treatment strategies. One such 
initiative is the Genome Connect patient registry, integrated into ClinGen, which encour-
ages affected families to share de-identified data with laboratories. This data-sharing 
effort helps refine variant classification and promotes collaboration among laboratories 
to resolve conflicting interpretations in ClinVar, ultimately aiming for consensus and 
better diagnostic accuracy. For more information, visit the Genome Connect website.

7.  Conclusion

Looking forward, the establishment of regulatory standards, coupled with advance-
ments in bioinformatic automation and AI-driven variant interpretation, will transform 
precision medicine [349]. Improved models that integrate genetic, biochemical, and 
clinical data will fill existing gaps in the early diagnosis and treatment of lysosomal 
diseases [350]. As these innovations continue to mature, they will lead to more effective 
personalized therapies, earlier interventions, and better overall patient outcomes.
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Chapter 5

Prevention of Neurological 
Sequels in Infants with Perinatal 
Brain Damage Using Katona’s 
Neurohabilitation Procedure
Thalía Harmony

Abstract

We aim to describe evaluations and early treatments to prevent neurological 
sequels in the outcome. Preterm and term infants with prenatal and perinatal risk 
factors for perinatal brain damage were studied. MRI examinations showed that 80% 
of these infants with risk factors have abnormal structural brain findings suggest-
ing brain damage. This fact suggested that they must be treated as soon as possible. 
Katona’s neurohabilitation procedure was described, and the results obtained with 
different samples of term and preterm infants showed that its application prevented 
neurologic sequels. The outcome for the infants between 70 and 80% was favorable. 
The conclusion was that infants with prenatal and perinatal risk factors for brain 
damage should be treated immediately.

Keywords: perinatal brain damage, prenatal risk factors, perinatal risk factors, MRI, 
Katona’s therapy

1.  Introduction

Perinatal brain damage (PBD) is a term used for brain lesions observed in term 
and preterm newborns. The main pathologies are hypoxic-ischemic encephalopathy 
(HIE) and encephalopathy of prematurity (EOP). The effects of these pathologies 
on the brain are very different and characterized by neurological sequels, such as 
cerebral palsy (CP) and other motor insufficiencies, sensorial (blindness, deafness), 
perceptual and cognitive problems (intellectual retardation, learning difficulties, and 
attention problems), and adverse neuropsychiatric development [1]. The most severe 
sequel is CP, characterized by motor and mental deficiencies. However, there are 
other motor sequels, such as deficits in coordination and minor motor difficulties. The 
most frequent cognitive deficit is attention deficit hyperactivity disorder (ADHD).

Evidence suggests that brain development may be particularly vulnerable to 
factors such as maternal nutrition, infection, and stress during pregnancy. This 
review discusses how maternal factors can affect brain development and outcomes in 
offspring.



Selected Topics in Prenatal and Neonatal Diagnoses

104

The literature states that perinatal brain lesions and neurodevelopment problems 
are frequently due to prenatal and perinatal risk factors [2, 3]. Chorioamnionitis has 
been associated with a higher risk for hypoxic-ischemic encephalopathy (HIE) and 
cerebral palsy (CP) in both preterm and term-born neonates. In addition, maternal 
stress and inflammation during any trimester, in the absence of direct fetal brain 
infection, can negatively affect neurodevelopmental outcomes [4].

Unfortunately, these antecedents in the presence of apparently “normal” new-
borns are often dismissed in the newborn period and not considered for a follow-up 
of the child. This occurs in many undeveloped countries or some populations of rich 
countries. Late clinical observations by parents or medical professionals, as delays 
in developmental milestones, are the first elements to diagnose the brain lesion. It is 
too late to make use of brain plasticity. Brain plasticity decreases after the newborn 
period, while the brain lesions are not yet clinically expressed (See Figure 1).

Therefore, there is a period when brain plasticity is high, and the lesion has not 
been expressed to begin the therapy. This period is used in Katona’s therapy [5].

To dismiss the presence of antecedents of risk factors and begin therapy once the 
lesion is clinically expressed (delayed presence of developmental milestones) are one 
of the causes of the high rate of neurologic disabilities due to these factors. A report 
on the global prevalence of disabilities among children and adolescents [6] born 
before 33 weeks of gestation indicates that 291.3 million (11.3%) children younger 
than 20 years have mild-to-severe disabilities, according to [7].

Perinatal brain injury affects infants born at all gestational ages, but its incidence 
and morbidity increase with decreasing gestational age [8–10]. In another meta-anal-
ysis, preterm infants were found at an increased risk for language, cognitive, sensory, 
and motor deficits [11]. Other causes of brain traumas are due to improper obstetric 
instrumental techniques such as forceps delivery and vacuum extraction. These pro-
cedures increase the ease of the descendant baby during labor but may produce brain 
injuries [12, 13]. These obstetric errors may be attributable to poor health services and 
lack of mothers’ education.

Figure 1. 
This figure shows the trend of brain plasticity (red line) and the clinical expression of the lesion (blue line). The 
x-axis shows the infant’s age in months, and the y-axis shows the intensity of these processes. During the first three 
months, the diagnosis or findings of antecedents of prenatal or perinatal risk factors for brain damage should be 
made. Katona’s neurohabilitation therapy should begin, which ends when the infant’s independent walking is 
reached.
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1.1 Prenatal and perinatal risk factors

In recent years, the survival of preterm newborns has increased due to advanced 
medical procedures; however, this has resulted in a rising number of infants with 
long-term developmental problems. Preterm infants are at considerably increased risk 
of mortality as well as respiratory and non-respiratory morbidity. Equally, there is 
evidence that these infants may be at increased risk of long-term neurocognitive and 
behavioral problems and reduced school performance [14].

In a recent review by [4], acquired brain injuries during the different trimesters of 
pregnancy and in the postnatal brain are referred to. White matter injury and germi-
nal matrix hemorrhage/intraventricular hemorrhage in preterm infants and hypoxic-
ischemic encephalopathy in term infants are the main pathologies studied by these 
authors. During the first trimester, it is very important to ensure maternal health. 
Infections may affect the placenta and fetal neurodevelopment, producing neural 
tube defects in 0.74 per 1000 births. Folate deficiency is the main nutritional risk fac-
tor for neural tube defects, which can be prevented by prenatal folate intake. During 
the second trimester, the cerebral cortex is formed, and insults such as maternal 
alcohol use, tobacco, or other drugs of abuse in utero may produce cortical structural 
alterations. These facts may also alter the development of the corpus callosum. In the 
third trimester, myelination, synaptogenesis, and axonal pruning begin. Fetal brain 
infarcts or hemorrhages produce severe structural defects. Maternal infections can 
lead to neonatal encephalopathy [4].

Prolonged labor lasting more than 20 hours for the first delivery and more 
than 14 hours in those who have previously given birth, fetal distress, and 
perinatal asphyxia are other factors that may produce fetal brain deficiencies. 
Congenital neural tube anomalies are also due to multifactorial causes, including 
prenatal and perinatal risk factors [15]. Other important prenatal and perinatal 
risk factors for perinatal brain damage are the mother’s age, previous abortions, 
toxemia, growth restriction in utero, lower weight at birth for the gestational age, 
congenital heart anomalies, anemia, necrotizing enterocolitis, and respiratory 
distress [16].

Lower Apgar Score (<7) affects neurodevelopment in infants born small for 
gestational age [17], and it is used routinely to detect problems in newborns.

In 2017, [18] published a Table of prenatal and perinatal risk factors in 262 infants 
from 25 to 40 weeks of gestational age (WGA). In the groups of 25 to 27 and 28 to 29 
WGA, the most frequent factors were sepsis, asphyxia, and very low weight at birth 
(VLW). From 30 to 31 WGA, toxemia, VLW, and metabolic problems were the most 
frequent. Maternal infections, VLW, asphyxia, and sepsis were frequently observed 
between 32 and 34 WGA. At term, maternal infections and asphyxia were the most 
frequent risk factors.

We may conclude that following mothers during gestation and newborns dur-
ing labor is very important. Now, according to [19], “pregnancy-related deaths and 
diseases remain unacceptably high. In 2015, an estimated 303,000 women died from 
pregnancy-related causes, 2.7 million babies died during the first 28 days of life, and 
2.6 million babies were stillborn. While substantial progress has been made over the 
past two decades, increased access to, and use of, higher-quality health care during 
pregnancy and childbirth can prevent many of these deaths and diseases, as well 
as improve women and adolescent girls’ experience of pregnancy and childbirth. 
Globally, however, only 64% of women receive antenatal care four or more times 
throughout their pregnancy”.
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1.2 MRI findings

The term “encephalopathy of prematurity” refers to encephalic gray mat-
ter abnormalities and WMA in preterm infants during the perinatal period [20]. 
Periventricular Leukoencephalopathy (PVL) and neuronal axonal injury are the 
hallmarks of this condition [21, 22].

Enlarged extracerebral space is a relatively common abnormal finding. In 2003, 
[23] found that very preterm infants with moderate-to-severe disability at 12 months 
of age (based on clinical examination) had reduced cortical and subcortical gray mat-
ter volumes and increased cerebrospinal fluid volumes compared to infants without 
disability or with mild disability. Enlarged extracerebral space is a relatively common 
abnormal finding. Anderson [24] described that in the 1998–2000 Christchurch 
cohort, 51% of very preterm infants had a mild enlargement of the extracerebral 
space, while 17% had a moderate-to-severe enlargement Figure 2.

MRI findings in extremely and very preterm showed that 50–80% have diffuse 
white matter abnormalities (WMA), which have been related to significant neuro-
logical and psychological deficits [25–27]. In preterm infants, MRI findings include 
diffuse and cystic white matter abnormalities, germinal matrix hemorrhage / intra-
ventricular hemorrhage, neuronal loss, and gliosis of the gray matter (subcortical 
gray matter and cerebellum are the most affected). For a review visit [27].

Another characteristic of MRI in preterm babies is the volume decrease of the 
corpus callosum, as shown in Figure 3.

1.3 Katona’s neurohabilitation

Katona [5] proposed the term neurohabilitation to differentiate it from rehabilita-
tion. The main difference is that neurohabilitatory treatment should begin before the 
sequels of the lesion have been established, during the first 1–4 months after birth, 

Figure 2. 
Longitudinal and sagittal MRI of a preterm child of 27 weeks of gestational age. The enlargement of the lateral 
ventricles can be observed. The volume of the right lateral ventricle is 32.28 cm3 and 39.36 cm3 of the left lateral 
ventricle.
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to try to decrease or abolish the neurological sequels that perinatal brain damage may 
produce.

This procedure is both diagnostic and therapeutic. It evaluates muscle tone, body 
symmetry, attention, eye tracking, and auditory monitoring.

According to Katona [5], the therapy uses “elementary motor patterns,” which are 
human-specific and present from 24 weeks of gestational age to 6 months. These early 
integrated complex movements are chains of processes in which the neck, trunk, and 
extremities perform complex and continual movements in certain repetitive patterns. 
These motor patterns have high organization, persistence, and stereotypy [28]. The 
developing subcortical structures control these movements. They can be activated by 
determined head and body positions that trigger the activation of the vestibular nuclei 
and their projections to the spinal cord, reticular formation, thalamus, cerebellum, and 
basal ganglia, whose tracts are already myelinated. Later, all these structures project 
into the sensorimotor cortex by myelinated axons [29]. Figure 4 shows the neural path-
ways after the activation of the semicircular channels by the movements of the head.

A therapeutic program consists of training a series of neuromotor patterns each 
day for a certain time. Katon described 40 maneuvers to trigger the elementary 
motor patterns. The different positions to generate the specific neuromotor patterns 
are described in [30]. The repeated generation of these movements produces brain 
engrams that improve motor development. At the initiation of the treatment, special-
ized therapists conducted the Katona evaluations to obtain a diagnosis and to program 
5 to 6 maneuvers that parents should learn to apply to their infants at home during the 
first month of therapy. After a month, the therapist evaluates the infant and selects 
the maneuvers for the next month, and this happens every month until the infant 
reaches independent walking. The therapy is intensive and specific for each infant.

Three to five maneuvers (as shown in Figure 5) are repeated five to six times in 
one therapeutic session that lasts 45 minutes and should be repeated 3 or 5 times daily. 
Parents learn how to perform the exercises correctly since they will treat the infant at 

Figure 3. 
Sagittal MRI of two infants at one-year-old. A corresponds to a normal child with adequate corpus callosum 
volume. B is the image of a preterm infant (32 weeks of gestational age) with a small corpus callosum volume.
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home. Therapy must be integrated into the infant’s schedule and divided into periods 
according to sleeping and wakefulness patterns and feeding and nursing schedules. 
Each month, the infant was examined, evaluating both motor performance and visual 
and auditory attention and the ages at which the infant mastered various develop-
mental milestones Figures 5 and 6.

2.  Results

In the Neurodevelopmental Research Unit, where we work with infants, we perform 
multidisciplinary evaluations of the infants. The inclusion criteria are a corrected age 
(CA) of 2 months or less and prenatal and/or perinatal risk factors for brain damage. 
The exclusion criteria are genetic factors associated with brain damage, cardiovascular 
pathology, brain malformations, and/or chromosomal aberrations. In the first step, a 
pediatrician confirms these criteria. Immediately and in parallel, the multidisciplinary 
evaluations (pediatric, neuropediatric, psychological, electrophysiological (EEG, visual, 
and auditory evoked potentials), and brain MRI) and Katona’s therapy begin. We follow 
up with infants up to 8 years old. During this period, several multidisciplinary evalua-
tions are done. If, in those evaluations, some motor, sensory, and/ or cognitive incapacity 
is detected, it is immediately treated. Figure 7 shows the different steps.

Figure 4. 
Different positions of the head activate the semicircular channels (SC) that send afferent fibers by the VIII 
pair (Vestibular nerve, VN) to the vestibular nuclei (L, SP, S, M) in the medulla oblongata. These nuclei send 
descendant fibers to the spinal cord (LVST and MVST) and ascendant fibers to the nuclei of the abducens nuclei, 
the oculomotor nuclei, the cerebellum, and the thalamus. The Centro median thalamic nuclei send projections to 
the striatum and the cortex.
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Figure 5. 
Katona’s positions for verticalization of the body. In the upper images are shown how the therapist should place 
his/her hands to activate the vertical position of the baby. The lower images show the other hand positions in the 
inferior extremities of the baby to obtain the “sitting in the air” position.

Figure 6. 
Positions of the baby and hands of the therapist to improve crawling in a horizontal plane and in an ascendent 
ramp. It is also shown how the therapist helps the infant up a step.



Selected Topics in Prenatal and Neonatal Diagnoses

110

Figure 7. 
This figure shows the main steps followed by the Developmental Research Unit (Unidad de Investigación en 
Neurodesarrollo, UIND) for the multidisciplinary evaluation and treatment of infants and their follow-up.

The results of applying Katona’s neurohabilitation have shown in several infant 
samples that it prevents neurological and cognitive sequels in infants with prenatal 
and perinatal risk factors [31–35].

Harmony [18] studied a group of 262 infants from 25 to 40 WGA with prenatal 
and perinatal risk factors for brain damage. In this group, the MRI showed that 80% 
of the subjects had some abnormal findings, particularly increased volumes of the 
subarachnoidal space and the lateral ventricles. Decreased volumes of the corpus cal-
losum were also observed. Application of Katona’s methodology showed that at three 
years old, the Mental (MDI) and Psychomotor Developmental (PDI) Indices were 
normal at 62% and 80%, respectively. In this sample, if those infants with slight delay 
were added to the normal infants, around 90% of subjects could have appropriate 
behavior among their peers. See Figure 8 for these results.

In another publication related to prenatal and perinatal risk factors, where 82% 
of the infants had some abnormal MRI findings, we used Katona’s procedure. The out-
come of children at eight years old showed that 78, 76, and 78% of extremely preterm, 
very preterm, and late preterm, respectively, had normal neurodevelopment [36].
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In a recent publication, we compare the outcome of 166 preterm infants with 
prenatal and perinatal risk factors and MRI showing structural abnormalities in 87% 
of the infants that were treated with Katona’s procedure and a group of infants with 
similar brain abnormalities where parents did not approve the treatment. The par-
ents of 128 infants accepted and received Katona’s neurohabilitation treatment. The 
remaining 38 infants did not receive treatment. Bayley’s II scales were applied in both 
groups at three years old. The treated infants showed normal values (100 on the MDI 
scale and 104 on the PDI scale), and the nontreated children were 79 on the MDI and 
81 on the PDI. The differences between groups were very significant [16].

3.  Discussion

The application of Katona’s neurohabilitation is based on the work at home 
by their parents or somebody who, for at least one year, dedicated the whole day 
to attending the infant in care. This is necessary for the infant to receive 3 to 4 

Figure 8. 
Results of Bayley’s II test at 3 years old of 262 preterm infants who followed Katona’s therapy from 2 months 
to 24 months. The colors indicate the gestational age at birth in the right column. If indices of all infants 
(25 to 40 weeks of gestational age) were added, the total Mental Developmental Index is Normal + 
Accelerated = 68% + Mildly delayed 89%. The total Psychomotor Developmental Index is Normal + 
Accelerated = 80% + Mildly delayed 91%.
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stimulation periods with the method each day. The method should continue once the 
infant walks independently. The exit of treatment is due to regularly administered 
sessions of 45 minutes several times a day. If this is not accomplished, the neurode-
velopmental outcome will not be reasonable. It is important to give feedback to the 
parents in each evaluation. If the therapist observes that the infant is not developing 
reasonably, he/she should discuss the child’s future with the parent engaged, which 
depends on adequate adhesion to the therapy.

Barrera [30] published a Spanish-language manual for this therapy, including 
exercise instructions. This manual has been used in our laboratory with exit.

4.  Conclusions

1. Newborns with prenatal and/or perinatal risk factors have, in 80% of the cases, 
abnormal MRI findings suggesting brain injury.

2. Therefore, all infants with this type of risk factor should be treated immediately, 
as soon as possible, to decrease neurologic sequels.

3. Katona’s therapy has shown to be useful in the prevention of neurological sequels 
in preterm babies, as well as in term infants with perinatal brain damage.

4. Katona’s therapy depends on the parents’ work or someone dedicated to the 
infant until the infant walks independently.
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