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Preface

Accurate diagnosis of a specific congenital disorder is a necessary prerequisite

in providing a prognosis and plan of management for the affected infant. The
development of a reliable technique for chromosome analysis led to the discovery

of several chromosomal syndromes. Karyotype provides a complete genomic
profile of individual diploid chromosomal characteristics. It reveals changes in
chromosome numbers and structures. The numerical change in the autosome is the
cause of Down syndrome or trisomy 21. This is the most common genetic cause of
mental retardation and the most frequent autosomal trisomies among liveborns.

In approximately 95% of cases, the extra chromosome 21 occurs as a result of
meiotic nondisjunction or abnormal segregation of chromosomes. The risk factors
associated with the development of Down syndrome are enigmatic. The overall
maternal risk factors that cause Down syndrome are multifactorial and include both
genetic and environmental factors. The changes in the number of sex chromosomes
result in Turner, Klinefelter and other sex chromosomal abnormality syndromes,
while structural changes in the chromosome, such as deletion, duplication and
translocation, are also responsible for different types of chromosomal disorders.
These abnormalities account for a large proportion of spontaneous pregnancy loss
and childhood disability. It also contributes to the genesis of a significant proportion
of malignancy in both childhood and adult life.

This book is organized into five sections and all sections include chapters that
focused on recent scientific advancements in research on Down syndrome and other
chromosomal abnormality syndromes and diseases associated with these disorders.
The editor endeavoured to consistently use scientific terminology in review articles
to keep the original text intact.

The first section includes the introductory chapter where the author has highlighted
recent advancements in research on Down syndrome, different types of syndromes
due to numerical and structural alterations of chromosomes and the role of prenatal
diagnosis in the management of these congenital disorders.

The second section deals with the origin and mechanisms of aneuploidy, the role of
polyploidy in evolution and the impact of climate change on genetic alteration.

The third section focuses on the effect of sociodemographic factors on different
congenital disorders, causes of Down syndrome and phenotype associated with
Down syndrome.

The fourth section covers haematological malignancies, congenital heart disease
and surgical intervention in Down syndrome.

The concluding section discusses prenatal screening and management and genetic
counselling to detect Down syndrome and other chromosomal abnormalities.



The editor wants to acknowledge the superb assistance of the staff members and
management of IntechOpen in particular Mrs. Dolores Kuzelj for the coordination
and editorial assistance. I am grateful to all the contributing authors and scientists
who made this book possible by providing valuable research and review articles.
Finally, I would like to dedicate this book to the children with Down syndrome and
other congenital disorders who need our love and care to lead a healthy life.

Subrata Kumar Dey
Swami Vivekananda University,
West Bengal, India
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Chapter1

Introductory Chapter: Down
Syndrome and Other Chromosome
Abnormalities

Subrata Kumar Dey

1. Introduction

Down syndrome (DS) is one of the most frequent autosomal disorders in
humans and is also known as trisomy 21. Its incidence at birth is approximately 1
in 700 [1-3]. Down syndrome is associated with mental retardation, typical facial
appearance, congenital heart disease, leukemia, gastrointestinal malformation,
Alzheimer’s disease, and several other congenital abnormalities with varying
degree of severity [4]. Investigation on DS karyotype revealed a diploid chromo-
some number of 2n = 47, XX/XY, +21 in 95% cases, while mosaicism was found in
approximately 2% of cases. On the other hand, Robertsonian translocations involv-
ing 13q21q or 14q21q or 21q21q account for approximately 3% of all DS cases [5].

Mental retardation is one of the most important clinical features of Down syn-
drome. Interests were generated to understand the cause of mental retardation among
DS live births and to explore the etiology of Down syndrome. Genotyping using
polymorphic microsatellite markers had enabled the investigators [6, 7] to study the
maternal meiotic errors and also to look into the candidate genes responsible for DS
pathophysiology. Two established risk factors for the birth of DS babies are advanced
maternal age [8] and altered recombination [9]. Study of parental origin of extra
chromosome 21, stage of meiotic nondisjunction, and recombination pattern revealed
the overall reduction in meiotic recombination irrespective of maternal age [3, 10].

Human chromosome 21 (HC21) is one of the smallest acrocentric chromosomes.
Investigation revealed that 21q22 contains genes in triplicated condition, which
are responsible for DS phenotype. This segment was regarded as Down Syndrome
Critical Region (DSCR) [4, 11]. After the completion of sequencing of HC21,
several genes and their prospective functions had been identified. Triplication and
overexpression of which significantly contributed toward the development of DS
phenotype [12, 13].

Besides advanced maternal age, environmental risk factors for the birth of DS
babies have also been identified, which include smokeless chewing tobacco, oral
contraceptives [14], and cigarette smoking [15]. However, there was lack of con-
vincing evidence regarding risk of maternal drinking during gestational period for
DS births [16].

Though advanced maternal age is one of the most important risk factors for the
meiotic nondisjunction of chromosome 21 in DS individuals, investigation of this
association at the genetic level, involving telomere length measurement, is still lim-
ited [17]. Measurement of telomere length in older mothers with DS babies revealed
shorter telomere than age-matched control mothers without DS babies. It has been
suggested that older mothers with DS babies are genetically older than control euploid
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mother, and telomere length attrition or genetic aging may be associated with nondis-
junction of chromosome 21 during first and second meiotic divisions [10].

Mouse has been used extensively for genetic experiment and also to study any
human chromosomal alterations. The rapid development of genetic engineer-
ing provided the impetus for the generation of multiple Down syndrome mouse
models in order to better understand the pathophysiology and also to correlate
genotype with the phenotype in DS. Two segmental mouse models in widely use are
Ts65Dn [18] and Ts1Cje [19, 20]. Moreover, the discovery of new editing technol-
ogy CRISPR/Cas9 DNA repairing processes has facilitated the development of new
therapeutic strategies to cure human genetic diseases and associated chromosomal
abnormalities [21].

Besides mental retardation, DS individuals are also affected by multiple diseases.
Congenital heart defect such as atrioventricular septal defect (AVSD) is prevalent
among 40-60% of DS individuals [22]. Further investigation on AVSD revealed that
there is an association between CRELD1 gene and AVSD in DS and euploid indi-
viduals [23]. A growing body of evidence shows that a major portion of DS popula-
tion acquires Alzheimer’s Disease, such as neuropathological changes by the age of
55-60 years, and develops dementia [24]. Recent studies [25] revealed that there
is a close association between Alzheimer’s disease and Down syndrome, and this
may be due to the fact that they also share common genetic risk factors. Two genes,
Presenilin-1 (PSEN-1) and Apolipoprotein E (APOE), are found to be associated
with early- and late- onset Alzheimer’s disease in Down syndrome. On the other
hand, the incidence of acute leukemia (AL) is very high in children with Down
syndrome (70-100%) compared with children without this syndrome. Among the
children with DS who develop leukemia, 60% is classified as having acute lympho-
blastic leukemia (ALL) and 40% with acute myeloblastic leukemia (AML) [26].

Recent studies on the infection with COVID-19 virus show that DS patients
are at increased risk for death from infection with the virus since the DS patients
are associated with dysfunction of immune system, congenital heart disease, and

pulmonary pathology [27].

2. Other chromosome syndromes

Down syndrome is the most frequent autosomal abnormality and shows a strong
association with advanced maternal age and reduced recombination. With advance-
ment of our knowledge on diagnostic procedures such as karyotyping, fluorescence
in situ hybridization (FISH) and molecular diagnosis involving microsatellite
markers result in the recognition of an increasing number of new chromosome
abnormalities, which include both numerical and structural chromosomal aberra-
tions. Though on an individual basis these disorders are rare in occurrence, together
they account for a loss of very high proportion of human conceptions. To date, well
over 100 chromosome syndromes have been reported [5]. Most of these disorders
are either autosomal or sex chromosomal in origin, while a small percentage of such
patients have a structural chromosome abnormalities such as deletion, duplication,
or translocation. Here, we have discussed some common chromosomal syndromes.

Edward’s syndrome or trisomy 18 where there is a nondisjunction of chromosome
no. 18. Most trisomic 18 individuals die in embryonic or fetal stage [28], while nondis-
junction of chromosome 13 leads to trisomy 13 syndrome or Patau’s syndrome. Cases
with trisomy 13 mosaicism most often show a less severe clinical phenotype. Survivors
have severe mental retardation and fail to thrive [29]. Patients with trisomy 8 syndrome
revealed mild to severe mental deficiency with craniofacial and skeletal abnormalities.
Majority of patients are mosaic while full trisomy is lethal in embryonic stage [30].
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Besides autosomes, sex chromosomes are also involved in different types of congenital
disorders. In 45X (Turner syndrome), nondisjunction of paternal X chromosome is
responsible for its origin [31]. Consistent clinical features include female in appearance
with short stature, increased carrying angles at the elbows, broad chest with widely
spaced nipples, and ovarian dysgenesis. In Klinefelter syndrome, chromosome analysis
revealed 47XXY karyotype where patient is characterized by relatively tall stature,
hypogonadism with small testes, and inadequate testosterone production. Virilization
is partial with gynaecomastia [32]. On the other hand, hermaphroditism is not very
frequent in occurrence where an individual has both male and female gonads. External
genitalia is also ambiguous in nature. Most patients with true hermaphroditism have
a 46XX karyotype with X chromosome, which derived from paternal source carries Y
chromosome specific DNA sequences, originated as a result of crossing over. Surgical
intervention in early childhood could repair the ambiguous external genitalia and pro-
vide either a male or female sex matching the karyotype of the respective individuals.

Deletion 5p syndrome is originated due to partial deletion of the short arm of
the chromosome number 5 (5p-). This syndrome is also known as Cri Du Chat
syndrome because there is a mewing cry or cat-like cry after birth due to abnormal
laryngeal development, and in most cases the deleted chromosome is of paternal
origin. There are multiple clinical abnormalities along with severe mental retarda-
tion and failure to thrive [33]. In duplication 15q syndrome there is a duplication of
distal arm (q) of chromosome 15. Patients are characterized by growth deficiency,
craniofacial abnormalities, and congenital heart defects [34].

Progress in the understanding of the etiology and pathogenesis of differ-
ent congenital disorders and technological advancement in the identification of
abnormal fetus before birth have made it possible the prenatal diagnosis of child
having congenital abnormalities. There are several methods for prenatal diagnosis
such as amniocentesis where chromosome analysis is made using amniotic fluid
collected at 11-12 weeks of pregnancy [35]. On the other hand, noninvasive serum
screening involves triple markers such as alpha feto protein, human chorionic
gonadotropin, and unconjugated estriol [36]. Association of neural tube defect
and high levels of alpha fetoprotein (AFP) in serum samples as well as in amniotic
fluid are also important markers for prenatal diagnosis of chromosomal disorders
[37]. Currently, screening techniques involving sequencing and genotyping of fetal
DNA are most promising techniques for rapid prenatal diagnosis of chromosomal
abnormalities [38]. The complex nature of Down syndrome and other chromo-
some abnormalities create the need for collaborative, multidisciplinary research to
understand the complex pathophysiology of these syndromes.
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Chapter2

Mechanisms of Aneuploidy

Ewmine Ikbal Atli

Abstract

Aneuploidy is a very common occurrence in humans and occurs in an estimated
20-40% of all pregnancies. It is the most prominent cause of miscarriages and con-
genital defects in humans and is the main obstacle to infertility treatment. The vast
majority of aneuploidies are caused by maternal meiotic non-disjunction errors.
High levels of recombination errors were observed in studies on fetal oocytes. This
suggests that some oocytes are more prone to not being separated due to events
occurring before birth. Cell cycle checkpoints that work in the meiotic phase and
metaphase-anaphase transition work more moderately in women than in men. As
aresult, while there are abnormal cells that have been sorted out in spermatogen-
esis, in females these cells can escape the actual control and ultimately give rise to
aneuploid eggs.

Keywords: nondisjunction, abnormal segregation, chromosome

1. Introduction

Although aneuploidy is a serious health problem, the reasons behind this
phenomenon have not been fully confirmed. The development of a comprehensive
set of tests is necessary for the evaluation and detection of aneugenic chemicals.
The reliability of any aneuploidy analysis is always questioned by the fact that
the mechanisms that cause aneuploidy are poorly understood, in part due to the
multitude of factors involved in the occurrence of chromosome segregation and
nondisjunction [1]. Errors in chromosome segregation during meiosis are usually
seen in human oocytes and cause aneuploidy in embryos. These errors increase
dramatically in the eggs of older women.

Here, we attempt to summarize recent studies commenting on how progressive
disruption of chromosome structures contributes to age-related aneuploidy. In
addition, various cellular pathways that cause aneuploidy in oocytes of women of
all ages are being investigated. Data from mouse and human oocytes are discussed
with emphasis on studies focusing on this phenomenon in humans [2].

2. Meiosis in human oocytes

Meiosis involves two sequential cell divisions in which homologous chromosomes
(meiosis I) are separated in the first stage, followed by sister chromatids (meiosis II).
In the first meiosis, the homologous chromosomes separate from each other, then
the homologous chromosomes are joined together. These connections are established
early in oocyte development during the growth of the female fetus in a process
called homologous recombination. The maternal and paternal chromosomes are
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first compressed by the synaptonemal complex and then crossed over. After cross-
over, new sister chromatids are formed, containing adjacent portions of maternal
and paternal sister chromatids. Cohesin complexes that previously linked sister
chromatids of each homologous chromosome now link homologous chromosomes
together: Cohesin (distal cohesin) distal to the crossover sites connects homologs,
while cohesin (proximal cohesin) between crossover sites and centromeres continues
to bind sister chromatids [3]. The chromosome configuration that turns out to be
two homologous chromosomes is called bivalent. As meiosis I occurs, the bivalents
must be oriented on the spindle so that the two sister chromatids contained in each
homologous chromosome face the same spindle pole. The kinetochores of sister
chromatids must behave as a single kinetochore. It is thought that adding sister kinet-
ochores to a functional location will facilitate this function. Oocytes then enter a
state of cellular stagnation called ‘interphase’ in processes spanning different periods
of time. The functional units of oocyte and somatic cells in the ovary are called fol-
licles [4-6]. During storage, the oocytes remain small and are surrounded by a single
layer of squamous cell epithelium called the “primordial follicle”. Periodically, some
primordial follicles begin to grow. Somatic cells supply the oocyte with macromo-
lecular precursors through gap junctions, and oocyte volume increases significantly.
This enrichment of nutrients prepares the oocyte [7, 8] to mature into an egg, which
after fertilization can give rise to an embryo.

Oocytes emerge from dictyate arrest after puberty. In the middle of the men-
strual cycle, the rise of luteinizing hormone from the pituitary gland causes the
oocyte to continue meiosis and mature into a fertilizable egg. First, the nucleus
disintegrates and sets of meiotic spindles are formed, which align the chromosomes
in meiosis I metaphase. The spindle progresses to the oocyte cortex, where homolo-
gous chromosomes separate. One set of homologous chromosomes remains in the
oocyte, while the other is extruded into the first polar body formed. Molecularly, the
segregation of chromosomes during meiosis I is activated by the cleavage of Rec8,

a meiosis-specific subunit of the cohesin complex [9]. Rec8 is cleaved by Separase,
which is activated along with anaphase. During anaphase I, only the cohesin in the
arm region is broken down so that the chromosomes can separate from each other.
Cohesin in the centromeric regions is protected from cleavage by Shugoshin proteins
(Sgo), so that sister chromatids stay together during anaphase I. As meiosis II occurs,
the second meiotic spindle fuses [10-13]. The maturing egg has transitioned to the
quiescent phase in metaphase II and is transported to the fallopian tube during ovu-
lation. The egg waits to complete its second meiosis until it is fertilized by the sperm.
As the second meiosis continues, the Sgo proteins migrate to the kinetochores, and in
anaphase II, the cleavage of the centromeric cohesin takes place [14-17]. In order to
complete meiosis, the sister chromatids of the remaining chromosomes, the oocyte
and the second polar body, must be formed. Chromosomes from the oocyte and
sperm separate as the pronuclear envelope and then stand ready for the first mitotic
division of the embryo. The embryo then divides into a multicellular blastocyst and
implants in the uterus to develop further [18-20].

3. Types of aneuploidy in oocytes

Recent technological advances have increased the chances of catching aneu-
ploidy in eggs or in the early stages of embryonic development. In pre-implantation
genetic diagnosis, an embryo may sometimes be biopsied and analyzed for genetic
abnormalities to select healthy embryos for implantation. As an alternative to this
technique, testing oocytes can minimize the need to test embryos. In particular,
polar bodies can be used to determine the cytology of an oocyte without damaging
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it [21, 22]. The use of polar bodies for aneuploidy detection in IVF applications
also facilitates embryo selection before implantation [23, 24]. Genetic analysis of
both polar bodies can accurately detect aneuploidy in mature oocyte because all
chromosomal copies are extruded into polar bodies [25-27]. For example, an excess
chromosome in the first polar body indicates loss of the homolog of that chromo-
some in the oocyte after meiosis I, while an incorrect chromosome number in the
second polar body indicates a chromosome segregation error in meiosis II. On the
other hand, the second polar body is formed only after fertilization. Chromosomes
from biopsied polar bodies are best previously analyzed by fluorescent in situ
hybridization (FISH). Although widely used for embryo selection, clinical applica-
tions of FISH are only informative for a particular chromosome and results may

be inaccurate [28]. New, more sensitive methods such as Sequence Comparative
Genome Hybridization (aCGH) and next-generation sequencing (NGS) platforms
provide improved statistics for aneuploidy prevalence and better characterization
of segregation errors [29].

Two classical ways that have been suggested to account for chromosome seg-
regation errors in meiosis are nondisjunction (NDJ) and premature separation of
sister chromatids (PSSC). For NDJ, homologous chromosomes or sister chromatids
cannot separate at meiosis I or meiosis II, respectively. Similar segregation errors are
seen between meiosis I and II, although meiosis II error rates have sometimes been
reported to be higher.

This can be explained by the fact that errors that can be seen in meiosis I occur in
meiosis II, because early cleavage sister chromatids can separate correctly in meiosis
I, while errors are observed later in meiosis II.

Surprisingly, PSSC mutations in meiosis I could be corrected by a ‘balance’ error
during meiosis II: if both the first and second polar bodies share mutual errors (for
example, a loss in the polar body first followed by a second gain in the polar body; or
vice versa) the resulting oocyte will have the correct number of chromosomes [30, 31].

Chromosome pairs 15, 16, 21, and 22 are the chromosomes that most commonly
contribute to human aneuploidies, but data on the contributions of other chromo-
somes are lacking due to limited statistical information for types of aneuploidy.
Frequently, an oocyte will experience simultaneous errors involving more than one
chromosome, suggesting that some oocytes are susceptible to global dysfunction.
This effect is also evident in embryos where up to 42% of detected aneuploidies
contain more than one chromosome [32, 33].

However, the etiology of embryonic aneuploidy is more complex, as errors can
also occur from sperm or during rapid mitotic divisions in embryogenesis [34, 35].
Advances in single-cell whole genome amplification (WGA) allow unprecedented
characterization of genomic content within polar bodies.

Analyzes of the genomes of polar body-oocyte and polar body-embryo triplets
(i.e. a biopsy of an oocyte or embryo fused with first and second polar bodies)
revealed an alternative mechanism of segregation, termed ‘reverse segrega-
tion’ [36].

Reverse segregation occurs when sister chromatids separate at meiosis I so that
there are no homologous chromosomes.

Reverse segregation results in the correct number of chromosome cells. The
chromatid pairs, the copies inherited by the oocyte and first pole body, have differ-
ent parental origins and are heterozygous at the centromeres.

After meiosis I, their connection is broken and during metaphase II, alignment
problems may occur in the spindle fibers. In one study; although it was the most
observed error in number, reverse segregation was detected in less than 10% of
the triples analyzed [36]. Interestingly, all of the donors participating in this
study produced at least one oocyte or embryo that underwent reverse segregation.
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The oocytes included in this study were obtained from women aged 33-41 years.
A similar study examining oocytes from younger donors aged 25-35 years reported
that no reverse segregation was observed [26, 36].

4. Causes of aneuploidy increasing with age

Women experience a gradual decrease in their ability to get pregnant as they age.
Loss of reproductive ability usually occurs approximately 10 years after the age of
35. Meiotic chromosome segregation errors increase very clearly in women of this
age group. A large-scale cytogenetic analysis examining more than 20,000 human
oocytes by FISH reported that aneuploidy occurred in 20% of oocytes retrieved
from women aged 35 years, increasing to approximately 60% in women over
43 years of age [37].

Current studies with aCGH have confirmed that the rates of aneuploidy increase
dramatically in oocytes from older women [23, 27, 38-40]. Conservation of biva-
lents is crucial for correct chromosome segregation. However, recent studies in
human oocytes reveal that the structure of bivalents is prone to fragmentation in
oocytes of older women.

In mice and humans, two major structural defects occur with increasing age in
bivalents. First, sister kinetochores disperse over long distances, which is incompat-
ible and often associated with incorrect attachment to the meiotic spindle. Second,
the bivalents formed in senescent oocytes are more often separated into individual
chromosomes, called univalents. Univalent pairs may split uncoordinatedly and
may also contribute to aneuploidy. Interestingly, it is possible for both defects to
result in an inverse decomposition pattern, as we will discuss below [41-44].

Sister chromatids in mouse and human oocytes lose compatibility with age,
which can cause misalignment of bivalents in meiosis I.

Loosely related sister chromatids may no longer function properly as they align
on the meiotic spindle. In human oocytes, separated sister kinetochores tend to
form more merotelic attachment to spindle microtubules.

In addition, other age-related factors may promote defective kinetochore-
microtubule attachments.

Excessive segregation of sister kinetochores in human oocytes causes bivalents
to take on unexpected alignments in the meiotic spindle. In a newly defined bivalent
configuration called ‘inverted bivalents), the bivalents are rotated to the spindle axis:
the sister chromatids of a homologous chromosome misalign and misalign, linking
microtubules at opposite spindle poles instead of orienting them to the same spindle
pole, as in mitosis [45-48].

Both half and fully inverted bivalents occur. Only one pair of sister chromatids
is attached to opposite spindle poles in semi-inverted bivalents, while both pairs are
attached to opposite poles in fully inverted bivalents. Reverse bivalents have been
observed more frequently in oocytes from older females and are associated with
increasing distances between sister kinetochores. Since sister chromatids are ori-
ented separately on the spindle, similar to mitosis, fully inverted bivalents can lead
to an inverse pattern of segregation. Bivalents also sometimes appear bent along
their axis because homologous chromosomes rotate relative to each other, which can
put more pressure on the already weakened cohesion.

The age-related loss of balance applicable to bivalents is not limited to the
pericentromeric regions surrounding the kinetochores. There is also danger in the
harmony that connects homologous chromosomes. Homologous chromosome pairs
in bivalents often remain separated by large gaps in oocytes of aged mouse and
human females. These and similar structural defects are indicative of decreased
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compatibility between bivalent homologous chromosomes. In more complex cases,
bivalents sometimes divide earlier into two separate chromosomes (univalents)
before anaphase I. The prevalence of univalents increases exponentially with age,
occurring in 40% of oocytes in women older than 35 years and 10% of oocytes in
women aged 30-35 years. In mouse oocytes, univalent alignment problems can
cause chromosome separation errors. Univalents in mouse and human oocytes
could also align on the first meiotic spindle, similar to mitotic chromosomes, with
both sister kinetochores facing opposite spindle poles. This can create a mitosis-like
pattern of segregation and result in reverse segregation: equal segregation of both
univalents into sister chromatids will result in the correct chromosome number
acquired by the oocyte and the first polar body, but the chromatids will originate
from different parental origins. However, the sister chromatids have been divided
much earlier and could not be properly aligned to the spindle at metaphase II.

The molecular mechanisms that may cause these dramatic developments in
chromosomal organization in human oocytes, which change with advancing age,
are still unresolved. However, studies in mice have clarified the loss of cohesin as a
major contributor to age-related aneuploidy. Cohesin complexes containing Rec8
in mouse oocytes are already present during DNA replication in the early stages of
meiosis. After fertilization, they are thought to be renewed when DNA is replicated
again in the embryo. Therefore, the cohesin complexes must remain in place during
the prolonged period of dictation arrest to ensure correct chromosome segregation
in meiosis. Rec8 levels are severely reduced in bivalents of oocytes from naturally
aged mice [48-51].

5. Conclusions

Fertility declines gradually as women age, and by midlife women begin to lose
their ability to produce healthy eggs. Meiotic chromosomes experience increased
age-related structural changes that can result in increased Error rates in chromo-
some segregation. Newly described processes have been identified in human oocyte
structures that may explain the emergence of an alternative form of segregation.
Conducted studies will better reveal why oocytes are often defective, leading to
age-related infertility. Recent studies have reported that meiosis in mammalian
females is inherently error-prone, leading to high aneuploidy and sterility. The
cellular pathways responsible for chromosome separations are prone to error and
affect females of all ages.
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Chapter 3

The Unique Existence of
Chromosomal Abnormalities in

Polyploidy Plants

Van Hieu Pham

Abstract

Chromosomal abnormalities are a popular natural phenomenon, especially in
polyploid plants, and their unique existence in plants is one of the major forces for
speciation and evolution. This means that plants with existing chromosomal abnor-
malities developing through sexual and asexual pathways shed light on increasing
biomass and adapting ecology. Regarding the former, plants with chromosomal
abnormalities experience not only enlargement effects but also increased phyto-
chemical compounds. As far as ecological perspectives are concerned, chromosomal
abnormalities in plants enhance biotic and abiotic tolerance to climate change. This
chapter focuses on chromosomal abnormalities in whole genome doubling, such as
autopolyploid, allopolyploid, and aneuploidy plants, and discusses the effects and
benefits of these abnormalities to evolution and ecological adaptation at the indi-
vidual and population levels. It also discusses some advantages and disadvantages of
polyploid animals in comparison with polyploid plants.

Keywords: chromosomal abnormality, polyploidy, evolution, climate change,
reproduction

1. Introduction

Darwin’s theory of natural selection maintains that the polymorphism that
exhibits gross chromosomal alteration in plants as a way to reciprocally translocate
along with changes in the segregation of pairs of chromosomes to ensure hetero-
zygosity maintenance and limitation of the expression of lethal genes. Every day,
living organisms ingest all kinds of food, taking in energy and nutrients to nourish,
maintain, and develop their bodies. As such, food security is vitally important to
survival. Attaining food security, however, has been a challenge. Potential solutions
to food insecurity might lie in the genetic mechanisms regulating the reproduc-
tive process of plants. Different organisms reproduce in different ways, either via
sexual combining of male and female gametes or asexually. Asexual reproduction
generates a new plant by using parts of the parent plants. Some artificial asexual
reproduction methods include grafting, layering, and micropropagation. Genetic
identicalness to the progenitor plant is an outstanding feature of plants produced
asexually. Reproductive chromosome abnormalities derive from mistaking meiosis
and mitosis occur [1]. For instance, observing meiotic processes revealed evidence
that the trio of genes SMG7, SDS, and MS5 interrelated with both other chromatin
organizing factors and proteins functioning DNA repair-related, involved in MSH6
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and DAYSLEEPER. The convergent tasks detected (other meiotic pathways, chro-
mosome arrangement or remodeling, ABA cues and ion transport) offer insights
into the challenges of polyploidization. Investigation of the meiosis of autotetra-
ploid potato Solanum tuberosum revealed a variety of challenges in correct segre-
gation and recombination of multiple homologous chromosomes that constrain
meiotic chromosomal configuration [2].

With advances in genetic engineering and continual elucidation of genes
governing the reproductive pathway, humanity is on the verge of being able to
control the expression and regulation of these genes [1, 3]. Key genes related
to flowering, such as CO, CRY2, FT, FPF1, FD, GA1, and ELA1, have already
been studied [3]. Scientists and breeders worldwide use biotechnology to study
reproductive processes in laboratories and field trials. Sustainable agricultural
development is required to increase crop diversity, stabilize yield, and increase
resilience via the accelerated development of several crops containing desired
traits that have the capacity to adapt to and mitigate consequences from climate
change [4, 5].

In terms of biodiversity, speciation, and evolution, there are thousands of existing
plant species that can adapt to various topographies and climates. This means that
plant species not only increase the abundance of genetics but also enhance the ability
to adapt to boost genome evolution in harsh environments [1, 6]. The best examples
are those that involve autopolyploids, allopolyploids, and aneuploidy. There are
more than 4000 potato varieties, including more than 180 wild potato relatives [7].
More specifically, potato, one of the most multifaceted genetic modes with a variety
of ploidy levels, such as 76%, recognizes diploids, 3% triploids, 12% tetraploids, 2%
pentaploids, and 7% hexaploids, among which the highest yield is tetraploid due toa
further level of genetic heterogeneity [8-10]. Based on practical empirical proof, two
clusters of cultivated potato have been categorized: the Andigenum group located in
the high Andes of northern and central South America that exhibit a wide range of
ploidy levels, and the Chilotanum group from the lowlands of southern Chile, which
are tetraploids [11].

Plant karyotypes at individual, species, and genera levels exhibit an abnormal
number of chromosomes. A typical example is Chayote (Saccharum edule (Jacq.)
Sw.) with variable chromosome numbers of 12, 13, and 14 resulting from cytological
analysis [12], as shown in Table 1.

This chapter focuses on chromosomal abnormalities in whole genome doubling,
such as autopolyploid, allopolyploid, and aneuploidy plants, and then discusses the
effects and benefits of these abnormalities to evolution and ecological adaptation at
the individual and population levels. It also discusses some advantages and disad-
vantages of polyploid animals in comparison with polyploid plants.

Species n 2n Source
Saccharum edule 11,12,13,14 22,24, 26,28 [13-17]
Curcuma parviflova Wall. 14, 14, 16 28, 30, 32 [18]
Curcuma zedoaria Rosc. 21 63, 64 [19-23]
Curcuma longa L. 21 62, 63, 64 [19-22, 24]
Paspalum aff. arundinellum Mez 10 50, 51 [25]
Jacobaea vulgaris 20 30, 31 [26]
Brassica rapa L. ssp. pekinensis 10 20,24 [27]
Table 1.

Summary of plant species with chromosomal abnormalities.
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2. Chromosomal abnormalities affect giant effects and alternative
natural secondary metabolites

That chromosomal abnormality outranks other plants in terms of parts of plant
size and biochemical compounds characteristically states that gene regulation
plays an important role. Regarding the upregulation of genes, cell division and cell
expansion are related to genes such as ARGOS, ANT (AITEGUMENTA), CYCD3;1,
Growth Regulating Factor 1 (AtGRF1) and EXPASIN 10 (AtEXPA10) [27-29], EXPB3,
and TCP [30]. Alongside these genes, lipid transport genes such as wbc11-2 and
cer5-2 are a way to make large autotetraploid plants [31-33]. Moreover, proteins
involved in cell proliferation, glutathione metabolic pathways, and cellulose,
chlorophyll, pectin, and lignin synthesis play a role in enlarging plant size [34, 35].
Cytosine methylation in the whole genome also contributes to changes in organ size
in polyploid plants, which can effectively improve potential and complex agro-
nomic traits in many crops [36, 37]. Cell size in polyploid plants plays an important
role in changing phenotypes [38]. Enlarged organ size due to chromosomal abnor-
malities usually leads to increased yield and production of cultivated plants [39].
Studying autotetraploid Vicia cracca L. revealed that seed size and germination of
tetraploids are more dominant than diploid seeds [40]. Although chromosomal
abnormalities lead to large plants, autotetraploid birch plants (Betula platyphylla)
and apple plants (Malus domestica) have a dwarf phenotype caused by reduced
growth regulation signals [41, 42].

Similarly, chromosomal abnormalities also alter secondary metabolites,
especially phytochemical compounds, in several plant species [43]. For example,
natural components observed in tetrasomic tetraploid opium poppy (Papaver
somniferum L.) enhanced morphine content by 25-50% by changing the expres-
sion of several genes regulating the alkaloid biosynthesis pathway [44]. Another
example is cytosine methylation occurring genome-wide, enhancing phyto-
chemicals in autotetraploid cymbopogons [36]. The autotetraploid Arabidopsis
thaliana Col-0 alters metabolites and genes regulating tricarboxylic acid cycle
(TCA) and gamma-Aminobutyric acid (GABA) compared with diploids [45].
Lycopene significantly increased autotriploid watermelons because of a regula-
tion of phytohormones on metabolic pathways and upregulation of genes control-
ling biosynthetic lycopene [46]. Interestingly, polyploidization is a promising
approach for gaining significant value, especially with medicinal plants, by
producing secondary metabolites [43]. For example, upregulating genes contrib-
uting to the biosynthesis pathway of podophyllotoxin (PTOX) in autotetraploid
Linum album enhanced the content of PTOX [47]. Vitamin A enrichment in
triploid banana has been initiated by inducing tetraploids from several types of
diploids and then creating hybrids [48]. Many total flavonoids and gastrodin are
produced in autotetraploid Anoectochilus formosanus Hayata [49]. The tetraploid
type of Physalis angutala Linn. from Rajasthan alters palmitic acid, linoleic acid,
and linolenic acid [50]. In the last decade, many plant studies have given objects
based on the outstanding benefits of chromosomal abnormalities. Those breed-
ers have been observing chromosomal abnormalities as a way to gain elite plant
cultivars because an increase in plant organ size is derived from some of the most
significant consequences of chromosomal abnormalities [51, 52].

The chromosomal abnormality of the level of ploidy variation is useful for
breeding both within and among autopolyploid and allopolyploid plant species
[25]. Another view is that chromosomal abnormalities contribute to plants’ abil-
ity to withstand detrimental environmental conditions. As far as the firstidea is
concerned, a chromosomal abnormality is not appropriate for sexual reproduction
in aneuploidy due to chromosomal abnormalities in gametes. Another utilization
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of polyploidy is that grafted crops can use artificial polyploidy as parts of rootstock
and scion with potential agronomic traits in the context of climate variability [53].

3. Chromosomal abnormalities enhance abiotic and biotic stress
tolerance

Chromosomal abnormalities in plants enhance both biotic and abiotic stress
tolerance. For example, many studies have proven that several pathways respond
to salinity stress. Chromosomally abnormal flora use several processes to adapt to
high salt concentration conditions, including accumulating Na+ extrusion in roots,
increasing Na+ transport to leaves, regulating osmotics, enhancing gene expression
related to antioxidants, mitigating reactive oxygen species (ROS), photosynthesiz-
ing cues, changing SNP markers related to salt stress, upregulating aquaporin genes,
phytohormone transduction cues, protein processing, regulating transcription
factors, upregulating ATP synthase to enhance ion transport and changing pro-
tons, and using miRNAs [54-63]. Chromosomally abnormal plants can also adapt
to water insufficiency through miRNA mechanisms and target genes controlling
transcriptional regulation, hormone metabolism, and plant defense. An increase in
abscisic acid (ABA) content in response to drought stress in several polyploid plants
such as Paulownia fortunei, P. australis, P. tomentosa, and Lycium ruthenicum has been
observed [64-69]. Antioxidant defense systems were activated to sufficiently sup-
port heat tolerance in Dioscorea and Arabidopsis [70, 71]. Plants with chromosomal
abnormalities might tolerate cold stress by growing antioxidants and epigenetics
[72, 73]. Changing root anatomical characteristics supports autotetraploids to adapt
to high concentrations of boron in soil and enhance Cu transport genes. Activation
of antioxidation defense and positive regulation of ABA-responsive gene expression
are ways to survive in environments containing high concentrations of copper
[74, 75]. Enhancing the expression of target genes that regulate proline biosynthesis
to support autopolyploid birch plants (B. platyphylla) in NaHCO; stress tolerance
has been investigated [76]. In addition, biotic resistance was demonstrated in auto-
tetraploid Malus x domestica and Solanum chacoense. More specifically, significantly
increasing the Rvi6 resistance gene locus was observed as a way to assist autopoly-
ploids in enhancing Venturia resistance [77]. Similarly, autotetraploid potato has the
capacity of common scab resistance by crossing 2n gametes from the diploid
S. chacoense [78].

4. Chromosomal abnormalities help plants adapt to ecological invasion
and climate variability

Chromosomal abnormalities are one of the major adaptation ecologies and
climate changes, such as fixing on growth, potential morphological traits and
ecological invasion, pollinators, and the factors supporting pollination in nature
[79]. After appearance of chromosomal abnormality in some rare cases, the increas-
ing cell size leads to alteration of physiological manners with their environmental
condition, augmenting multiple novel alleles and changing regulatory pathways to
create new potentially beneficial phenotypic variations. For instance, studying the
transcriptome in aneuploidy maize revealed qualitative changes in gene expression
in comparison to wild-type plants [80]. The number of expanding ecological spaces
to polyploid plants has been recorded in various studies [81]. Polyploid A. thaliana
is a plant with adaptive potential caused by the increased resources of transposable
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element (TE) insertions at higher ploidy levels and enhanced gene expression
related to reproduction [82, 83]. Several studies have proven that chromosomal
abnormalities adapt to ecological invasion and climate variation. For example,
biological invasions in Brassicaceae proved to be evolutionary processes to adapt and
widespread in central Europe [84]. Another example is that of the native range of
distribution of Lythrum salicaria. Several cytotypes with 2x, 3x, 4x, and 6x varia-
tions are found in regions of the Middle East, while only tetraploids are located in
North America. In addition, the invasive spread of North American populations
lacks differences in ploidy level [85]. Studying potato germplasm demonstrated
markers related to unique geographic identity associated with traits of abiotic

stress tolerance [86]. One of the priorities in genotype development is to gain stress
tolerance and beneficial nutritional aspects as a way to reduce the effects of climate
change [87, 88]. The view is that polyploidization contributes to better adaptation
to the environment in terms of suitability for growth and other benefits of cell size.
Breeders and human beings can benefit immensely from more ecological adaptation
after chromosomal abnormality since it improves potential traits being exploited
for breeding experiments.

For the most part, polyploidy is probably less popular in the animal kingdom
than in the plant kingdom. More specifically, polyploids have been observed in
amphibia (African clawed frog, Xenopus spp.), and different species of fishes
exist [89]. This is because the polyploid animal species can overcome meiosis and
exhibit parthenogenesis in which an egg cell can develop into an individual without
fertilization. In addition, polyploid animal kingdoms are similar to polyploid plant
kingdoms. They both have beneficial and detrimental effects and are the reason for
meiotic imbalance. The greatest advantage of polyploid animals is that polyploid
offspring are shielded from the deleterious effects of recessive mutations. However,
chromosomal abnormalities may lead to congenital diseases and pregnancy loss in
animals, especially in humans. Regarding meiotic imbalance, spindle irregulari-
ties might occur in polyploids, resulting in chaotic segregation of chromatids and
aneuploid cells. An abnormal number of chromosomes in aneuploid cells might
result in three or more sets of chromosomes produced in meiosis being different
from diploid cells. This can explain why polyploid animals could form multiple
arrangements of homologous chromosomes in metaphase I, resulting in abnor-
mal or random segregation to produce aneuploid gametes or to form imbalanced
gametes [89, 90].

5. Conclusion

It is unquestionable whether chromosomal abnormalities derived from sex or
asexual reproduction are essential for the successful existence of organisms on this
planet. With climate variability becoming more alarming than ever, chromosomal
abnormality has been occurring naturally as a way to address the issue of food
security by expanding breeding opportunities to develop seedless triploid plants,
increase ornamental features, increase environmental tolerance, enhance biomass,
and more. Chromosomal abnormalities are also vital to human beings mainly
because their exploration can open opportunities for securing food security. For
example, breeders who are experienced in hybrid development are more likely to
find desired agronomic traits. More importantly, several breeders today require at
least a desired trait of novel crops before considering using them for production.
Chromosomal abnormalities are essential for success in adapting ecology and play a
vital role in evolution due to generating variation in a natural population.
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Abstract

Congenital disorders define the disease that occurs since the birth of a baby.
Down syndrome, Turner syndrome, cleft lip, and congenital heart disease are the
most common congenital disorders worldwide. A retrospective study was carried
out, examining the effect of sociodemographic factors on congenital anomalies in
the state of West Bengal, India, over a period of 6 years. A total of 595 cases with
congenital disorders including Down syndrome, Turner syndrome, and other
abnormalities (cleft lip/palate, syndactyly, ambiguous genitalia) were statistically
analyzed along with the sociodemographic characteristics through Statistical
Analysis System (SAS) 9.3.2. Down syndrome is seemed to be associated with age,
ethnicity, parental addiction, especially smoking, while Turner syndrome is associ-
ated with ethnicity and gender. Other congenital disorders such as ambiguous
genitalia are found to be associated with maternal addiction.

Keywords: congenital disorders, down syndrome, turner syndrome, cleft
lip/palate, syndactyly, ambiguous genitalia, sociodemographic factors

1. Introduction

Congenital disorder, which is a health hazard since birth, may be caused mostly
by genetic anomalies [1]. Some congenital disorders are hereditary that are trans-
mitted through parents to the children [2]. Several types of congenital disorders are
present of which the most common congenital disorders are Down syndrome,
Turner syndrome, congenital heart diseases, etc., are considered the most common
and severe disorders since birth [3-5]. This type of disorder cannot be cured but
managed, though some of them can be prevented or cured such as cleft lip/palate
through surgical intervention [6]. The exact cause of congenital abnormalities is not
fully understood. Sometimes it depends on genetic or infectious factors, and some-
times it may be caused by nutritional or environmental factors [7-9].

In this book chapter, we have discussed the possible effect of sociodemographic
factors, including environmental and behavioral facets on congenital disorders [10].
The main focused congenital disorders are Down syndrome (2n = 47, XX/XY, +21)
and Turner syndrome (2n = 45, X). Down syndrome is a genetic condition with an
extra chromosome (chromosome no. 21) that presents since birth and this condition
results in developmental delay along with associated diseases such as heart disease,
intestinal obstruction [11-13]. This “package” of the 21st chromosome (trisomy or
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three copies of chromosome 21) is caused due to nondisjunction of chromosome 21
in meiotic cell division during the development of the sperm cell or the egg cell [14].
Studies suggest that the advanced maternal age, the addiction of the mother as well
as the father may be the prime cause for this kind of condition to their child [15, 16].
However, sociodemographic factors are also thought to be associated with these
diseases [17]. Another common congenital disorder is Turner syndrome, which is
also discussed in this chapter. Turner syndrome only affects females and one of the
X chromosomes (sex chromosome) is fully or partially missing [18]. This condition
results in a variety of medical and developmental problems such as short stature,
webbed neck, delayed development of ovaries, heart defects, loss of puberty and
menstruation, infertility [19]. Most of the cases of Turner syndrome cannot be
cured, though hormone therapy can be useful for treatment in some cases [20].
Turner syndrome occurs due to the nondisjunction of the X chromosome in meiotic
cell division during the formation of an egg or sperm cell in a parent (prior to
conception) [21]. The other discussed congenital anomalies include cleft lip/palate,
syndactyly, and ambiguous genitalia. Cleft lip/palate is a common birth condition. It
occurs alone or as part of a genetic condition or syndrome [22, 23]. Symptoms arise
from the opening in the mouth and include the difficulty in speaking and feeding
[24]. Surgeries are the useful treatment for this condition [25]. Sometimes speech
therapy helps to improve the speaking ability [26]. Syndactyly is the fusion of the
bone or skin in the hand or foot digits [27]. This condition is due to developmental
anomalies. Ambiguous genitalia is a rare condition in which an infant’s external
genitals do not appear to be clearly manifested as a either male or female [28]. In a
baby with ambiguous external genitalia, the genitals may be incompletely devel-
oped or the baby may have characteristics of both sexes [29]. Karyotype helps in
determining the proper sex of the patients and subsequent surgical intervention is
required to cure the affected individuals.

The sociodemographic features involve a combination of social and demo-
graphic facets. Social facets include behavioral factors such as addiction where the
demographic part includes age, gender, race, etc. [30]. This work is a descriptive
analysis of all different sociodemographic factors, including other diseases, associ-
ated with studied congenital disorders.

2. Materials and methods

Data were collected from a retrospective study, examining the
sociodemographic factors along with a few behavioral characteristics from the state
of West Bengal, India, along with the diagnostic information about common con-
genital disorders for the 595 samples over a period of 6 years (2011-2017). Patients
were diagnosed at the Centre for Genetic Studies, Maulana Abul Kalam Azad Uni-
versity of Technology. All data were recorded after taking the informed consent
from the participants. Collected data were entered using a database mamgement
software MySQL. Entered data were exported to SAS (Statistical Analysis Software
version 9.3.2) and analyzed for understanding the patterns and predictors of the
identified genetic disorders. Descriptive analyses were conducted to determine the
frequency and proportion (along with corresponding 95% confidence intervals and
p values to denote whether the categories for each factor had a statistically signifi-
cant different distribution of the proportions) of the sociodemographic factors
(gender, religion), behavioral factors (consanguinity, contraception use, addic-
tion), clinical history (history of spontaneous abortion, diabetes, hormonal defi-
ciency), family history (history of congenital abnormalities among relatives and
disease distribution if any such as Down, Turner, and other congenital
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abnormalities) among the sampled population. The sum of the total frequencies in
all the categories in each variable will not be equal to 595 as there were multiple
missing values for different variables and while analyzing the distribution and
associations, they were dropped. Binary and multinomial, and logistic regressions
were next conducted to determine the association (odds ratios, corresponding 95%
confidence intervals, and p values) between the study variables and diagnosed
diseases. Multiple logistic regressions to determine the association between the
variables adjusted for all others could not be done for inadequate sample size. The
results of the analyses are presented in Tables 1-9. Each table is followed immedi-
ately by the interpretation of the observed results presented in each of these tables,
respectively.

Variables Categories N 95% CI P value

Gender Male 279 46.89 (42.87-50.91) <.0001
Female 313 52.61 (48.58-56.63)

Religion Muslim 152 28.52 (24.67-32.36) <.0001
Hindu 381 71.48 (67.64-75.33)

History of consanguinity Yes 28  4.71(3.00-6.41)  <.0001
No 567 95.29 (93.59-97.00)

Contraceptives used Yes 104 17.48 (14.42-20.54) <.0001
No 491 82.52 (79.46-85.58)

Addiction of father None 341 57.31(53.33-61.30) <.0001
Smoking 178  29.92 (26.23-33.61)
Smoking/drug 65 10.92 (8.41-13.44)

Smoking/drug/alcohol 11 1.85 (0.76-2.93)

History of spontaneous abortion Yes 206 86.19 (81.79-90.60) <.0001
No 33 13.81 (9.40-18.21)

Presence of diabetes Yes 43 7.23 (5.14-9.31) <.0001
No 552 92.77 (90.69-94.86)

Presence of hormonal deficiencies Yes 62 10.42 (7.96-12.88) <.0001

(FSH/TSH/ete) No 533 89.58 (87.12-92.04)

History of congenital disease among Yes 71 11.93 (9.32-14.55) <.0001

first degree relatives No 524 88.07 (85.46-90.68)

Any genetic abnormality detected No 308 51.76 (47.74-55.79)  0.3893
Yes 287 48.24 (44.21-52.26)

Down syndrome Neither Down nor Mosaic 331 55.63 (51.63-59.63) <.0001

Down syndrome 254 42.69 (38.70-46.67)

Mosaic Down syndrome 10 1.68 (0.64-2.72)

Turner syndrome Yes 11 1.85 (0.76-2.93) <.0001
No 584 98.15(97.07-99.24)
Child with congenital abnormalities Yes 11 1.85 (0.76-2.93) <.0001
No 584 98.15 (97.07-99.24)
Table 1.

Descriptive analyses of the samples analyzed (n = 595).
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Variables Categories Yes No
N 95% CI P N 95% CI P value
value
Gender Male 5 4545(10.37-80.54) 07630 274 46.92 (42.86-50.98) <.0001
Female 6  54.55(19.46-89.63) 307 52.57 (48.51-56.63)
Religion Muslim 2 25.00 (0.00-63.70)  0.1573 150 28.57 (24.69-32.45) <.0001
Hindu 6 75.00 (36.30-100.00) 375  71.43 (67.55-75.31)
History of Yes 1 9.09(0.00-29.35)  0.0067 27  4.62(2.92-633)  <.0001
init
consangtinity No 10 90.91(70.65-100.00) 557 95.38 (93.67-97.08)
Contraceptives Yes 3 27.27 (0.00-58.65) 0.1317 101 17.29 (14.22-20.37) <.0001
used No 8 7273 (41.35-100.00) 483 8271 (79.63-85.78)
Addiction of None 8 7273 (41.35-100.00) 0.0201 333 57.02 (52.99-61.05) <.0001
fath
ather Smoking 2  18.18 (0.00-45.36) 176 30.14 (26.40-33.87)
Smoking/ 1  9.09 (0.00-29.35) 64 10.96 (8.42-13.50)
Drug
Smoking,/ — — — 11 1.88(0.78-2.99)
Drug/
Alcohol
History of Yes 4 80.00 (24.47— 01797 202 86.32 (81.89-90.76) <.0001
spontaneous 100.00)
abortion
No 1 20.00 (0.00-75.53) 32 13.68 (9.24-18.11)
Presence of Yes 1 9.09(0.00-29.35) 0.0067 42  7.19 (5.09-9.29)  <.0001
diabetes
No 10 90.91 (70.65-100.00) 542 92.81 (90.71-94.91)
Presence of Yes 2 1818 (0.00-45.36) 0.0348 60 10.27 (7.80-12.74)  <.0001
h 1
ormona No 9 81.82 (54.64-100.00) 524 89.73 (87.26-92.20)
deficiencies
(FSH/TSH/
etc.)
History of Yes 1 9.09(0.00-29.35)  0.0067 70 11.99 (9.34-14.63) <.0001
ital
congenita No 10 90.91(70.65-100.00) 514 88.01 (85.37-90.66)
disease among
first-degree
relative
Any genetic Yes 7 63.64 (29.74-97.53) 0.3657 301 51.54 (47.48-55.61) 0.4564
b lit
aonommatty No 4 3636 (2.47-70.26) 283 48.46 (44.39-52.52)
detected
Down Neither 7  63.64 (29.74-97.53)  0.3657 324 55.48 (51.44-59.52) <.0001
syndrome down nor
Mosaic
Down 4  36.36 (2.47-70.26) 250 42.81 (38.78-46.83)
syndrome
Mosaic  — — — 10 1.71 (0.66-2.77)
Down
syndrome
Turner Yes — — — 11 1.88 (0.78-2.99) <.0001
syndrome No 11 100.00 (100.00— — 573 98.12(97.01-99.22)
100.00)
Table 2.

Descriptive analyses vegarding congenital anomalies.
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3. Results

The tablewise description is as follows:

In Table 1: of the total 595 samples analyzed, 279 (46.89%) were males, 313
(52.61%) were females, and for three subjects sex could not be determined. The
majority belonged to the Hindu religion (381, 71.48%) followed by Muslim (152,
28.52%). A history of consanguinity was observed among 28 (4.71%) subjects.
Among females who got pregnant, 206 (86.19%) had a history of spontaneous
abortion and 104 (17.48%) reported use of contraceptives, 178 (29.92%) fathers

were addicted to smoking, 65 (10.92%) to both smoking and drugs, and 11 (1.85%)

to either smoking or drugs or alcohol. Among total subjects, 43 (7.23%) were
diagnosed with diabetes, 62 (10.42%) had some hormonal deficiencies, and 71

(11.93%) had a history of congenital disease among first-degree relatives. More than
half of the tested samples [308 (51.76%)] were from normal subjects, 254 (42.69%)

Variables Categories Any genetic abnormality detected
No Yes
N 95% CI Pvalue N 95% CI P value
Gender Male 116 37.66 (32.22-43.10) <.0001 163 56.79 (51.03-62.56) <.0001
Female 190 61.69 (56.23-67.15) 123 42.86 (37.10-48.62)
Religion Muslim 73 28.40 (22.85-33.96) <.0001 79 28.62(23.26-33.99) <.0001
Hindu 184 71.60 (66.04-77.15) 197 71.38 (66.01-76.74)
History of Yes 15 4.87 (2.45-7.29) <.0001 13 4.53 (2.11-6.95) <.0001
consanguinity
No 293 95.13 (92.71-97.55) 274 95.47 (93.05-97.89)
Contraceptives Yes 48  15.58 (11.51-19.66) <.0001 56 19.51 (14.90-24.12) <.0001
Used
se No 260 84.42 (80.34-88.49) 231 80.49 (75.88-85.10)
Addiction of None 181 58.77 (53.24-64.29) <.0001 160 55.75(49.97-61.53) <.0001
fath
ather Smoking 93  30.19 (25.04-35.35) 85  29.62 (24.30-34.93)
Smoking/ 27 8.77 (5.59-11.94) 38 13.24 (9.30-17.19)
drug
Smoking/ 7 2.27 (0.60-3.95) 4 1.39 (0.03-2.76)
drug/
alcohol
History of Yes 104 80.62 (73.71-87.53)  <.0001 102 92.73 (87.80-97.66) <.0001
spontaneous
. No 25  19.38 (12.47-26.29) 8 7.27 (2.34-12.20)
abortion
Presence of Yes 21 6.82 (3.99-9.65) <.0001 22 7.67 (4.57-10.76) <.0001
diabetes
No 287 93.18 (90.35-96.01) 265 92.33 (89.24-95.43)
Presence of Yes 29 9.42 (6.14-12.70) <.0001 33 11.50 (7.79-15.21) <.0001
hormonal
. No 279 90.58 (87.30-93.86) 254  88.50 (84.79-92.21)
deficiencies
(FSH/TSH/etc.)
History of Yes 39  12.66 (8.93-16.40) <.0001 32  11.15(7.49-14.81)  <.0001
congenital
No 269 87.34 (83.60-91.07) 255  88.85 (85.19-92.51)

disease among
first-degree
relative

Table 3.

Descriptive analyses regarding congenital abnormalities.
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Variables Categories Diagnosed with Turner syndrome
Yes No
N 95% CI P N 95% CI P value
value
Gender Male — — — 279  47.77 (43.71-51.84) <.0001
Female 11 100.00 (100.00-100.00) 302  51.71 (47.65-55.78)
Religion Muslim 4 40.00 (3.06-76.94) 0.5271 148 28.30 (24.43-32.17) <.0001
Hindu 6 60.00 (23.06-96.94) 375 7170 (67.83-75.57)
History of Yes — — — 28 4.79 (3.06-6.53) <.0001
consanguinity No 11 100.00 (100.00-100.00) 556 95.21 (93.47-96.94)
Contraceptive Yes 2 18.18 (0.00-45.36) 0.0348 102 17.47 (14.38-20.55) <.0001
d
use No 9 81.82 (54.64-100.00) 482 8253 (79.45-85.62)
Addiction of None 5 45.45 (10.37-80.54) 0.5292 336  57.53 (53.51-61.55) <.0001
fath
ater Smoking 4  36.36 (2.47-70.26) 174 29.79 (26.07-33.51)
Smoking/ 2 18.18 (0.00-45.36) 63 0.79 (8.26-13.31)
drug
Smoking/ — — — 11 1.88 (0.78-2.99)
drug/
alcohol
History of Yes 1 50.00 (0.00-100.00) 1.0000 205 86.50 (82.12-90.88) <.0001
spontaneous
. No 1 50.00 (0.00-100.00) 32 13.50 (9.12-17.88)
abortion
Presence of Yes — — — 43 7.36 (5.24-9.49) <.0001
diabetes
No 11 100.00 (100.00-100.00) 541  92.64 (90.51-94.76)
Presence of Yes — — — 62 10.62 (8.11-13.12) <.0001
hormonal
- . No 11 100.00 (100.00-100.00) 522  89.38 (86.88-91.89)
deficiencies
(FSH/TSH/
etc.)
History of Yes 1 9.09 (0.00-29.35) 0.0067 70 11.99 (9.34-14.63) <.0001
congenital
No 10 90.91 (70.65-100.00) 514  88.01 (85.37-90.66)

disease among
first degree
relative

Table 5.
Descriptive analyses of participants regarding turner syndrome (n = 11).

were identified as Down syndrome, 10 (1.68%) as mosaic Down syndrome, while 11
(1.85%) as Turner syndrome, and 11 (1.85%) children with other congenital
anomalies.

In Table 2: of the total 11 children with congenital abnormalities, five (45.45%)
were males. Based on the available information, it was observed that six (75%)
belonged to the Hindu religion followed by Muslim (2, 28.52%), one (9.09%) had a
history of consanguinity, four (80%) had a history of spontaneous abortion, three
(27.27%) reported use of contraceptives, two fathers (18.18%) were addicted to
smoking, one (9.09%) was addicted to both smoking and drugs, one subject
(9.09%) was diagnosed with diabetes, two subjects (18.18%) with hormonal defi-
ciencies, one subject (9.09%) had a history of congenital disease among first-degree
relatives, four (36.36%) were identified as Down syndrome, and none of them with
Turner syndrome.
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Variables Categories Diagnosed as normal
(ref = no)

Yes

OR (95% CI) P value

Gender (ref = female) Male 0.46 (0.33-0.64) <.0001
Religion (ref = Muslim) Hindu 1.01 (0.69-1.47) 0.9555
History of consanguinity (ref = no) Yes 1.08 (0.50-2.31) 0.8449
History of spontaneous abortion (ref = no) Yes 0.33 (0.14-0.76)  0.0091
Contraceptives used (ref = no) Yes 0.76 (0.50-1.16) 0.2084
Addiction of father (ref = none) Smoking 0.97 (0.67-1.39) 0.8570

Smoking/drug 0.63 (0.37-1.08)  0.0897

Smoking/drug/ 1.55 (0.45-5.38) 0.4928

alcohol
Presence of diabetes (ref = no) Yes 0.88 (0.47-1.64) 0.6899
Presence of hormonal deficiencies (FSH/TSH/etc) Yes 0.80 (0.47-1.36) 0.4067
(ref = no)
History of congenital disease among first degree Yes 1.16 (0.70-1.90)  0.5710

relative (ref = no)

Table 6.
Predictors of participants who weve diagnosed as normal.

In Table 3: of the 283 samples tested to have some genetic abnormalities, 163
(56.79%) were males, 197 (71.38%) belonged to the Hindu religion followed by
Muslim (79, 28.62%), 13 (4.53%) had a history of consanguinity, 102 (92.73%) had a
history of spontaneous abortion, 56 (19.51%) reported use of contraceptives, 85
fathers (29.62%) were addicted to smoking, 38 (13.24%) to both smoking and
drugs, and 4 (1.39%) to either smoking or drugs or alcohol. Among these 283 sub-
jects, 22 (7.67%) were diagnosed with diabetes, 33 (11.50%) had some hormonal
deficiencies, and 32 (11.15%) had a history of congenital disease among first-degree
relatives.

In Table 4: Among the total 254 samples who were diagnosed with Down
syndrome, 155 (61.02%) were males, 177 (72.24%) belonged to the Hindu religion
followed by Muslim (68, 27.76%), 11 (4.33%) had a history of consanguinity, 94
(93.07%) had a history of spontaneous abortion, 49 (19.29%) couples reported use
of contraceptives, 73 (28.74%) fathers were addicted to smoking, 31 (12.20%) to
both smoking and drugs and 3 (1.18%) to either smoking or drugs or alcohol, 22
(8.66%) were diagnosed with diabetes, 29 (11.42%) had some hormonal deficien-
cies, and 29 (11.42%) had a history of congenital disease among first-degree rela-
tives. Among 10 samples who were diagnosed with mosaic Down syndrome, five
(50.00%) were males, eight (80%) belonged to the Hindu religion followed by
Muslim (2, 20.00%), and two (20.00%) had a history of consanguinity, all had a
history of spontaneous abortion, three (30.00%) reported use of contraceptives,
four (40.00%) were addicted to smoking, three (30.00%) to both smoking and
drugs, while none of them were diagnosed with diabetes, three (30.00%) had some
hormonal deficiencies, and two (20.00%) had a history of congenital disease among
first-degree relatives.

In Table 5: among the total 11 samples who were diagnosed with Turner syn-
drome and all of them were females, six (60.00%) belonged to the Hindu religion
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Variables Categories  Clinical diagnosed with (ref = neither Down or Mosaic)
Down syndrome Mosaic down syndrome
OR (95% CI) P value OR (95% CI) P value
Gender (ref = female) Male 2.75 (1.96-3.86) 1.76 (0.50-6.19) 0.3809
<.0001
Religion (ref = Muslim) Hindu 1.09 (0.74-1.59) 0.6604 1.67 (0.35-8.05) 0.5206
History of consanguinity Yes 0.95(0.43-2.11)  0.9069  5.27 (1.03-26.98)  0.0462
(ref = no)
Contraceptives used Yes 1.28 (0.83-1.97) 0.2567 2.30 (0.58-9.18) 0.2384
(ref = no)
Addiction of father Smoking 0.94 (0.65-1.36) 0.7393 2.52 (0.55-11.49) 0.2319
f =
(ref = none) Smoking/ 130 (0.76-2.24) 03440  6.16 (119-31.91)  0.0302
drug
Smoking/ 0.49 (0.13-1.87) 0.2945 — —
drug/
alcohol
History of spontaneous Yes 3.26 (1.35-7.86)  0.0084 — —
abortion (ref = no)
Presence of diabetes Yes 1.40 (0.75-2.61)  0.2890 — —
(ref = no)
Presence of hormonal Yes 1.29 (0.75-2.22) 0.3497 4.30 (1.06-17.50) 0.0416
deficiencies (FSH/TSH/
etc) (ref = no)
History of congenital Yes 0.94 (0.56-1.56) 0.8042 1.82 (0.37-8.87) 0.4593

disease among first degree
relative (ref = no)

Table 7.
Predictors of down syndrome.

followed by Muslim (4, 40.00%) and none had a history of consanguinity. One
(50.00%) had a history of spontaneous abortion, two (18.18%) couples reported use
of contraceptives, four (36.36%) fathers were addicted to smoking, two (18.18%) to
both smoking and drugs, none were diagnosed with diabetes or hormonal deficien-
cies, and one (9.09%) had a history of congenital disease among first-degree relatives.

In Table 6: compared to females, males were 54% (odds ratio, OR = 0.46, 95%
CI = 0.33-0.64) less likely to be normal. Additionally, for females who got pregnant
and had a history of spontaneous abortion, the chance of being normal was 67% less
(odds ratio, OR = 0.33, 95% CI = 0.14-0.76) compared to those who did not have
such history.

In Table 7: compared to females, males were almost thrice likely (odds ratio,
OR = 2.75, 95% CI = 1.96-3.86) to be clinically diagnosed with Down syndrome.
Additionally, in females who got pregnant and had a history of spontaneous abor-
tion, the risk of Down syndrome was more than three times higher (odds ratio,

OR = 0.33, 95% CI = 0.14-0.76) than those who did not have such history. Subjects
with a history of consanguinity had a four times higher risk of being clinically
diagnosed with mosaic Down syndrome (odds ratio, OR = 5.27, 95% CI = 1.03-
26.98) than those who have no such history. Additionally, history of smoking and
drug addiction among fathers was positively (odds ratio, OR = 6.16, 95% CI = 1.19-
31.91) associated with a higher likelihood of mosaic Down syndrome than those
who did not have such history. Moreover, the risk of being diagnosed with this
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Variables Categories Diagnosed with Turner
syndrome (ref = no)
Yes
OR (95% CI) P value
Gender (ref = female) Male — —
Religion (ref = Muslim) Hindu 0.59 (0.17-2.13) 0.4219
History of consanguinity (ref = no) Yes — —
Contraceptive used (ref = no) Yes 1.05 (0.22-4.93) 0.9506
Addiction of father (ref = none) Smoking 1.55 (0.41-5.83) 0.5208
Smoking/drug 213 (0.41-11.24)  0.3715
Smoking/drug/ — —
alcohol
History of spontaneous abortion (ref = no) Yes 0.16 (0.01-2.56) 0.1930
Presence of diabetes (ref = no) Yes — —
Presence of hormonal deficiencies (FSH/TSH/etc.) Yes — —
(ref = no)
History of congenital disease among first degree Yes 0.74 (0.09-5.82) 0.7704
relative (ref = no)
Table 8.
Predictors of turner syndrome.
Variables Categories Child with congenital
abnormalities (ref = no)
Yes
OR (95% CI) P value
Gender (ref = female) Male 0.93 (0.28-3.09) 0.9106
Religion (ref = Muslim) Hindu 1.20 (0.24-6.01) 0.8245
History of consanguinity (ref = no) Yes 2.06 (0.26-16.71) 0.4971
Contraceptives used (ref = no) Yes 1.79 (0.47-6.88)  0.3944
Addiction of father (ref = none) Smoking 0.47 (0.10-2.25) 0.3470
Smoking/drug 0.65 (0.08-5.29) 0.6875
Smoking/drug/ — —
alcohol
History of spontaneous abortion (ref = no) Yes 0.63 (0.07-5.85) 0.6875
Presence of diabetes (ref = no) Yes 1.29 (0.16-10.32)  0.8097
Presence of hormonal deficiencies (FSH/TSH/etc.) Yes 1.94 (0.41-9.19) 0.4033
(ref = no)
History of congenital disease among first degree Yes 0.74 (0.09-5.82)  0.7704

relative (ref = no)

Table 9.
Predictors having congenital abnormalities.

defect was fourfold (odds ratio, OR = 4.30, 95% CI = 1.06-17.50) among partici-
pants detected with some hormonal deficiencies than those who did not have such
deficiencies.
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In Table 8: although all the predictors such as male gender, Hindu religion,
positive history of consanguinity, history of having the spontaneous abortion,
contraceptives use, addiction of father, the presence of diabetes or some
hormonal deficiencies and having a history of congenital disease among
first-degree relatives seemed to be positively associated with the risk of Turner
syndrome, results were not statistically significant due to small sample size and lack
of power.

In Table 9: the other congenital anomalies did not show any association with the
studied factors and results were not statistically significant due to the small sample
size and lack of power. Thus, for inconclusive and empirical evidence regarding
predictors of participants having a child with congenital abnormalities, a large
sample size is required.

4, Discussion

In this study, the different factors such as gender, age, ethnicity, addiction,
hormonal status have been analyzed to investigate their possible effect on Down
syndrome, Turner syndrome, and other congenital disease prevalence. The distri-
butions of the sample characteristics were significantly different across strata of
gender, religion, history of consanguinity, contraceptive used, the addiction of
participants’ father, whether diagnosed with diabetes or hormonal deficiencies or
Down syndrome or Turner syndrome, and history of congenital disease among
first-degree relatives and child with congenital abnormalities. The distributions of
the children with congenital abnormalities such as ambiguous genitalia or syndac-
tyly were significantly different across strata of history of consanguinity, addiction
of parent, whether diagnosed with diabetes or hormonal deficiencies or Down
syndrome or Turner syndrome and history of congenital disease among first-degree
relatives. Distributions of sample characteristics were significantly different across
strata of gender, religion, history of consanguinity, contraceptive used, history of
spontaneous abortion, addiction of father, whether diagnosed with diabetes or
hormonal deficiencies, and history of congenital disease among first-degree rela-
tives (Table 3). The distributions of sample characteristics who were clinically
diagnosed with Down syndrome were significantly different across strata of
gender, religion, history of consanguinity, contraceptive used, addiction of
father, whether diagnosed with diabetes or hormonal deficiencies, and history
of congenital disease among first-degree relatives whether individuals
diagnosed with mosaic Down syndrome were not significantly different across
strata of those factors. Except for the use of contraceptives, distributions of the
sample characteristics who were clinically diagnosed with Turner syndrome were
not significantly different across the strata of gender, religion, history of consan-
guinity, addiction of father, whether diagnosed with diabetes or hormonal defi-
ciencies, and history of congenital disease among first-degree relatives. Other
predictors, such as Hindu religion, positive history of consanguinity, use of contra-
ceptives, addiction of father, presence of diabetes or hormonal deficiencies, and
having a history of congenital disease among first-degree relatives, seemed more
likely to be clinically diagnosed as normal but results were not statistically signifi-
cant due to small sample size and lack of power. Thus, for inconclusive and empir-
ical evidence regarding predictors of clinically normal subjects, a large sample size is
required.

On the basis of outcomes, the possible effects of sociodemographic factors
are convenient regarding the studied congenital disease occurrence, though a
large-scale analysis from all aspects is needed.
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5. Conclusion

In this chapter, we have found that some factors such as age, addictions,
hormonal imbalances are likely to be associated with Down syndrome, Turner
syndrome, and also the other studied congenital diseases. There are several
sociodemographic factors that seem to be associated with these congenital
disorders, though a large sample size is required for better assessment.
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Chapter 5

What Causes Down Syndrome?
Emine Ikbal Atli

Abstract

Trisomy 21 (Down Syndrome) is the model human phenotype for all genome
gain-dosage imbalance situations, including microduplications. Years after the
sequencing of chromosome 21, the discovery of functional genomics and the
creation of multiple cellular and mouse models provided an unprecedented oppor-
tunity to demonstrate the molecular consequences of genome dosage imbalance.

It was stated years ago that Down syndrome, caused by meiotic separation of
chromosome 21 in humans, is associated with advanced maternal age, but defining
and understanding other risk factors is insufficient. Commonly referred to as Down
syndrome (DS) in humans, trisomy 21 is the most cited genetic cause of mental
retardation. In about 95% of cases, the extra chromosome occurs as a result of mei-
otic non- nondisjunction (NDJ) or abnormal separation of chromosomes. In most
of these cases the error occurs during maternal oogenesis, especially in meiosis I.

Keywords: trisomy 21, chromosome 21, non- nondisjunction, down syndrome,
genetics

1. Introduction

More than 50 years have passed since trisomy 21 was identified as the cause of
Down syndrome. After that date, the first link between a clinical disorder and a
chromosomal abnormality was established. In the intervening half century, the
importance of numerical chromosome abnormalities for human disease pathology
has been well established.

Studies with live births in the 1960s and 1970s showed that about 0,3% of
newborns were trisomic or monosomic, while subsequent studies of spontaneous
abortions found a much higher incidence of about 35%. Taken together, these stud-
ies revealed aneuploidy as the leading known cause of congenital birth defects and
miscarriages, showing that most cases of aneuploidy disappear in utero [1-3].

In humans, trisomy 21, commonly referred to as Down syndrome (DS), is the
most common genetic cause of mental retardation. In about 95% of cases, the
excess chromosome occurs as a result of meiotic nondisjunction (NDJ) or incorrect
dissociation of chromosomes [4, 5]. In most of the cases, the error occurs during
maternal oogenesis, especially in meiosis I (MI) [6]. Advanced maternal age and
defective recombination are two risk factors that have been reported to be associ-
ated with DS for cases where extra chromosome arises in the oocyte. The process
of oogenesis is long and is a cycle that involves meiotic arrest, making it more
vulnerable to improper assembly of chromosomes than spermatogenesis. Also, with
increasing age, there is a rapid degradation of spindle thread formation in sister
chromatid cohesion or anaphase separation of sister chromatids in oocytes, and this
poses the risk of NDJ in both MI and MII [7-11].
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Through recombinant DNA technology, a new technique has become available
to study the origin and mechanisms of chromosomal abnormalities using DNA
polymorphism analysis. Initially, such analyzes used chromosome 21-specific DNA
probes to detect restriction fragment length polymorphisms. The development
of the polymerase chain reaction (PCR) amplification technique has enabled the
identification of new and highly informative classes of DNA polymorphisms (mic-
rosatellites or simple sequence repeat (SSR) polymorphisms) in the human genome.
In particular, multi-allelic and easily typeable micro satellites have contributed to
chromosomal nondisjunction studies in recent years [12-14].

Meiotic meiosis I or IT examination of nondisjunction in trisomy 21 by DNA
polymorphism analysis could not be performed due to the absence of centromeric
markers. Alphaid DNA polymorphisms specific to the human chromosome 21
centromere were identified years ago, but these markers were unlikely to provide
information on the process and were not useful for routine nondisjunction studies.
However, alfoid DNA polymorphisms were localized in the genetic linkage map
of chromosome 21(Figure 1), and an estimate of the genetic distance between the
centromere and the closest pericentromeric markers on the long arm of chromo-
some 21 was made [4, 9, 16].

Two large collaborative studies used DNA polymorphism involving the long arm
of human chromosome 21 to determine the parental origin of separation in trisomy
21. Such studies estimate that only 5% of trisomy 21 (of a total of 304 families stud-
ied) originates from the father and attributes the difference in cytogenetic studies
to the increased accuracy of DNA polymorphism analysis as shown by inaccurate
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Figure 1.
Short tandem repeat (STR) markers used to infer the origin of the meiotic error and characterization of the
recombination profile [15].
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cytogenetic determinations in a subgroup of families. Other population-based stud-
ies show paternal meiotic errors in the 5-9% range [17, 18].

For example, the absence of detectable recombination or just a single telomeric
change may be associated with MI NDJ errors, and this pattern is more common
in the younger maternal age group than in the older maternal group. In contrast, it
shows that MII errors are clearly associated with pericentromeric changes in older
maternal age groups [19].

A molecular study found high differences in mean maternal ages between
maternal origin cases and paternal origin cases. This demonstrated that the mater-
nal age effect in Down syndrome is limited to maternal nondisjunction and does
not provide evidence for a comfortable selection against trisomic fetuses in older
women [20, 21].

2. Sex-specific differences in meiosis

As discussed in many studies, studies of clinically recognized pregnancies indi-
cate that most human aneuploidy is of maternal origin. The question then arises:
why is female meiosis so prone to error? In this section, we review oocyte develop-
ment and summarize the latest evidence that errors in the oocyte that predispose
to chromosome misgrouping are increased, and that gender-specific differences
in meiotic cell cycle checkpoints allow oocytes with these errors to develop into
mature eggs [3, 22].

In mammals, meiotic recombination occurs in the fetal ovary and the signifi-
cance of the resulting physical connections for chromosome separation has been
well observed. Studies in the 1990s identified transitions that could not be recom-
bined and / or optimally positioned as significant contributors to human trisomy.

Changing recombination is essential here. It is related to mother-derived
trisomies as well as those originating from the father. However, the female is clearly
at greater risk, as most aneuploidy occurs during oogenesis. Therefore, either more
recombination errors are made in the female or these errors are removed more
efficiently in the male [23, 24].

The immunofluorescence methodology has made it possible to examine cross-
linked proteins in pachytene spermatocytes and oocytes and thus test these alter-
natives. Interestingly, almost all chromosomes in males are joined by at least one
crossover, but the same is not true for females [4, 14, 18].

Studies have shown that; The conclusion is that more than 10% of all human
oocytes contain at least one “non-crossing” bivalent. Since half of all these divalent
ones are expected to result in aneuploidy (Figure 2), the stage seems to have been
adjusted for meiotic errors from the onset of oogenesis.

As suggested based on cytogenetic studies with no evidence of a difference in
mean maternal age between maternal and paternal trisomy 21 cases. A factor asso-
ciated with aging of the oocyte therefore appears to be responsible for the maternal
age effect in Down syndrome.

Among maternal errors, approximately 75% are considered errors in meiosis
I 'and 25% as errors in meiosis II. Maternal meiosis I and II errors are linked to
increased maternal age [25-27]. Two studies of cytogenetic short-arm heteromor-
phisms and microsatellite DNA polymorphisms showed inconsistencies regarding
the meiotic period of non-separation and suggested pericentromeric increased
recombination associated with nondisjunction. The place where chiasma occurs is
the middle of the chromosome arm and then recombination is necessary for proper
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Non-disjunction in meiosis
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Figure 2.
Homaogeneous due to meiotic non-disjunction.

chromosome separation as it holds the chromatids tightly and balances the attrac-
tion to opposite poles [28, 29].

Meiotic recombination was thought to stabilize matched homologs to ensure
their proper separation. However, the process is stochastic and may not be handled
properly even in euploid samples. Thus, achiasmate chromosomes are vulnerable
to malsegregation and this condition gradually increases with age due to the rapid
degradation of the protein mechanism within oocytes responsible for surveil-
lance and separation of chromosomes. A chiasma located near the telomere of the
chromosome probably attaches the homolog to the spindle weaklier due to loss of
cohesion and directs the kinetochore precisely towards the opposite pole. On the
other hand, chiasmata close to the center occurs during MI, which causes chromo-
some entanglement so the bivalent cannot be separated correctly. In this way the
MII can pass into the anaphase plate and then result in the reduction section; asa
result, a disomic gamete is produced [30, 31].

Epidemiological studies have identified some environmental, habitual and
socio-economic factors that may pose a risk for Ch21 NDJ. These can be observed in
both MI and MII errors depending on maternal age or independent of maternal age.
When we consider these findings, it is clear that Ch21 NDJ risk is a multifactorial
event that interacts with genetic and environmental factors.

About 5% of trisomy 21 cases are likely due to the mitotic (postzygotic) non-
disjunction of chromosome 21 in the early embryo. This was demonstrated by the
identification of pericentromeric DNA markers and the lack of recombination
observed along the entire long arm of chromosome 21. Mitotic errors are not
associated with advanced maternal age and do not show any preference depending
on the parental origin of the replica chromosome 21. Mosaic with a normal cell line
occurs in about 2-4% of newborns with Down syndrome. By DNA polymorphism
analysis performed in 17 families with mosaic trisomy 21 probands, it showed that
most cases were caused by a trisomic zygote with mitotic loss of one chromosome
(Table1) [32, 33].
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Origin Number of cases % Meiotic recombination
Maternal 732 90,7

MI 556 68,9 Reduced

MII 176 21,8 Increased
Paternal 44 5,5

MI 17 2,1 Reduced

MII 27 33

Mitotic 31 3,8

Maternal 17 2,1

Paternal 14 1,7

MI: Meosis I, MII: Meosis II, Maternal and Paternal refer to parental origin of the chromosome that was
duplicated by postzygotic nondisjunction

Table 1.
Origin of nondisjunction in human trisomy 21 by DNA polymorphism analysis [31, 33-35].

3. Changes in recombination

Failure to nondisjunction in maternal meiosis I is associated with reduced
recombination between unallocated chromosomes 21, suggesting an important
role for pairing / recombination errors or reduced recombination in the etiology of
trisomy 21. Subsequent results showed an overall reduction in recombination, but
with increased recombination in the distant region of 21q.

Meiotic Maternal Number Frequency of observed Frequency of the number
outcome age group of number recombinants inferred exchanges
group observed
events
0 1 >2 0 1 >2
MI
Young 175 0,70 0,20 0,10 0,47 0,32 0,21
(<29 yrs)
Mid 197 0,56 0,35 0,10 0,18 0,64 0,19
(29-34 yrs)
old 243 0,64 0,27 0,09 0,27 0,49 0,24
(>34 yrs)
MIL
Young 58 — 0,66 0,34 — 0,22 0,78
(<29 yrs)
Mid 69 — 0,78 0,22 — 0,51 0,49
(29-34 yrs)
Old 126 — 0,81 0,19 — 0,57 0,44
(>34 yrs)
Euploid
All Ages 152 0,52 0,39 0,09 0,20 0,50 0,30
Table 2.

Frequency distribution of observed recombinants and inferved exchanges for each meiotic outcome group
stratified by maternal age group [10].
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Unpredictably, nondisjunction in meiosis II is due to the increased recombi-
nation occurring in meiosis I suggesting that all errors are due to meiosis I. The
recombination rate remains constant with advancing maternal age. However,
possible chiasmate configurations of chromosome 21 appear more susceptible to
nondisjunction in older oocytes than younger oocytes (Table 2).

Analysis of the chiasma configuration showed that the failure of a proximal
recombination (or the presence of a telomeric recombination) tends to be nondis-
junction in meiosis I, while the presence of pericentromeric change appears to be
nondisjunction in meiosis II [30, 31, 36, 37].

These findings are very effective in understanding the etiology of trisomy 21 and
may explain why both maternal meiosis I and II errors are associated with increased
maternal age. A two-hit nondisjunction model has been proposed where the first hit
is the prenatal establishment of a sensitive tetrad and the second hit is the disrup-
tion of a meiotic process that increases the risk of nondisjunction of the susceptible
configuration. The second hit can involve any element of the meiotic process and
can be the basis for the maternal age effect. Recent studies have found signs indicat-
ing a reduction in the recombination rate in the total genome of eggs with chromo-
some 21 nondisjoined, meaning that the reduction in recombination is not limited
to nondisjoined chromosomes but extends to other chromosomes as well [22].

The two-beat non-separation model needs to be validated with further study
from other chromosomes and direct observation with oocytes.

4. Paternal nondisjunction

In the paternal nondisjunction of chromosome 21, there is mainly meiosis II
error, as DNA polymorphisms show, in contrast to meiosis I errors and maternal
nondisjunction.

Therefore, the mechanisms associated with paternal nondisjunction will likely
differ from those associated with maternal nondisjunction.

In live births with Down syndrome; there is a well-known increasing ratio
(about 1.15) between the sexes. This effect is limited to free trisomy 21 cases and
does not include translocation-style trisomies, suggesting that increased sex ratio
is associated with free trisomy 21 per se, not gender-based differential selection.
As aresult of molecular studies, it has been revealed that among the meiotic errors
of the father, a rather high sex ratio (3.50) and male proband excess, in contrast to
paternal mitotic errors and maternal errors, are specific to MII errors.

As with maternal meiosis, there is reduced recombination across the nondis-
joined 21. chromosome involved in the 22 paternal nondisjunction cases, but there
is no difference in recombination between the 27 paternal MII cases compared to
controls [14, 18, 34].

5. Recurrence risk of nondisjunction

Two molecular studies with families with free trisomy 21 relapse showed that
mosaicism in parents is an important etiological factor and that this possibility
alone may explain recurrent trisomy 21 in most families. In only a small number of
families, the possibility of genetic predisposition for chromosomal nondisjunction
could not be excluded [32, 35].

It has been previously shown that live born children with free trisomy 21 for
chromosomally normal parents whose maternal age is less than 30 years have a
significantly increased risk of recurrence [35].
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6. Risk factors

Many factors have been suggested as risk factors for nondisjunction in the past,
but only in the last few studies identified the source of nondisjunction by DNA
analysis. The increased frequency of the apolipoprotein E (APOE) allele A4 was
more observed in young mothers with MII errors in a population-scale study of
Down syndrome in Denmark. This finding showed an increased risk of Alzheimer’s
disease in a subgroup of young Down syndrome mothers and suggested the APOE
E4 allele as a risk factor for nondisjunction in young mothers [36-38].

An association between an intron polymorphism in the presenilin-1 gene and
maternal MII errors was identified in the same population-based study and the
function of presenilin proteins in chromosome segregation was determined and
thought to be related to subcellular localization.

Another population-based study revealed an association with young MII moth-
ers and maternal smoking and oral contraceptive use.

Both studies have found an association in young MII mothers, and the proposed
risk factors support the ovarian risky microcirculation hypothesis to explain the
effect of maternal age on nondisjunction, and it should not be overlooked.

Oocytes from hypoxic follicles under heavy exposure showed abnormalities in
the organization of chromosomes on the metaphase spindle at high frequencies.

When we look at the two hit nondisjunction model, the findings suggest
that aging alone is sufficient to disrupt the meiosis process, but there is a higher
requirement for a genetic or environmental factor for nondisjunction to occur in
young women.

A different recent study showed abnormal folate metabolism in mothers with
Down syndrome; It was reported that the C677T mutation in the methylenetetra-
hydrofolate reductase (MTHFR) gene was higher in mothers with Down syndrome
than in control mothers. However, the study included a small number of mothers
and was not population-based, and so the source of nondisjunction could not be
determined. Nevertheless, the study may support the at-risk microcirculation
hypothesis as hyperhomocysteinemia is a known risk factor for vascular disease and
the common MTHFR C677T mutation in the homozygous state is associated with
mild hyperhomocysteinemia [39-42].

7. Conclusions

As aresult, it shows that there is a high frequency of chromosome abnormali-
ties throughout embryonic development as a result of accumulated errors during
gametogenesis and early mitotic divisions. Advancing female age is associated
with increased rates of aneuploidy in oocytes and embryos. Especially during
female meiosis, excessive chromosome losses, anaphase delay of chromosomes
and / or capturing of the spindle by microtubules (congression failure) are impor-
tant mechanisms that cause aneuploidy during oogenesis and continue to have a
significant effect during the first few mitotic divisions. Studies of abortions and
molecular genetic analyzes of chromosomal abnormalities revealed that most
aneuploidies occur during female meiosis, usually as a result of splitting in the first
meiotic division. Aneuploidies and, to a lesser extent, male-meiotic errors due to
both premature separation of sister chromatids during female meiotic divisions
and mitotic chromosome malsegregation are quite common. The fact that aneu-
ploidies caused by these disturbances are rarely seen later in pregnancy increases
the likelihood that the origin of aneuploidy may somehow affect the impact on
embryo viability.
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While interest in the development and refinement of culture systems to support
the development of functional gametes from stem cells for the treatment of infertil-
ity has been intense, so far those working in these areas have shown little interest
in the meiotic process. Obviously, the successful production of normal gametes in
vitro will require great attention to meiotic details and a full understanding of the
differences between the sexes.
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Chapter 6

Phenotypes Associated with Down
Syndrome and Causative Genes

Fatma Soylemez

Abstract

Down syndrome (DS) is the most common chromosomal condition associated
with mental retardation and is characterized by a variety of additional clinical find-
ings. It occurs in approximately 1 of 800 births worldwide. DS is associated with
number of phenotypes including heart defects, leukemia, Alzheimer’ disease, hyper-
tension etc. Individuals with DS are affected by these diseases to variable rates, so
understanding the reason for this variation is an important challenge. Multiple genes
located both on chromosome 21 and other regions of the genome such as the polymor-
phism of the amyloid precursor protein (APP) gene contribute to clinical variations.
Information on these genetic variations allows early diagnosis and treatment of pheno-
types associated with DS. In this chapter, an overview of disease management will be
provided by reviewing the genes or miRNAs that cause DS-associated phenotypes.

Keywords: Down syndrome, disease, phenotypes, genes, variation

1. Introduction

Down syndrome is one of the best-recognized and most common chromosome
disorders caused by the presence of a third copy of chromosome 21 (Trisomy 21).
It is the most common genetic cause of mental retardation. The incidence of Down
syndrome is approximately 1/800 newborns [1, 2]. The risk for having a child with
Down syndrome increases with maternal age. There are several features that occur
in the entire DS population, including learning disability, craniofacial abnormality,
and hypotonia [3]. In addition to learning difficulties, Down syndrome patients
face a variety of health problems, including congenital heart disease, Alzheimer’s
diseases (AD), leukemia, cancers and gastrointestinal defects. The 200 to 300 genes
on chromosome 21 have been identified as causatives to clinical features of the syn-
drome. Multiple genes such as polymorphisms of the Down syndrome cell adhesion
molecule (DSCAM) and APP gene, both on chromosome 21 and other regions of
the genome, are known to contribute to variation in clinical manifestations [4].

2. Down syndrome genetics and typical features

The most common reason for having a baby with DS is the presence of an extra
copy of chromosome 21 that results in trisomy. Trisomy 21 (47, XX, + 21 or 47,XY,+ 21)
is caused by a failure of the chromosome 21 to separate during egg or sperm develop-
ment (Figure1). The other causes can be Robertsonian translocation and isochro-
mosomal or ring chromosome [5]. Robertsonian translocation occurs in only 2-4%
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Figure 1.
47, XX, +21. Down syndrome karyotype demonstrating trisomy 21 (female) (Karyotype prepared by Fatma
Soylemez).

of cases and occurs when the long arm of the 21st chromosome is attached to another
submetacentric chromosome. Mosaicism occurs as a result of an error in cell division
or a false division after fertilization. This is why people with mosaic DS have two

cell lines in their tissues, one containing a normal number of chromosomes and the
other an extra chromosome 21 [5]. Mosaicism of trisomy 21 and partial trisomy 21 are
other genetic diagnoses and are usually associated with fewer clinical features of DS.
Trisomy 21 and partial trisomy 21 mosaicism are generally associated with less clinical
features of DS [4].

DS has high genetic complexity and phenotype variability [6, 7]. DS individual
has some physical characteristics like a small chin, slanted eye, poor muscle tone, a
flat nasal bridge, a single crease of the palm, big toe, short fingers and large tongue
[8]. DS patients may have an increased dosage or copy number that can lead to an
increase in gene expression in Hsa 21 [8]. Specific genes such as Hsa21 or subsets
of genes are able to control specific DS phenotypes [9]. In addition, phenotypic
analyzes were performed on individuals with partial trisomy for Hsa21. It has been
determined that a 3.8-6.5 Mb region called “Down syndrome critical regions”
(DSCR) is responsible for most of the Down syndrome phenotypes at 21q21.22 [9].
With the sequencing of Hsa 21, more information was learned about DS-associated
genotype-phenotype correlations and characterization of DSCR regions [3]. It
has been suggested that the dual- specificity tyrosine phosphorylation-regulated
kinase (DYRK1A), the regulator of calcineurin 1 (RCAN1) and Down syndrome
cell adhesion molecule (DSCAM), play a critical role in brain development and
the occurrence of heart defects in DS patients [10]. In particular, DSCAM plays a
very important role in neuron differentiation, axon guidance and neural networks
formation. Disruption of these processes contributes to the DS neurocognitive
anomalies. All studies have shown that there is not a single critical gene region suf-
ficient to cause DS phenotypes, and there must be a large number of critical regions
or critical genes contributing to a DS-associated phenotype or phenotypes.

3. Various pheotypes associated to Down syndrome

The various clinical phenotypes associated with DS are Alzheimer’s disease,
heart defects, leukemia, hypertension and gastrointestinal problems (Figure 2).
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Figure 2.
Various phenotypes associated with Downs’s syndrome with its responsible genes (GI: Gastrointestinal).

The pathogenesis mechanism of these phenotypes associated with DS should be
studied together with their causative agents to better understand the disease.

3.1 Alzheimer disease

It has been determined that the risk of early onset Alzheimer Disease (AD) is
high in DS patients. After the age of 50, the risk of developing dementia increases
up to 70% in patients with DS [11]. In the past decade, substantial progress has
been made in the search for genetic risk factors for dementia in people with DS, and
in understanding the neuropathological similarities and differences between AD
with DS and without DS. For people with DS over the age of 40, dementia develop-
ment has a similar progression to that of AD [12-14]. However, if dementia occurs
in younger individuals (30-40 years of age), it manifests itself as personality and
behavior changes such as increasing impulsivity and onset of apathy [10]. The most
conspicuous parallel between AD and AD in DS are characteristic neuropathologies
such as amyloid-p accumulation [15]. Results from post-mortem neurochemistry
studies have showed a significant loss of choline acetyltransferase and noradrena-
line in people with DS, which is similar to the changes seen in Alzheimer’s disease
[16]. Results obtained from studies, the cholinergic dysregulation in DS is con-
trolled by the DYRKI1A gene [17]. DYRKIA is a serine-threonine protein kinase.
DYRK1A is involved in tau phosphorylation, and it’s up-regulation may contribute
to early onset formation of neurofibrillary tangles. In addition, the results obtained
from microarray studies, pointed out that there is an up-regulation of the a2 sub-
unit and down-regulation of the a3 and a5 subunits of GABA 4 receptor [18].

There are several genes known to cause early onset AD. The most important
of these genes are APP (amyloid precursor protein), BACE2 (beta secretase 2),
PICALM (Phosphatidylinositol binding clathrin assembly protein) and APOE
(Apolipoprotein E) [19, 20]. APP is an integral membrane protein concentrated in
the synapse of neurons. It is thought that the trisomy of this protein may contribute
significantly to the increased frequency of dementia in individuals with DS. It has
been shown that trisomic of APP along with Hsa 21 in non-DS individuals is associ-
ated with early onset AD. In a preliminary study, a tetranucleotide repeat, ATTT, in
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intron 7 of the amyloid precursor protein, was associated with the onset of AD in
DS [20]. It is also known that BACE2, encoding the enzyme beta secretase 2, plays a
role in AD. Like APP, the BACE 2 gene is located on chromosome 21. The results of
the studies are that the haplotypes in BACE2 are associated with AD [21]. A genome
wide study, an important relationship was found between variants in BACE2 and
age of onset of dementia in DS, with the rs2252576-T allele being associated with

an earlier onset by 2-4 years [22]. However, there are other studies that reported

no significant relationship between BACE2 and the age of onset of dementia [23].
There is still some uncertainty about the relationship between BACE2 variants and
the development of dementia in DS.

In addition to the APP and BACE2 genes, other genes such as PICALM and
APOE were found to be associated with early onset AD in DS [24]. PICALM, the
other candidate risk gene for AD and DS were examined. PICALM is present in
enlarged endosomes in early developing AD [25]. In a DS genome wide study, a
relationship has been verified between the variation in the PICALM region of chro-
mosome 11 and the age of onset of AD [26]. Three SNPS in this study, rs2888903,
rs7941541 and rs10751134 has been associated with an earlier age of onset. The e4
allele of the APOE gene, located on chromosome 19, is the most important genetic
risk factor for late-onset Alzheimer’s disease [27]. The APOE ¢4 allele, known
to be associated with increased amyloid burden and cholinergic dysfunction, is
probably the most studied genetic risk factor. In individuals with DS, the presence
of the APOE ¢4 allele has been shown to increase the risk of Alzheimer’s disease
[28, 29]. Also, AP accumulation DS individuals carrying the APOE &4 allele are
increased [30].

3.2 Heart defects

The frequency of heart defects in newborns with DS is up to 50% [31]. The defect
called atrioventricular cushion defect is the most common heart defect affecting
40% of DS patients. Ventricular septal defect (VSD) also affects 35% of patients
[31]. In atrioventricular septal defect (AVSD), there is a common atrioventricular
junction in contrast to normal heart. Other defects include muscular and membra-
nous atrioventricular septum defects and an oval shape of the common atrioven-
tricular junction. Pulmonary arterial hypertension occurs in 1.2 to 5.2% of people
with DS [32]. Early repair of heart defects minimizes the risks of heart failure and
irreversible pulmonary vascular disease [33]. Observation of specific anatomical
patterns of heart defects that can be seen in DS showed that a locus on chromosome
21 plays a role in the development of cardiac malformations [34, 35]. Although
up-regulation of genes mapped on chromosome 21 is thought to be related to heart
defects, the molecular basis that regulating existence and anatomy of heart defects
are still unclear [34]. It has been suggested that type VI collagen (COL6A1, COL6A2)
is involved in the pathogenesis of AVSD in Down syndrome, in a similar way to other
genes mapping on chromosome [36].

Apart from chromosome 21, other genes localized on different chromosomes
have also been studied as the cause of heart defects in DS. Among these genes,
the CRELD1 gene has been evaluated as increasing susceptibility to AVSD [31].
Mutations in the CRELD1 (Cysteine-rich EGF-like domainl) gene has been found
to contribute to the development of AVSD in DS [37]. CRELD1 gene is located on
chromosome 3p25 and contains 11 exons spanning approximately 12 kb [38]. This
gene encodes a cell surface protein that functions as a cell adhesion molecule and is
expressed during cardiac cushion development. There are studies suggesting that
the CRELD1 gene probably plays a major role in the causation of the AVSD pheno-
type in DS individuals [39, 40]. Two heterozygous missense mutations (p.R329C
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and p.E414K) were identified with two subjects in DS and AVSD [31]. They also
included 39 DS with complete AVSD and found the same mutations. No such muta-
tion was detected in DS individuals without heart defects [37]. The R329C mutation
reported in a person with sporadic partial AVSD and has also been detected in an
individual with DS with AVSD. Although the mutation is the same in DS patients
AVSD heart defect has created a more serious condition. Therefore, it has been sug-
gested that the CRELD 1 mutation contributes to the pathogenesis of AVSD heart
defects occurring in DS individuals.

3.3 Hypertension

Individuals with DS may have an increased risk of developing pulmonary hyper-
tension (PH), in part due to congenital heart defects. Other factors such as upper
airway obstruction, lung hypoplasia with DS, gastroesophageal reflux, abnormal
pulmonary vascular function may play a role in increasing the risk of PH in DS.
Findings from a study with DS in Mexico City (high altitude) showed that % 40 had
congenital heart disease and 80% had PH [41, 42]. On the other hand, a reduced
incidence of hypertension has been reported in individuals with DS [43, 44].

Some of the Hsa21-encoded miRs have been shown to be overexpressed in
cells and tissues of DS patients. The direct cause of the overexpression of miRs
in DS appears to be the extra copy of HSA21, whose miRs are at their normal
chromosomal location [45]. It has been reported that trisomy of Hsa21 microRNA
hsa-miR-155 causes this low incidence [45]. An allele of the type-1 angiotensin II
receptor (AGTR1) gene is the specific target of HsamiR-155. In this study of twins
(one twin was unaffected, and the other had a trisomy 21) to evaluate the expres-
sion of MiR-155 in trisomy 21, both twins are homozygous for the 1166A AGTR1
allele and therefore AGTR1 Reported to be the target of miR-155 [46]. This recep-
tor has a vasopressor effect and regulates aldosterone secretion. It is an important
factor controlling blood pressure and volume in the cardiovascular system. In this
way, it is suggested that it contributes to the decrease of the risk of hypertension
by reducing the expression of AGTR1. More studies are needed to validate these
thoughts and to determine whether other genes could also protect DS people against
hypertension.

3.4 Leukemia

Hematological abnormalities are common in patients with DS. Patients with DS
have a wide risk of malignancy including leukemia. The first leukemia report in a
DS patient was in 1930 [47]. It has been reported that leukemia may develop in DS
individuals with subsequent systemic studies. Studies have shown that DS patients
have an approximately 10-20 times higher risk of leukemia, with a 2% risk by age 5
and 2.7% at age 30 [48]. DS individuals account for about 2% of all childhood acute
lymphoblastic leukemia (ALL) and about 10% of acute myeloid leukemia (AML).

Somatic mutations such as GATA 1 gene play a role in the development of acute
megakaryoblastic leukemia (AMKL) in DS patients [49]. GATA 1 is a transcription
factor localized on the X chromosome, which plays a role in erythroid and mega-
karyocytic differentiation. Mutations in GATA 1 cause a shorter GATA 1 protein to be
expressed and consequently uncontrolled proliferation of immature megakaryocytes
(49, 50]. Transient abnormal myelopoiesis, a form of myeloid preleukemia that occurs
in about 10% of newborns with DS, is also caused by mutations in GATA1 [4]. A muta-
tion in GATA1 in individuals with DS has been reported to cause transient myelopro-
liferative disorder (TMD) [51]. They thought it was likely that trisomy 21 and GATA1
causing hyperplasia of the fetal liver in some DS individuals to induce perinatal TMD.
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Another mutation that has been suggested to play a role in ALL cases occurring
in DS is in the Janus Kinase 2 (JAK 2) gene and is present in approximately 30% of
ALL cases in DS [52]. Mutations in the JAK-STAT pathway are at high risk for the
development of ALL in individuals with DS [53]. JAK2 is a non-receptor tyrosine
kinase and a member of the Janus kinase family. It has been implicated in signaling
by members of some receptor families (e.g. interferon receptors and interleukin
receptors) [54]. Mutations in JAK2 have been associated with polycythemia vera,
essential thrombocythemia, myelofibrosis, and other myeloproliferative disorders.
Also, it has been reported that the JAK1, JAK2 and JAK3 genes are mutated in AMKL
patients with DS [55-57].

3.5 Gastrointestinal defects

Individuals with DS consist about 12% of Hirschprung disease (HD) cases. HD
is an intestinal obstruction caused by the absence of normal myenteric ganglion
cells in part of the colon [58]. In this gastrointestinal (GI) defect, peristaltic waves
do not pass through the aganglionic segment and cause obstruction as there is no
normal defecation. Other GI defects that can be seen in individuals with DS are
duodenal stenosis (DST) and imperforate anus (IA). They are seen 260 and 33
times more respectively in DS [59]. In newborns with duodenal blockage or DST,
bilious vomiting occurs in the early neonatal period. If left untreated, there is a risk
of death due to severe dehydration and electrolyte imbalance. IA is a birth defect
that causes rectal malformation and is associated with the increase of some other
specific anomalies such as tracheoesophageal fistula and esophageal atresia.

It has been suggested that changes in genes unrelated to Hsa21 play a role in these
diseases. DSCAM has long been viewed as a candidate gene explaining the increased
prevalence of this GI defect in HD patients with DS. DSCAM is Down syndrome
cell adhesion molecule and plays a crucial role in the development of DS. Itisa
trans-membrane protein and a member of the immunoglobulin (Ig) superfamily of
cell adhesion molecules. It is expressed in the developing nervous system with the
highest level of expression occurring in the fetal brain. When over-expressed in the
developing fetal central nervous system, it leads to Down syndrome. DSCAM gene
is expressed in neural crest that gives rise to enteric nervous system. The overlap-
ping critical region is defined for both DST and IA [58]. Alterations in the DSCAM
gene have been shown to play a role in HD development. In connection with HD,
two SNPs, 152837770 and rs8134673, spanning a 19 kb exon-free region of the
DSCAM gene was identified [60].

4, Conclusions

DS, the most common chromosomal abnormality among newborns, is associ-
ated with a number of congenital malformations, primarily mental retardation
caused by the trisomy of chromosome 21. In addition to its own characteristics, DS
can be accompanied by different phenotypes. Different theories such as “gene dos-
age” have been considered to understand the interactions between phenotype and
genotype. The DS phenotype is mainly due to the dosage imbalance of genes located
on human chromosome 21 (Hsa 21). The most common cause of DS is presence
extra copy chromosome 21. A critical region in 21q22 is thought to be responsible
for various DS phenotypes such as craniofacial abnormalities, congenital heart
defects, clinodactyly and mental retardation. The health problems and life period
of DS people are quite complex and are associated with many different medical,
psychological and social problems from infancy to adulthood. In this chapter, it is
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to reveal the common genes involved in DS related phenotypes such as APP, BACE2,
PICALM, APOE, GATA 1, JAK 2.

The association of DS with various clinical phenotypes requires continuous
following of these patients with a multidisciplinary approach. For example, there
are numerous epidemiological and molecular studies linking the pathological
changes observed in the brains of individuals with Down syndrome and the
neurodegeneration seen in Alzheimer’ disease. Knowing the genes and pathology
associated with such changes is very important for a good clinical follow-up of DS
patients. Due to the insufficient knowledge of the molecular pathogenesis of DS,
an effective therapeutic intervention is unlikely to be found yet. The situation is
further complicated by the complex phenotypes accompanying DS. It may be a
good option to use pharmacological approaches to key target molecules that are
crucial for dysregulated metabolic pathways or phenotypic characteristics. In
conclusion, elucidating the phenotypic consequences of gene dose imbalance in
DS and knowing the genes that cause accompanying phenotypes may provide new
opportunities for therapeutic interventions.
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Chapter7

Chromosome Abnormalities in
Hematological Malignancies and
Its Clinical Significance

Hariharan Sreedhavan

Abstract

The latest version of the World Health Organization guidelines focuses mainly
on the genetic and cytogenetic features of hematologic neoplasms as predictors
of diagnostic, treatment decision, prognostic outcome, and for treatment moni-
toring in hematological malignancies. There are different techniques to identify
these abnormalities. Live cells are needed for chromosome preparation. The
Hematological malignancies include myeloid and lymphoid neoplasms. The myeloid
neoplasms include Myelodysplastic syndromes, myeloproliferative neoplasms,
and acute myeloid leukemias. The Lymphoid neoplasms include acute and chronic
lymphocytic leukemias, plasma cell neoplasms, myeloma, hodgkin, and non-
hodgkin lymphomas. The first chromosomal abnormality discovered in connection
with cancer is the Philadelphia chromosome, which is an abnormal chromosome 22,
formed due to the translocation between chromosomes 9 and 22. The presence of
this abnormal chromosome confirms the diagnosis of “CML”, After that, hundreds
of chromosomal abnormalities have been identified in hematological malignan-
cies in different parts of the world. In AML, specific abnormalities were identified
as having a good prognosis, intermediate prognosis, and poor prognosis. In other
hematological malignancies also there some specific chromosome abnormalities are
associated with prognostication. Now a day’s clinicians depend mainly on genetic
abnormalities for the proper treatment management of hematological malignancies,
so the study of chromosomal abnormalities is essential.

Keywords: hematological malignancies, chromosomes, abnormalities, cytogenetics,
karyotype, leukemia, lymphoma

1. Introduction

In hematological malignancies, the study of chromosomal abnormalities is
essential for the proper diagnosis, prognosis prediction, treatment decision, and
treatment monitoring. The important technique used for the study of chromo-
somal abnormalities are the conventional cytogenetics, the advanced techniques
like Fluorescent In situ Hybridization (FISH), Spectral Karyotyping (SKY)/
Multiplex Karyotyping/MFISH, and, to some extent, array comparative genomic
hybridization (array CGH), have enhanced the knowledge of chromosome abnor-
malities in hematologic neoplasms [1]. The cytogenetic study requires the presence
of live cells or at least intact nuclei. Human cancer cells divide spontaneously and
without culturing, chromosomes could be prepared from the sample [2]. These
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techniques have contributed immensely to the discovery of significant cryptic
rearrangements in various tissue preparations of leukemia and other cancers. The
advanced techniques in cytogenetics FISH, SKY, and CGH are seen as a potential
competitor to conventional cytogenetics, due to their higher resolution. Still
conventional cytogenetic analysis remains as the best method for the diagnosis of
most hematologic neoplasms since it has the advantage of an overall examination
of all chromosomes at a glance. Conventional cytogenetics help to identify distinct
clonal populations, which are not possible by FISH and practically impossible by
array CGH [3, 4].

2. Myeloid neoplasms

Myelodysplastic syndromes (MDS), Myeloproliferative neoplasms (MPN),
MDS/MPN, and acute myeloid leukemias are included in this group. The classifica-
tion of myeloid neoplasms has recently been modified considering the genetic and
cytogenetic abnormalities [5].

2.1 Myelodysplastic syndromes (MDS)

MDS is a heterogeneous group of hematopoietic neoplasms with an
increased risk of transformation into acute myeloid leukemia (AML) via a mul-
tistep process [6]. Chromosomal studies are essential for both diagnostic and
prognostic information. In about 50% of patients chromosome abnormalities
could be observed. The severity of the disease is associated with the frequency
of chromosomal abnormalities [7, 8]. About 25% of patients with low-grade
MDS, such as refractory anemia and refractory anemia with ring sideroblasts,
have an abnormal karyotype, compared with 50-70% of patients with refrac-
tory anemia with excess blasts (RAEB-1 and RAEB-2). The karyotypes observed
in MDS are variable as they present with single or complex chromosome rear-
rangements [9, 10]. The most frequent chromosome abnormalities are complete
or partial loss of chromosomes 5 and/or 7, deletions on the long arm of chro-
mosome 20, and gain of chromosome 8 [11]. In general, aggressive neoplasms
are characterized by more complex karyotypes than those seen in low-grade
MDS. Furthermore, as a general rule, dosage aberrations appear to be more
represented in primary MDS, whereas balanced translocations are encountered
more frequently in secondary MDS. Complex karyotypes with loss/deletion of
chromosomes 5 and/or 7 together with deletions of 6p, 12p, and/or 16q are typi-
cal in therapy-related MDS, whereas balanced translocations involving 11q23
and 21q22.3 are associated with preceding therapy with DNA topoisomerase II
inhibitors [12]. According to the presence of chromosome abnormalities, MDS
is classified into different risk groups. 12p-, 9q-, t(15q), 15q-, +21, 5q-, 20q-,
X, Y, t(19), t(7q), -21 and normal Karyotype are considered as good prognosis.
Patients with abnormalities +8,11q-, +18 are included in the Intermediate I
group. The presence of abnormalities like t(11q23), any 3q abnormality, +19,
7q-, complex abnormalities (less than 3 abnormalities) are included in the
Intermediate II group. Complex abnormalities (more than 3 abnormalities),
3q21.3q26.2, t(5q), 7q/monosomy 7 are considered as poor prognosis [13]. The
significance of trisomy 15 with or without the loss of the Y chromosome is not
fully understood. Apparently balanced translocations have been reported in
MDS, involved with chromosomes 1, 2, 3, 5, 6, 7, 13, 15, 17, 18, 19, and 20 appear
to be more frequent, but they appear to be less common than the unbalanced
rearrangements [14].

78



Chromosome Abnormalities in Hematological Malignancies and Its Clinical Significance
DOI: http://dx.doi.org/10.5772/intechopen.101078

2.2 Myeloproliferative neoplasms (MPNs)

Myeloproliferative neoplasms are hematopoietic stem cell disorders character-
ized by the proliferation of one or more myeloid cellular elements in the marrow
and mostly affect adult individuals. Chronic myelogenous leukemia (CML), polycy-
themia vera (PV), primary myelofibrosis (PMF), essential thrombocythemia (ET),
chronic eosinophilic leukemia (CEL), systemic mastocytosis, chronic neutrophilic
leukemia (CNL), and the unclassifiable MPNs [5].

2.3 Chronic myelogenous leukemia

Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disease, most
frequently seen in adults. It is characterized by a biphasic or triphasic clinical course
in which a benign chronic phase is followed by transformation into an accelerated
and blastic phase [15, 16]. The hallmark of CML is the presence of the “Philadelphia
chromosome” (Ph), which is the first chromosome abnormality identified to have
been associated with a specific malignant neoplasm. The Ph chromosome was first
described in 1960 by Nowell and Hungerford and is named after the city in which
it was discovered [17]. Because of a reciprocal translocation between chromosome
9 and 22; a major portion from the q arm of chromosome 22 is translocated to the
qarm of chromosome 9 and a small portion from the q arm of 9 is translocate the
q arm of 22, leads to a shortened chromosome 22, called the Philadelphia chromo-
some. The t (9;22) (q34;q11.2), leads to the formation of a chimeric transcript
between the ABL1 and BCR genes at 9q34 and 22q11.2, respectively [18]. This
BCR-ABL fusion gene formed in chromosome 22 is responsible for CML. The main
abnormality seen in the chronic phase of CML is t(9;22). Variant translocation due
to the involvement of one or more additional chromosomes is observed in about
6% of cases, whereas in approximately 3% of cases the translocation cannot be
identified by routine cytogenetics [19]. These variants and cryptic rearrangements
generally have the same prognostic outcome of the standard t(9;22), but some
are associated with a more aggressive course. Conventional cytogenetic analysis
can sometimes reveal abnormalities in addition to the t(9;22). It is important to
note, however, that an additional balanced rearrangement in all metaphase cells in
chronic phase CML might be constitutional in origin. Additional abnormalities are
associated with the accelerated phase or blast crisis, and are characterized by an
increase in the number of blasts and worsening of clinical symptoms [20]. The most
recurrent chromosome abnormalities (about 90% of cases) in these phases are an
additional Ph chromosome, +8, i(17) (q10), and/or +19. Other abnormalities, such
as Y, -7, +21, +19,del(7q), 1123 del, t(8;21) (q22;q22.3), t(15;17) (q24.1;q21.2), inw.
(16) (p13.1q22.1), as well as 3q21.3, 3q26.2, 3 way Ph, 4 way Ph and 11q23 rearrange-
ments have been reported but only in a small number of cases [21].

2.4 Polycythemia vera (PV)

PV is most commonly seen in men over the age of 50, but anyone can develop
PV. These patients typically experience an increased number of white blood cells,
an increased platelet count, and an enlarged spleen, especially over time, which
in some patients leads to bleeding and thrombosis [22]. About 14-20% of patients
with PV have karyotypic abnormalities at the time of initial diagnosis. However, the
cytogenetic abnormalities in PV have not been well characterized and their prog-
nosis impact is largely unknown. At the chromosome level, patients are BCR-ABL
fusion-negative, other abnormalities detected are +1, +8, +9/+9p, and/or del (20q).
Furthermore, a gain of 9p is usually the result of a derivative chromosome, the most
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common of which is a der (9; 18) (p10; q10). This gain is often the result of unbal-
anced translocations. When the disease progresses abnormalities like del (5q), del
(7q), and/or del (17p) appear [23-25].

2.5 Primary myelofibrosis (PM)

Primary myelofibrosis, also known as idiopathic myelofibrosis and agnogenic
myeloid metaplasia, is characterized by an increased number of megakaryo-
cytes and immature granulocytes and associated anemia. Affected patients are
generally in their 5th and 6th decade of life [26]. Chromosome abnormalities are
observed in about 40-50% of cases at diagnosis. del(13q), del(20q), and gain of
chromosome 8 are the commonly seen abnormalities, and additional abnormali-
ties such as del (5q), del (7q), gain of 1q, and del (17p) are detected during disease
progression [27].

2.6 Essential thrombocythemia (ET)

ET is most commonly seen in women over the age of 50, characterized by an
increased number of platelets in the peripheral blood. Chromosome abnormalities
could be seen in about 10% of cases. The commonly seen abnormalities are +8, +9,
del(13q), and del(20q), less commonly gain of 1q, del(5q), and del(7q). As in other
MPNs, karyotypic abnormalities are more frequent during disease progression to
MDS or AML [28].

2.7 Systemic mastocytosis (SM)

Systemic mastocytosis, often termed systemic mast cell disease (SMCD)), is
characterized by infiltration of clonally derived mast cells in different tissues,
including bone marrow, skin, the gastrointestinal (GI) tract, the liver, and the
spleen [29]. Most Patients with systemic mastocytosis (SM) are characterized by
symptoms such as hepatomegaly, osteoporosis, and ascites. This is a very complex
disease, as it comprises several distinct entities and is also found in association with
neoplasms such as MPN and leukemia [29]. Chromosome abnormalities reported
are +8, +9, del(7q), del(11q), del(20q), t(8;21), inv.(16)/t(16;16) and rearrange-
ments involving chromosome 4 [30].

2.8 Chronic neutrophilic leukemia (CNL)

CNL is a rare BCR-ABL negative myeloproliferative neoplasm (MPN) character-
ized by sustained, predominantly mature neutrophil proliferation, bone marrow
granulocytic hyperplasia, and hepatosplenomegaly. As the name implies, it is char-
acterized by an increase in the number of mature neutrophils [31]. Approximately
20% of cases have an abnormal karyotype. The abnormalities observed so far
include +8, +9, del(11q), del(20q), +21, and less frequently del(12p) [32].

2.9 Chronic myelomonocytic leukemia (CMML)

CMML happens when monocytes in the bone marrow begin to grow out of
control and is characterized by persistent monocytosis and a variable degree of
dysplasia [33]. Although no specific abnormality has been associated with CMML,
recurrent chromosome abnormalities, such as —7/del(7q), a gain of chromo-
some 8, and less commonly del(5q), 12p rearrangements, i(17) (q10) and t(5;12)
(q33.1;p13.2) have been observed [34].
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2.10 Juvenile myelomonocytic leukemia (JMML)

JMML is a rare MPN that predominantly affects young children under the age
of four, characterized by an abnormal proliferation of myelocytes and monocytes
in the bone marrow [35]. The most common abnormality is —7/del (7q) and less
frequently del(5q). The final diagnosis is based on the exclusion of the translocation
9:22 36, 37].

2.11 Acute myeloid leukemia (AML)

AML is characterized by an increase in the number of myeloid cells in the
marrow and an arrest in their maturation, frequently resulting in hematopoietic
insufficiency, with or without leukocytosis. At least 20% of blasts should be present
in the marrow. The classification AML has been revised by the WHO by consider-
ing the various genetic and cytogenetic changes. Although AML more frequently
affects adults in their 5th decade of life, it has been described in children and young
adults also [38]. AML is associated with characteristic recurrent, acquired chromo-
somal abnormalities, and many are reciprocal translocations that generate a fusion
gene, others involve partial or complete loss or gain of a chromosome. Cytogenetic
findings are important for the diagnosis and classification of AML and some are
associated with distinctive clinicopathologic features, have prognostic significance,
and /or influence in the choice of therapy [39]. Recurrent Genetic Abnormalities
seen in AML are t(8;21) (q22;q22.3), inv.(16) (p13.1q22.1) or (16;16) (p13.1;q22.1),
t(15;17) (q24.1;q21.2), t(9;11) (p22;q23), t(6;9) (p23;q34.1), inv.(3) (q21.3G26.2) or
t(3;3) (q21.3;q26.2), and t(1;22) (p13.3;q13.1). As per WHO classification, AML is
classified into good, intermediate, and poor prognostic categories according to the
presence of specific chromosomal abnormalities [40]. The abnormalities associ-
ated with favorable outcome in AML are t(8;21) (q22;q22.3), inv.(16) (p13.1q22.1) or
t(16;16) (p13.1;q22.1), t(15;17) (q24.1;q21.2) Intermediate prognosis group include
t(9;11) (p21.3;q23.3), adverse group are t(6;9) (p23.1;q34.1), t(v; 11q23.3), t(9;22)
(q34.1;q11.2), inv.(3)q21.3;) or t(3;3), —5 or del(5q), —7 —17, abn(17p), complex
karyotype and monosomy karyotype. The presence of additional abnormalities in
patients with good prognostic features changes the overall disease prognosis. The
most frequent additional abnormality in patients with t(8;21) is loss of a sex chro-
mosome (the Y in males), followed by del(9q), del(7q), +8, and/or +21. Other addi-
tional chromosome abnormalities seen in patients with inv.(16) include +8, del(7q),
and/or + 21and +22 [41, 42]. Acute Promyelocytic Leukemia (APML), is a subtype
of AML with the recurrent abnormality t(15;17) (q24.1;q21.2). Originally consid-
ered one of the most aggressive leukemias, it is now a model for targeted therapy.
Additional abnormalities frequently been observed in APL, are +8, del(9q), and
del(7q) [43]. In about 5-10 % AML patients, MLL rearrangements at 11q23 could be
seen. Among the identified 85 known MLL translocations, the majority are of with
poor outcomes. Other frequent MLL translocation are t(11;19), t(6;11) (q27;q23),
t(10;11) (q21.3;q23), inv.(3) (q21.3¢26.2) or t(3;3) (q21.3;q 26.2). The most common
additional abnormalities that are seen in cases with rearrangements of 3¢q21.3 and
3q26.2 are —7 and, less frequently, del(5q) [44, 45].

2.12 Acute megakaryoblastic leukemia (AMKL)
AMKL is a clonal stem cell neoplasm that comprises between 4%and 15% of
newly diagnosed pediatric AML patients [46]. This is commonly regarded asa

subtype of AML, with the median age at presentation between 1 and 8 years. AMKL
is extremely rare in adults, occurring in only 1% of AML cases. In pediatrics this
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disease is divided into two major subgroups: AMKL patients with Down Syndrome
(DSAMKL) and AMKL patients without DS (non-DS AMKL). The incidence of
developing DS- AMKL is 500 fold higher than in the general population [46]. The
main abnormality seen is t (1; 22) which is diagnostic in this group and is considered as
with intermediate prognosis. Chromosome abnormalities at diagnosis are observed in
about 50% of adult patients and the most common rearrangements seen are in regions
3q21.3 and 3q26.2. Other abnormalities seen frequently are —5/del(5q), —7/del(7q),
and +8 [46].

2.13 Myeloid sarcoma (MS)

Myeloid sarcoma or granulocytic sarcoma is a rare disease that can present
as an extramedullary leukemic tumor, concurrently with or at relapse of AML.
This is also known as chloroma, although in some rare cases it may present in
non-leukemic patients also [47]. MS may be common in patients included in
FAB class M2, WHO classification (2016) in a separate entity under AML and
related neoplasms’ and those with cytogenetic abnormalities t(8;21) or inv.(16).
The common cytogenetic abnormalities observed in myeloid sarcoma are —7, +8,
del(5q), del(20q), +4, +11, del(12p), del(16q), del(13q), del(9p), del(9q), del(6q),
del(15q), del(4q), inv.(16)/t(16;16), MLL rearrangements, and t(8;21) (q22;q22.3).
The prognosis is variable as it is influenced by several factors including but not
limited to age, morphology, and cytogenetic abnormality [48-50].

3. Lymphoid neoplasms

Lymphoid neoplasms are derived from cells that normally develop into T
Lymphocytes or B Lymphocytes (lymphocytes or plasma cells). This includes Acute
and chronic lymphocytic leukemias, plasma cell neoplasms, myeloma, Hodgkin
and Non-Hodgkin lymphomas. This group of hematologic neoplasms includes
immature and mature neoplasms of B-cell, T-cell, and natural killer (NK) cell
subtypes [51, 52]. This leukemia is more common in children than in adults. The
majority of lymphoid neoplasms (both precursor and mature types) are character-
ized by recurrent chromosome abnormalities [53].

3.1 Acute lymphoid neoplasms

This neoplasm is defined as leukemia when it involves the bone marrow and
peripheral blood and as lymphoma when it presents as a lesion without evidence
of bone marrow and peripheral blood involvement. Approximately 85% of B-ALL
patients are children [53-55]. Chromosome abnormalities are useful for prognostic
stratification in acute neoplasms. Abnormalities like t(9;22) (q34;q11.2), 11923 (MLL)
rearrangements, t(1;19) (q23.3;p13.3), and hypodiploidy (<45 chromosomes) in
children are known to have an unfavorable prognosis, whereas t(12;21) (p13.2;q22.3)
and hyperdiploidy (>50 chromosomes) are associated with a favorable prognostic
outcome. t(9;22) (q34;q11.2) appears in approximately 2.5% of children and approxi-
mately 25% of adults with B-ALL [56, 57] . Chromosome abnormalities in addition
to the t(9;22) are seen in more than 60% of patients, specifically +8 and one extra
copy of the Ph chromosome. Other abnormalities seen in B-ALL are -7, +X, and
del(9p). MLL translocations are also found BLL which include t(4;11) (q21.3;q23),
t(11;19) (q23;p13.3), t(6;11) (q27;9230 and t(9;11) (p22;q23) [58-61]. MLL rearrange-
ments are associated with an unfavorable prognostic outcome in both children and
adults. t(1;19) (q23.3;p13.3) is another abnormality that is seen in approximately 5%
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of children with pre-B-ALL. About 75% of patients show an unbalanced and 25%
show a balanced form of this translocation, the unbalanced form in pediatric B-ALL
patients is associated with a better prognostic outcome than the balanced form [62].
Three separate groups of hypodiploidy have been observed and are associated with
an unfavorable prognosis. The most common is the near-haploid karyotype, with

a chromosome count ranging from 26 to 29. The second is with chromosome count
ranging from 30 to 39 and the third group with 40 to 44 chromosomes. Generally,

a lower number of chromosomes correspond to a worse prognosis. Hyperdiploidy
with chromosomes 51 and 55 is found to be associated with a relatively less favor-
able prognosis than those from 56 to 68 chromosomes. The presence of trisomies 4
and 10 are seemed to be with a better prognosis. The most common gains involve
chromosomes 4, 6, 8, 10, 14, 17, 18, 19, and 21. The prognostic outcome of adult
B-ALL patients with hyperdiploidy is not as favorable as in children. High hyperdip-
loidy is associated with poor prognosis [63-65]. Another abnormality often seen in
children between 2 and 12 years old is the translocation t(12;21) (p13.2;q22.3) and is
associated with a long duration of first remission and excellent cure rates. Another
abnormality, del(9p) appears to be associated with improved outcomes in adults
poor outcomes in children with B-ALL. Abnormalities like, dic(9;20) (p13.2;q11.2),
dic(9;12) (p13.2;p12.2), and i(9) (q10), are associated with an excellent prognostic
outcome. The most common rearrangements involving 14g32.3 observed in B-ALL
are, t(8;14) (q11.2;q32.3), inv.(14) (q11.2q32.3), t(14;14) (q11.2;q32.3), t(14;19)
(g32.3;q13.1), and t(14;20) (q32.3;q13.1) [64, 66, 67]. Approximately 10% of adults
and 2% of children with B-ALL these translocations are more frequent. A rare
translocation t(5;14) (q31.1;q32.3), has also been observed in B-ALL and is usually
associated with eosinophilia. Other reported translocations are t(6;14) (p22.3;q32.3)
and t(9;14) (p13.2;q32.3). Two cryptic translocations, t(X;14) (p22.3;q32.3) and
t(Y;14) (p11.3;q32.3) have recently been described in B-ALL, especially in patients
with Down syndrome. The abnormalities were usually seen in T-ALL involve 14q11.2,
7935, 7pl4. A rare but recurrent abnormality seen in T-ALL is inv. (14) (q11.2q32.1) or
t(14;14) (q11.2;q32.1) [68-74].

3.2 Non-Hodgkin lymphoma (NHL)

NHL is a type of cancer that begins in the lymphatic system, comprises a hetero-
geneous group of disorders characterized by localized proliferation of lymphocytes.
In non-Hodgkin’s lymphoma, lymphocytes grow abnormally and can form tumors
throughout the body. The most reliable criteria for the classification of malignant
lymphomas are genetic abnormalities. The most common chromosome anomalies
associated with specific lymphomas include t(14;18) (g32.3;q21.3) in follicular lym-
phoma (FL), t(8;14) (q24.2;q32.3) in Burkitt lymphoma (BL), t(11;14) (q13;q32.3)
in mantle cell lymphoma (MCL), and t(11;18) (q21;q21.3) in mucosa-associated
lymphoid tissue (MALT) lymphoma [75, 76].

3.3 Follicular lymphoma (FL)

FL is typically a slow-growing or indolent form of non-Hodgkin lymphoma
(NHL) that arises from B-lymphocytes, making it a B-cell lymphoma. This
lymphoma subtype accounts for 20-30% of all NHL cases. About 85-90% of
patients with FL and 25-30% of patients with diffuse large B-cell lymphoma
(DLBCL) exhibit (14;18) (q32.3;q21.3). Variant translocations, such as t(2;18)
(p12;q21.3) and t(18;22) (q21.3;q11.2) have been described in both FL and DLBCL.
Additional abnormalities in addition to t(14;18), certain numerical abnormalities,
specifically trisomies 2, 7, and/or 8, are associated with a more favorable outcome.
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Whereas patients with structural abnormalities, specifically del(1p), del(1q),
del(6q), +der(18), or del(22q), or gain of an X chromosome or chromosomel2,
which are associated with an unfavorable outcome. Secondary abnormalities
including +7, del(10q), del(6q), and/or +der(18) leads to the progression of FL to
DLBCL occurs in 60-80% of cases [77-80].

3.4 Burkitt lymphoma (BL)

BL is a rare but highly aggressive B-cell NHL. This disease may affect the jaw,
central nervous system, bowel, kidneys, ovaries, or other organs. Burkitt lymphoma
may spread to the central nervous system (CNS). The most common abnormalities
seen are t(8;14) (q24.2;q32.3), which is seen in about 75-80% of patients, t(8;22)
(q24.2;q11.2) and t(2;8) (p12;q24.2), which are seen in 10% and 5% of patients,
respectively [81, 82].

3.5 Diffuse large B-cell ymphoma (DLBCL)

DLBCL is the most common type of NHL, accounting for about 22% of newly
diagnosed cases of B-cell NHL in the United States. In 25-30% of cases t(14;18)
(g32.3;q21.3) is observed. Additional abnormalities seen are rearrangements of 1q
and 3q, del(6q), +7 +8, del(10q), del(11q), +12, del(13q), rearrangements of 14q
and 17p, +der(18)t(14;18), and +X. The more complex the karyotype the worse the
prognostic outcome. Translocations involving 327 are found in approximately
35% of patients. More than 30 different partner genes have been translocated with
this locus, the most recurrent of which include 2p12, 3q29, 4p13, 6p21.2, 6p22, 7pl2,
8q24.2, 11923, 13q14, 14q32.3, 15922, 16p13, 17q11.2, 18p11.2, and 22q11.2. Other
recurrent abnormalities observed are partial or complete gain of chromosome 3,
specifically 3q; loss of chromosome 6; and gain of chromosome 18 and t(14;15)
(g32.2;q11.2). Among these abnormalities, the only gain of chromosome 3 is associ-
ated with an adverse prognosis [83-88].

3.6 Mantle cell lymphoma (MCL)

MCL is typically an aggressive, rare form of NHL, in which about 95% of
patients exhibit t(11;14) (q13;q32.3). t(2;11) (p12;q13), t(11;22) (q13;q11.2)], have
been observed in a limited number of cases, but their detection is equally impor-
tant for the diagnosis of MCL. t(12;14) (p13;q32;3), t(6;14) (p21;q32.3), t(2;14)
(p24;q32.3), partial or complete gain of chromosomes 3 and 8, gain of 15q, and
losses of 1p, 8p, 9p, 11q, 13q, loss of 9p, 17p, and gain of 3q and 8q, have also been
described in MCL [89-92].

3.7 Mucosa-associated lymphoid tissue (MALT) lymphoma

This is a slow-growing type of non-Hodgkin lymphoma and, it most com-
monly develops in the stomach (when it is called gastric MALT lymphoma) but
it can develop in other parts of the body also (which is called non-gastric MALT
lymphoma). t(11;18) (q21.3;q21.3) is one of the specific chromosome aberrations
occurring in 50% of MALT lymphoma cases. When present, this translocation
is usually the only chromosome abnormality. The other specific translocation is
(14;18) (q32.3;q21.3), which is observed in about 2% of cases. Abnormalities like,
t(1;14) (p22.3;q32.3) and its variant t(1;2) (p22.3;p12 and t(3;14) (p13;q32.2) are also
been observed [93-95].

84



Chromosome Abnormalities in Hematological Malignancies and Its Clinical Significance
DOI: http://dx.doi.org/10.5772/intechopen.101078

3.8 Lymphoplasmacytic lymphoma (LPL)

This disorder presents with symptoms related to bone marrow infiltration and
IgM monoclonal gammopathy. In approximately 50% of LPL cases, the dele-
tion of 6q is observed, followed by a gain of chromosome 4 in 20% of cases, and
abnormalities such as del(17p) and gains of chromosomes 3 and 7 in the small
number of cases. The prognostic significance of chromosome abnormalities is
unclear [96].

3.9 Splenic marginal zone B-cell lymphoma [SMZL]

SMZL represents a rare chronic B lymphocyte proliferative disease, which only
accounts for about 1-2% of non-Hodgkin’s lymphoma. Recurrent numerical and
structural abnormalities are observed in SMZL. Deletion of 7q is one of the most
common structural abnormalities, which is seen in approximately 30-40% of cases.
In 30-50% of cases partial or complete trisomy 3 is seen and in 20-30% of cases
partial or complete trisomy, 12 is observed. Deletion of 17p is seen in some aggres-
sive cases in addition to these abnormalities [97-100].

3.10 Chronic lymphocytic leukemia (CLL)

CLL is an indolent B-cell neoplasm that leads to the proliferation of mature,
normal-appearing lymphocytes in the peripheral blood, bone marrow, spleen,
and lymph nodes. This is a type of non-Hodgkin lymphoma. The most important
risk factor for the development of CLL is a positive family history. The prognosis
is highly dependent on the presence of recurrent chromosome abnormalities,
specifically del(6) (q23.3), del(13q) (q14.3), +12, del(11) (q22.1), and del(17) (p13.1)
[101]. The presence of del(13q) is a sole abnormality and is considered as having
a good prognosis. The deleted portion of chromosome 13 can vary in size, but it
always involves band 13q14.3. Trisomy 12 is considered the second most common
abnormality in CLL. Additional abnormality del (13q) is seen along with the gain of
chromosome 12 in most cases and less frequently, del(11q) and del(17p), believed
to occur mostly as clonal evolution. The presence of +12 together with del(14q) or
t(14;18) has also been reported [102-105]. Deletion of 17p is another abnormality
associated with loss of TP53 at 17p13.1, are characterized by a poor response to
chemotherapy and short survival. The majority of abnormalities leading to del(17p)
are unbalanced translocations. Generally, the loss of 17p is present in the context of
a complex karyotype. However, a few cases with i(17) (q10) as the only change have
been described. Deletion of 6q is rarely the sole abnormality and this abnormality
is considered an intermediate marker in CLL. Translocations involved chromo-
some 14 observed in CLL include t(11;14) (q13.q32.3), t(2;14) (p16.1;q32.3), t(14;19)
(g32.3;q13), and t(14;18) (q32.3;q21.3), and their variants [105-110]. Rarely, t(8;14)
(q24.2;q11.2) is observed as an additional abnormality in some CLL cases. Another
recurrent translocation found to involve chromosome 13 is t(6;13) (p21;q14.1) or
£(10;13) (q24;q14) [111, 112].

3.11 B-cell prolymphocytic leukemia
B-cell prolymphocytic leukemia (B-PLL) is a rare chronic lymphoproliferative
neoplasm comprised of prolymphocytes, typically with involvement of the periph-

eral blood, bone marrow, and spleen, accounting for only 1% of all chronic leuke-
mias of lymphoid origin. The important abnormalities reported are t(11;14), gain
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of chromosome 12, and deletions of 6q, 11q, 13q, and 17p, abnormalities. Additional
abnormalities seen in some cases of PLL are the t(8;14), t(2;8), and t(8;22). In
approximately 50% of cases, rearrangements of chromosome 17 leading to loss of
17p13.1 have been reported [113, 114].

3.12 Hairy cell leukemia (HCL)

HCL is a rare slow-growing B-cell lymphoproliferative neoplasm that accounts
for 2% of all B-cell lymphomas. This affects more men than women, and it occurs
most commonly in middle-aged or older adults. There are no specific chromosome
abnormalities in HCL. However, a recurrent gain of chromosome 5, specifically the
region 5q13-g31, and deletion of chromosome 7, specifically the region 7q22-q36 are
demonstrated by conventional cytogenetics. Abnormalities involve chromosomes 1,
6, 14, and 19 are less frequently observed [115, 116].

3.13 Multiple myeloma (MM)

Multiple myeloma accounts for approximately 12% of hematologic neoplasms.
This affects the terminally differentiated plasma cells in the bone marrow and
presents with an excess of plasma cells in the bone marrow [117]. Chromosome
abnormalities have been crucial in the characterization of prognostically signifi-
cant markers in MM. Hypodiploidy (<46 chromosomes) with loss of chromosome
13, or chromosome 17, are associated with an unfavorable prognosis. In the majority
of cases, the hypodiploid chromosome complement includes structural abnormali-
ties, involving, in particular, chromosomes 1, 4, 6, 14, 16, and 20. Specifically,
loss of 1p and/or gain of 1q, losses of 4q and 6q, loss and/or rearrangements of 14q
and 16q, and partial or complete loss of chromosome 20 are most commonly seen.
Translocations involving chromosome 14, are seen in approximately 85% of the
cases, which include translocations, t(4;14) (p16.3;q32.3), t(14;16) (q32.3;q23.1),
and t(14;20) (q32.3;q12) which are associated with an unfavorable prognosis.
Karyotypes with 70-90 chromosomes and a double content of structural rear-
rangements, including the relative losses of chromosomes 13 and 17, most likely
represent the doubling of a hypodiploid clone. Another group of MM patients is
characterized by hyperdiploidy and few or no structural abnormalities. Gains are
nonrandom and often involve chromosomes 3, 5, 7, 9, 11, 15, 19, and 21. Patients
with the presence of these additional chromosomes are placed in a standard-risk
category, as long as there is no deletion of 13q or 17p. The most common transloca-
tion in MM is t(11:14) (q13;q32.3) and is present in approximately 25% of cases
and is associated with improved prognostic outcomes. The prognostic relevance of
hyperdiploid karyotypes might be difficult to ascertain when structural abnormali-
ties are present. An interstitial deletion of 13q, involving either 13q14.2 or 13q14.3,
is one of the most common abnormalities in MM and has been detected in over
50% of cases. When other abnormalities present along with del(13q) appears to
be with a poor prognosis. The prognostic outcome of a hyperdiploid karyotype
typically associated with standard-risk myeloma is not altered by the presence of
del(13q). On the other hand, in a hypodiploid karyotype, del(13q) or loss of chro-
mosome 13 shows a poor prognosis. In approximately 10% of MM patients deletion
of 17p has been observed which leads to deletion of 17p13.1 (TP53) and is believed
that it occurs as secondary events during disease progression. This deletion is seen
in both hypodiploid and hyperdiploid karyotypes. Contrary to what is seen with
deletion of 13q, deletion of TP53 has a negative impact, irrespective of the presence
of favorable prognostic markers. Abnormalities involving chromosome 1 in MM
include deletions of 1p, gains of 1q, and/or translocations involving either arm.
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Deletions of 1p most frequently involve the segment between bands 1p12 and 1p31,
whereas gain of 1q involves the segment q21 — qter or the entire long arm. Gain

of 1q is the second most frequent chromosomal abnormality seen after del(13q).
Among the translocations involving chromosome 1, the majority are derivatives
of rearrangements involving various chromosomes, resulting in a gain of 1q. The
common recurrent unbalanced translocations leading to gain of 1q are der(1;15)
(q10;q10), der(1;16) (q10;p10), and der(1;19) (q10;p10). The most frequent non-
random chromosomal partners found in translocations with 14g32.3, are t(11;14)
(q13;q32.3), t(4;14) (p16.3;q32.3), and t(14;16) (q32.3;q23.1). t(11;14), is detected in
about 20-25%, t(4;14) (p16.3;q32.3) is detected in approximately 15% and t(14;16)
(g32.3;q23.1) is observed in approximately 5-7% of MM patients. Similarly to
t(4;14), tends to occur in hypodiploid karyotypes, together with deletions of 13q
and/or 17p, and this abnormality is placed in a high-risk prognostic category. Two
other translocations, t(6;14) (p21.1;q32.3) and t(14;20) (q32.3;q12), have also been
described in MM [118-126].

3.14 Hodgkin lymphoma (HL)

HL comprises approximately 30% of all lymphoma cases. HL affects individu-
als of all age groups with two preferential peaks, one occurring between the ages
of 15 and 30 years and the other at 60 years. The majority of HL patients show
a normal karyotype, abnormal chromosome complement is found in a minority
of cases. There are no specific chromosome abnormalities been detected in HL.
The common finding is that the karyotypes tend to be hyperdiploid, with 60-70
chromosomes. There are some recurrent abnormalities which include losses of 1p,
6q, 79, 13q, 16q, and 17p; gains of 2p, 9p, and chromosome 12, as well as rearrange-
ments of 3q27 [127, 128].

3.15 T-cell prolymphocytic leukemia (T-PLL)

T-PLL is a rare aggressive malignancy with poor response to conventional
treatment and short survival. This affects approximately 2% of adults aged
30 years and over. The most common sites of involvement include peripheral
blood, bone marrow, lymph node, and other hematopoietic organs such as the
spleen and liver. T-PLL is with distinctive clinical, morphologic, and cytogenetic
features. The most common chromosome abnormalities are inv.(14) (q11.2q32.1),
t(14;14) (q11.2;q32.1), and t(7;14) (q34;q32.1). The most common translocation
in this group is t(X;14) (q28;q11.2). In the majority of cases, additional abnor-
malities are observed, which include i(8) (q10) or other rearrangements leading
to gain of 8q, deletion or rearrangements of 11q, and deletions of 6q, 12p, and
17p [129-131].

3.16 Adult T-cell leukemia/lymphoma (ATLL)

ATLL is a rare and often aggressive T cell Lymphoma that can be found in
the blood (Leukemia), lymph nodes (Lymphoma), skin, or multiple areas of the
body. Very complex karyotypes are observed in ATLL patients. The most frequent
abnormalities include rearrangements of 7p14.1, 7q34, and 14q11.2; gains of the
X chromosomes and chromosomes 3 and 7; rearrangements of 1p, 1q, 2q, 3q, and
17q; and deletions of 6q, 9p, 13q, and 17p. The prognosis associated with these
abnormalities is considered an unfavorable prognosis. Abnormalities of 1p, 1g, 3q,
and 14q and deletions of 2q, 9p, 14q, and 17p are found to be associated with poor
prognosis [132-135].
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3.17 Peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS)

PTCL, NOS is a broad category of biologically and clinically heterogeneous dis-
eases that cannot be further classified into any other of the existing entities defined
by the WHO classification. Highly complex Karyotypes are usually seen with
rearrangements that often lead to losses of 6q, 9p, 10q,13q and gains of 3q, 7q, and
8q and the prognosis is considered as poor for most patients. The t(5;9) (q33.3;q22.2)
is an important translocation seen in these lymphomas [136, 137].

3.18 Angioimmunoblastic T-cell lymphoma (AITL)

AITL is a rare aggressive form of Non-Hodgkin’s lymphoma which is a group
of related malignancies. This accounts for approximately 2% of all non-Hodgkin’s
lymphomas but represents the most common subtype (15-20%) of peripheral
T-cell lymphomas. Complex Karyotypes are seen and often show a gain of 11q13
and gains of chromosomes 3, 5, and an X chromosome, as well as losses of 5q, 10q,
and 12q. Gain of 11q13 may represent a primary event in angioimmunoblastic T-cell
lymphoma [138].

3.19 Anaplastic large cell lymphoma (ALCL)

ALCL is a rare type of NHL and is one of the subtypes of T cell Lymphoma ALCL
comprises about 1% of all NHLs and approximately 16% of all T cell lymphomas
[127]. The cytogenetic hallmark is the presence of specific translocations involving
the anaplastic lymphoma kinase gene (ALK) and various partner chromosomes.
The most common ALK translocation is t(2;5) (p23.1;q35.1), which fuses part of the
nucleophosmin gene (INPM1) located at 5q35.1 with ALK located at 2p23.1, leading
to activation of ALK [139, 140].
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Chapter 8

Congenital Heart Disease and
Surgical Outcome in Down
Syndrome

Zainab Al-Suhaymi

Abstract

The prevalence of congenital heart disease has accounted for nearly one-third
of all significant congenital anomalies worldwide. The first report about an
association between cardiac anomalies and Down Syndrome was in (1876). Ten
years after discovering of Down Syndrome and the credit of association between
congenital cardiac anomalies and mongolism was suggested in (1894) by Garrod.
There many studies performed to identify a correlation between genotype and
phenotype in Down Syndrome, little is known about cardiovascular phenotype in
Down Syndrome. Congenital heart disease is considered one of the highest causes
of mortality and morbidity in Down Syndrome compared to patients with the same
lesion of non-down. There is a big debate about surgical management and consid-
ered them as risk factors of surgery with precaution and recent technology, Down
Syndrome considered as a normal patient in prognosis. This chapter aimed to shed
the light on congenital heart disease in Down Syndrome and current knowledge in
specific mutations associated with them and how the effect of innovative technol-
ogy and management to treat them end at the same outcome and sometimes better
based on recent research and Scoring System.

Keywords: Down Syndrome (DS), congenital heart disease (CHD),
genetic mutations, surgical outcome, cardiovascular surgery

1. Introduction
1.1 History of congenital heart disease in Down Syndrome

Down Syndrome had a widespread revolutionary widespread interest since
the days of Langdon Down’s pioneering work in 1866 [1]. The first comprehensive
description of this unique syndrome was provided in a short paper published in the
London Hospital Reports [2]. Down’s article was still unappreciated ten years later.
In the July 1876 issue of the Journal of Mental Science, other reports on the same
subject described the distinguishing features of an apparently new class of “idiots”,
and the first graphical illustration in the medical literature of DS was drawn in an
article by Fraser and Mitchell. This also provided the first pictorial sketch of the
facial features of a person with DS [3].

Awareness of DS medical reports was sketchy. It is almost incredible that DS
was unknown before the last half of the nineteenth century [4]. In the 1960s,
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Figure 1.

The child looking over his mother’s shoulder could be erroneously diagnosed as being affected with Down
syndvome. Sir Joshua Reynolds’s painting (1733) entitled Lady Cockburn and Her Children, which hangs in the
National Gallery in London.

Iowa pediatrician Hans Zellweger was excited to find an illustration of a Down
patient prior to the latter half of the nineteenth century Figure 1. A Down infant
appeared in a painting by the Flemish artist Jacob Jordan entitled “Adoration of the
Shepherds”. This painting is dated 1618 and shows a woman holding a child (prob-
ably their daughter, Elizabeth) with similar DS features [5].

Other researchers have searched the art archives to determine pictorial repre-
sentations of Down patients. In 1968, Dr. Arthur Markingson wrote a letter to the
editor of Lancet in which he reported no painting of a Down patient could be found
[6]. Dr. Markingson’s letter prompted cogent reasons for the apparent rarity of
Down children in past centuries. Populations were much smaller than they are now,
and the population age structure was different only about two-thirds of females
survived to the age at which they could marry. Only half reached the end of child-
bearing age. Infant mortality was also much higher.

In his opinion, this limited survival of infants with DS in history. In While there
were fewer people, the rate of Down births would not have changed appreciably.
This suggested that many Down children in the prior centuries did not survive the
neonatal period. Thus, raises the question of why did they die? Many reasons must
be considered. First, there were no modern therapies such as antibiotics and heart
surgery. Down infants often die due to pulmonary infection and heart defects during
the critical early years of life. CHD especially likely increased mortality [4-6].

2. Causative gene mutation

Congenital heart is a major public issue and health challenges. Understanding
the molecular genetic mechanism underlying abnormal cardiac lesions associated
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with trisomy chromosome 21 may lead to novel therapies [7-10]. DS is the most
common genetic causes of CHD and characterized by the presence of an extra full
or partial human chromosome 21. In recent decades, significant efforts have been
made to find the genotype-phenotype correlations for CHD in DS (DS CHD). For
earlier detection and prevention and discover a better treatment.

There were several approaches to this problem: generating of a map of partial
trisomy (PT21) cases in humans, creating mouse models with different orthologous
regions of Hsa21, and analysis of DS gene expression in cells and tissues [11, 12].
Recent studies support the idea that not all Hsa21 loci are required for DS manifes-
tation, suggesting a small region on 21q22.13 is considered critical to the DS core
phenotype [13].

A primary goal of genetic studies in DS is to define sub-genomic areas associ-
ated with various DS phenotypes. There have been some exciting developments in
this area after systematic analysis of 125 subjects from 1973 to 2015 (Pellerin et al.,
2016). Retrospective reanalysis of the same cases added seven new topics (Piovesan
etal., 2019) [13]. This work built a final map genomic region and discovered 34-kb
on the distal part of 21q22.13 highly restricted DS critical region (HR-DSCR).
Unfortunately, some patients carried additional chromosomal anomalies which
makes the interpretation of genotype-phenotype correlation, including heart
defects more difficult. Because of these complications, mice have been used instead
of human partial (segmental) Ts21.

The long arm of Hsa21 has 33.9 Mega base in length and contains 430 protein-
coding genes; 293 have a homolog in the mouse genome, and only 235 genes are
conserved in syntonically regions on mouse chromosomes: (1) 16 (Mmul6, 23.3 Mb,
166 genes), (2) 17 (Mmul7, 1.1 Mb, 22 genes), and (3) 10 (Mmu10, 2.3 Mb, 47
genes). We found that Mmu16 is the only mouse chromosome associated with heart
defects in DS [14, 15].

Mouse models associated with congenital heart disease are shown in Figure 2.
The first is the Tcl mouse model, which carries Hsa21, where approximately 8% of
its genes were deleted leading to heart defects [16, 17]. The second is Ts65D, which
is the most widely used model [18]. And exhibits some major DS phenotypes,
including heart defects [19, 20]; Ts65Dn is trismic for 13.4 Mb of the 22.9 Mb Hsa21
syntenic region on Mmu16. The cardiovascular phenotype of overlapping in larger-
than-5.8 Mb sub-centromeric region on Mmu17, which is not syntactic to any region
on Hsa21 [21].

We recently developed new rodent models to understand and mimic DS mouse
segmental trisomy. The third type of model is Dp (10)1Yey/+, Dp (16)1Yey/+ and

Hsa2l g
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Dp(16)1Yey

Ts65Dn/
MsSyah

mIR802
1700029J03Rik
Setd4

Cbri

Kenjé -

Dscam .

Mxz (.
zfp295 -
Coléaz -

4 + + ND - + - - CHD

2 2 * + = - Lethality
# - ECG1
% + ECG2

Figure 2.
Representation of the DS mouse models associated with cardiac features. “+” indicates the presence and “-” the
absence of phenotypes whereas ND indicates a non-determined state for presence or absence of CHD in Ts1Cje.
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Dp (17)1Yey/ +, carrying individual duplications spanning the entire Hsa21 syntenic
regions on Mmul0, Mmul6, and Mmu1l7, respectively. The results showed both

Dp (16)1Yey/+Dp (10)1Yey/+; Dp (16)1Yey/+; and Dp (17)1Yey/+ contribute to
heart defects with similar frequency. The final model showed heart defect in Dp
(16)2Yey/+ embryos within the Tiam1-Kcnj6 region correlated with over-expression
of 20 genes in this area [22].

CHD in DS is a phenotype characterized by reducing the extent to which a par-
ticular gene or set of genes expressed in the phenotypes of individuals carrying it.
Consequently, in PT21 cases mapping, it is possible to exclude chromosomal regions
or identify them as critical for the phenotype only in patients with that phenotype
(DS CHD). Approaching the DS CHD critical region was proposed by Korenberg
etal. [23] when his concept used the 9 Mb region between D21S55 (21q22.2) to
the telomere for the first time. This work further used mouse models over 4-5 Mb
region, from (D21S55 through MX1) Korbel et al. [24] narrowed down the critical
part for DS CHD to 1.77 Mb, Figure 3. The region in question was extended from
DSCAM to ZNF295 (current name ZBTB21) created from combining the maps of 14
PT21 subjects with CHD with information from segmental trisomic mouse model
Dp (16)1Yu/+.

In 40-60% of subjects, the overall risk of DSCHD in DS is from AVSDs [25].
Although some candidate genes have been a cause for DSCHD, conclusive evidence
for their involvement is still unknown. We previously reported a map that contains
the DSCHD region in humans to a 5.27-Mb chromosomal segment containing 82
genes [26]. Figure 3A narrows down this segment to a 2.82-Mb critical region likely
involved in DSCHD endocardial cushion defects using an expanded panel with 14
subjects with DSCHD. By integrating our information from segmental trisomic
mouse models with DSCHD [16, 21], we integrated a further limit on this region
in a particular map (Figure 3B); we propose a 1.77-Mb DSCHD critical region,
which contains ten genes, including the promoter and a portion of the DS cell
adhesion molecule (DSCAM) gene. Specifically, the model Dp (16)1Yu/shows that
DSCHD is involved only in the HSA21 regions orthologous to MMU16 (located at
14.4 Mb-42.3 Mb of HSA21); this defines the telomeric DSCHD border and suggests
alimited role for the adjacent telomeric region for DSCHD.

2.1 Genes associated with causing CHD

A multifactorial model used as sample collection. Chromosome 21 Single
nucleotide polymorphisms calling and Chromosome 21 Copy number variations
analyses by pyrosequencing and Sanger sequencing showed most notable results of
this study regarding identifying CHD risk loci in DS [27].

1.152832616 and rs1943950 are CHD risk alleles (odds ratios of 2.8 and 2.7,
respectively) within the same LD block on chromosome 21 (both cis-eQTLs
for KRTAP7-1 gene).

2.A 4.9-kb CNV upstream of the RIPK4 gene (CNV1) the RIPK4 gene
(CNV1) has a risk ratio of 2.29 in the previously reported CHD region of
chromosome 21.

3.A 1.8-kb CNV within the ZBTB21 gene (CNV2) of chromosome 21 with a risk
ratio of 1.85. in the previously reported CHD region.

4. A pair of interacting cis-eQTLs on chromosome 11 (Bonferroni-adjusted
P-value <0.05). involving CNOT11 on chromosome 2 and NRGN.
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A lganel of 30 patients with segmental trisomy 21 metanalysis defines DS phenotype candidate regions.

Yellow boxes, no phenotype; solid boxes, increased copy-number; open boxes, 1:2 (monosomies) Purple boxes,
presence of phenotype. (A) DSCHD region. TOF, tetralogy of Fallot; PS, pulmonic stenosis; PDA, patent
ductus arteriosus; VSD, ventricular septal defect; ASD, atrial septal defect; MI, mitral insufficiency. Red box,
DSCHD candidate vegion. Twenty-three subjects have duplications, including the DSCHD region, 14 thereof
have DSCHD. No subject lacking a segmental trisomy involving the DSCHD critical regions was diagnosed
with DSCHD. Corresponding regions for six mouse models are indicated to the left [21, 22, 39-41]. (B)
Proposed DSCHD critical region (red box) determined by combining human and mouse data from A. MMU16
indicates the extent of the duplication in the mouse model Dp (16)1Yu with DSCHD.

3. Clinical management
3.1 Diagnostic evaluation

Echocardiograms are generally accepted as the diagnostic standard. Some studies
specified that all had an echocardiogram [49], while others limited by documenta-
tion and relied on retrospective review [28]. One study evaluated if screening, chest
X-ray and ECG is an effective method to identify which infants with DS should
have an echocardiogram. They found that this method resulted in 69 (17%) fewer
echocardiograms without missing infants with major CHD [29]. A similar study
showed a sensitivity of 71% and a specificity of 91% chest X-ray and ECG soon after
birth for three modalities separately or in combination to detect CHD [30].

3.2 Surgical approach

DS is a challenging public health issue. The survival rate of DS with heart defects
has increased dramatically with improved medical care [31]. Infant mortality for
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patients with DS remain 5x to 8x higher than that of the general population. In the
1940s to 1960s, the average life expectancy for children born with DS dramatically
increased from 12 years in the 1940s to 60 [32]. There has been a gradual improve-
ment in the results of DS children undergoing cardiac surgery in the last 16 years
[33] with a better understanding of surgical anatomy, Advances in surgical tech-
niques improved myocardial protection and cardiopulmonary bypass strategies,
and advances in postoperative management in the intensive care unit contributed to
improved survival rate and decreased mortality [34-36].

When comparing the DS to NS in preoperative data, however there are significant
differences in age, RACHS-1 risk category, and presence of substantial noncardiac
anomalies among DS patients in the 30 days (about four and a half weeks) to 1 year
age group. In contrast, most children in the non-DS patients were in the >1 year
age group. The DS population is more likely to have a coexisting major noncardiac
structural anomaly, although DS were less likely to have been born prematurely [32].

In open-heart surgery, the cardiopulmonary bypass led to prolonged times.

[(110 + 47 min), 129 (87.75%), and (101.74 + 33.61)]; aortic cross-clamp was shorter
[(65 + 30 min), 64 minutes (67.21 + 26.63)]. Depend on the scoring system most
patients in DS and Non-DS, RACHS-1 risk categories 1, 2, and 3. Distribution for
patients without DS were spread across these three risk categories. In DS, the pro-
portion of patients in risk categories 1, 2, and 3 increased with increasing surgical
complexity [32, 37].

Infection is the most common complication that feared by surgeons and results
in a more prolonged ICU and hospitalization with considerable treatment in
patients with CHD and DS [38]; respiratory complications are also common. Sepsis
occurred in 8 patients (10%), mainly caused by Staphylococcus and Pseudomonas.
In 7/8 cases, this infection occurred early in the postoperative period. In one case,

sepsis developed late and led to death [33].

4. Types of producers associated with DS
4.1 Favorable surgical outcome
4.1.1 Complete atrioventricular septal defect

Hospital mortality ranges from 0.9 to 3% in recent studies [39, 40]. The degree
of residual valve dysfunction was independent of surgical choice in a study compar-
ing three surgical techniques [41]. LV outflow tract obstruction is the second cause
for reintervention small left ventricle (LV) and a double orifice left the atrioven-
tricular valve. There was an anatomic increase in reoperation incidences, such as
a small left ventricle (LV) and a double orifice left atrioventricular valve [41]. The
hospital resources usage for cardiac surgery in pediatric patients with CHD and
genetic conditions is of great interest [42]. Patients with DS and AVSD heart defect
did not constitute an extra financial burden due to good surgical outcome and short
hospital stay.

4.1.2 Partial atrioventricular septal defects
Mortality rate was low (0-1%) and reported with repair performed in early
childhood [43]. The left atrioventricular valve anatomy was unfavorable in 31% of

cases. Reoperation was required in 22% of non-DS. All patients survived surgery.
Other issues include:
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4.1.3 single ventricle physiology and Unbalanced atrioventricular septal defects

There is often univentricular palliation or correction (Fontan-type) due to the
constant risk of pulmonary hypertension or even mildly elevated pulmonary vascu-
lar resistance. Excellent survival was noted at palliation when pulmonary vascular
resistance was low (<3 Wood Units/m2) in the 1st year of life. The mortality rate of
patients with Fontan-type repair was 27.5% in patients with unbalanced AVSD [44].
Moreover, Fontan-type repair was rarely performed and was considered risky (12%
early mortality) in Japan [45]. Furukawa et al. reported eight patients with Down
syndrome who underwent total cardiopulmonary connection; one patient died,
whereas the clinical course and recovery after surgery in the other seven patients
was significantly prolonged. They studied 17 patients with DS who underwent
TCPC and reported that mortality in the early period was 29% and significantly
higher than that in patients without DS (10%). The debate is now DS itself is a vital
independent factor of mortality. Future work should evaluate mortality and long-
term prognosis.

4.2 Unfavorable surgical outcome
4.2.1 Tetralogy of Fallot

Cyanosis in DS patients accounts for about 6% of deaths. Early mortality has
been reduced to 1-2% in recent years [39, 46, 47]; pulmonary hypertension is
presumed to be a causal factor, and this was supported by its higher incidence in
patients with tetralogy of Fallot associated with AVSD. Patients with DS and tetral-
ogy of Fallot need a pulmonary valve replacement (PVR)/implantation earlier than
normal patients [48].

4.2.2 Tetralogy of Fallot combined with AVCanal

This is a rare anomaly frequently associated with DS and low operative risk
(4-6%) has been recently accomplished Complete repair [49] two-stage (with prior
palliation) and single-stage repair was recently reported. With 10-year survival
obtained the two strategies as well as similar freedom from reoperation for left
atrioventricular valve regurgitation [50].

5. Scoring systems in cardiac surgical outcome
5.1 RACHS-score

The RACHS-1 method [51, 52] was used to adjust for differences in the patient
mix when comparing in-hospital death. Surgical procedures ranged from 1 to 6
risk categories. Risk category 1 has the lowest risk for in-hospital death, whereas
risk category 6 has the highest. Risk categories 5 and 6 were combined for report-
ing purposes because of the low numbers of patients in each group. Patients with
>1 cardiac surgical procedure were placed in the category of the highest risk
procedure.

Two studies evaluated outcomes in children with DS by grouping cardiac lesions
based on risk-stratified categories (RACHS-1). There were generally low mortal-
ity rates for children with DS compared to those without, which highlighting the
higher rate of cardiac operations in DS children [32, 39].
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5.2 Aristotle score

A new international Nomenclature of evaluating the quality of care in congenital
heart surgery based on the complexity of the surgical procedures the project started
in 1999, involving expert surgeons included 50 pediatric surgeons from 23 countries
representing International Scientific Societies. The calculation is undertaken in two
steps: the first adjusts only the complexity of the procedures by establishing the
Basic Score determined by three factors: the potential for morbidity, the anticipated
technical difficulty, the potential for mortality. The second step was improving
the Comprehensive Score, which further adjusts the complexity according to the
specific patient characteristics. The Aristotle method allows the following equation
of quality of care: Complexity FN Outcome = Performance which allows precise
scoring of the complexity for 145 congenital heart surgery procedures. The com-
plexity was based on the procedures defined by the Society of Thoracic Surgeons
(STS)/European Association for Cardiothoracic Surgery (EACTS) [53].

5.3 Propensity score matching analysis

Propensity score matching was frequently used in the cardiovascular surgery
literatures. These methods are increasingly used to reduce the impact of treatment-
selection bias in estimating causal treatment effects using observational data
[54-56]. Téth et al. reported that the perioperative values had no significant differ-
ences between the DS and non-DS groups after propensity matching. This method
used similar values for the variables and can play an essential role in identifying the
differences between control and study groups.

In Seminars in Thoracic and Cardiovascular Surgery, the propensity score used at
5:1, (NS: DS). PSM based on sex, low birth weight, and prematurity age group with
post matching standardized mean difference indicating successful balancing of the
two groups; the final matched set was 2493 DS patients. These were compared to
12,465 patients, as shown in Figure 4.

We show outcomes after cardiac operations in patients with DS using Texas
Inpatient Public Use Datafile was queried for all patients <18 years old undergoing

An Analysis of Hospital Mortality After Cardiac Operations in Children with Down Syndrome, 1999-2016

Primary Results:

Down syndrome (DS) Adjusted Relative Risk for Hospital Mortality after Cardiac 1. Awioventricular septal defect,
wentricular septal defect,

Operations in Children with Down Syndrome vs. Non- Iatalogy of Fallit operations
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= —_— performed in children with DS
2 .
Al AVSD repair — _
Isolated AVSD repair e 4 mortality than NS
3, Bidirectional Gler
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. TOF/pulmanary atresia
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TOF repait e 1. Impact of Dawn syndrome an
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Figure 4.

Children with Down syndrome and non-syndromic children undevgoing various cardiac opevations vepresented
by The Texas Inpatient Public Use Datafile was queried from 1999 to 2016.
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CHD procedures between 1999 and 2016. There were 2,841 cases in DS patients who
underwent CHD operations compared to 25,063 non-DS cases. Over the 18-year
period. Variables depending on the type of CHD lesion when multiple cardiac
lesions require intervention; DS children have an excellent surgical outcome and
hospital survival after isolated AVSD than did non-DS children. Bidirectional Glenn
palliation TOF/PA repair was associated with worse hospital mortality in children
with DS. Further work will be evaluated cardiac and noncardiac comorbidities in
DS patients led to higher mortality for specific cardiac lesions [57].

6. Conclusion

The challenge of cardiac care of DS patients has no more concerns because of a
great improving result of cardiac surgery contribute to the increasing survival and
to the better quality of life is even more successful and gratifying.
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Chapter 9

Prenatal Screening of
Aneuploidies

Madhavilatha Routhu and Shiva Surya Varalakshmi Koneru

Abstract

Chromosomal abnormalities includes 1) abnormalities in number of chromo-
somes which are known as aneuploidies and 2) structural defects like translocations
and deletions. In this we will discuss about Aneuploidies The incidence of
Aneuploidy is around one in 200 live births. Aneuploidy increases with advancing
maternal age. Fetal aneuploidy has been associated with significant pregnancy
complications such as growth restriction, congenital malformations and perinatal
deaths. Several Major developments are happened in prenatal screening of Aneu-
ploidy especially the introduction of first trimester screen with Nuchal thickness
and fetal cell free DNA in maternal plasma and identification of ultrasound markers
and biochemical screening in second trimester. In this chapter we will discuss about
what are trisomies, why “Down syndrome” is important to detect prenatally, his-
tory of “Down syndrome”, advances in screening methods biochemical as well as
sonographic markers in first and second trimester and the criteria to get those
markers. What are the features of trisomy 21, trisomy18 and trisomy13.

Keywords: Aneuploidies 1, “Down syndrome” 2, ultrasound markers 3, Nuchal
translucency 4

1. Introduction

Aneuploidies are Trisomy21 (“Down syndrome”, T21), Trisomy18 (Edward
syndrome, T18), trisomy13 (Patau syndrome, T13), monosomy (turner syndrome,
monosomy) and triploidy. “Down syndrome” is more focused than other aneu-
ploidy due to Trisomy 13 and 18 are lethal, do not have very long-term conse-
quences, and almost all cases have major structural abnormalities and can be
identified on the basis of these features. Where as in T21 the ultrasound and
laboratory findings are subtle and nonspecific. Special effort has to be made to
identify these nonspecific features and analyse their importance. Identification of
T21 is based on these subtle abnormal structures i.e., ultrasound markers and
abnormal biochemistry (low PAPP-A and raised p-HCG). The abortion rate in
monosomy X is 98% and Edwards is 86% whereas “Down syndrome” is only 30%.
Not only this Downs is the commonest congenital cause of mental disability with
long life span and need life-long family support. The incidence is 1in 800 pregnan-
cies. Downs can lead to considerable ill health, although some individual may have
only mild problems and can lead relatively normal lives. Having baby with “Down
syndrome” is likely to have significant impact on family life. There is currently no
known cure. A significant number of parents would opt for terminating such a
pregnancy or if they want to continue prior information would benefit for
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preparing for such a baby. Downs occur due to non-disjunction type (Errors in
meiosis). Translocation type and mosaic type which is rare.

2. History

In 1862 & 1887 Langdon Down noted that common characteristics of patients
with trisomy 21 are skin deficient in elasticity, giving the impression of being too
large for the body, and face is flat, broad and destitute of prominence. The cheeks
are roundish and extended laterally. The eyes are obliquely placed, and internal
canthi more than normally distanced from one another. The palpebral fissure is
very narrow. The tongue is long, thick and much roughened. The nose is small. In
1987 B Benacerraf [1], told that this loose skin can be seen in mid trimester scan at
20 weeks as a thickening of skin at the back of neck in axial view of skull in trans
cerebellar plane which was defined as nuchal fold. After 5 years it was realized that
the excess skin of individuals with Down’s syndrome can be visualized by ultraso-
nography as increased nuchal translucency in the third month of intrauterine life
[2]. About 75% of trisomy 21 fetuses have increased nuchal translucency (NT) and
60-70% have absent nasal bone.

2.1 History of screening methods

Aneuploidy increases with advancing maternal age. So, increasing the maternal
age increases the risk. in the early 1970s, the screening was based only on the
association with advanced maternal age. In late 1980s not only maternal age but also
found that the concentration of various fetoplacental products in the maternal
circulation has taken into account for screening. At 16 weeks of gestation the
median maternal serum concentrations of alpha-fetoprotein (AFP), un-conjugated
estriol (pE3), human chorionic gonadotropin (HCG) (free- § and total) and inhibin-
A in aneuploidy are sufficiently different from normal to allow the use of combina-
tions or some or all of these substances to select high risk group. This method is
more effective than maternal age alone. It can identify about 60-70% of the fetuses
with T21. In1990s, screening by a combination of maternal age and fetal NT thick-
ness at 11-13 + 6 weeks of gestation was introduced. This method shown to identify
about 75-80% of affected fetuses for a screen-positive rate of about 5%. There by,

LDO

Figure 1.
Aneuploidy screening Approach: observed Detection rates.

116



Prenatal Screening of Aneuploidies
DOI: http://dx.doi.org/10.5772/intechopen.96757

maternal age was combined with fetal NT and maternal serum biochemistry (free p-
HCG and PAPP-A) in the first-trimester to identify about 85-90% of affected
fetuses. In 2001, it was found that 60-70% Trisomy 21 fetuses were associated with
non-visualized nasal bone. Inclusion of nasal bone and the other ultrasound markers
to NT and biochemistry for the screening procedure increase the detection rate in to
more than 95% in first trimester with a screen positive rate of 2.5% (Figure 1).
Furthermore, introduction of one-stop clinics for assessment of risk (OSCAR)
which is a new method of biochemical testing, where with-in 30 min of taking
blood sample, made it possible to assess the risk [3, 4].

3. Type of screening tests

“Down syndrome” can be diagnosed during pregnancy. Diagnostic tests are inva-
sive and have an inherent miscarriage rate, however, small they are also expensive.
Screening tests can identify a large number of patients who would benefit from
diagnostic testing thus reducing risks and costs. Screening tests by definition, cannot
identify all accepted pregnancies. First trimester screening is far more effective than
later screening. Aneuploidy screening should be offered to all the pregnant women.

Screening tests that are performed in the first and second trimesters include
integrated, sequential and contingent screening. The basic types are 1) first trimester
combined screening the components in this are Nuchal translucency (NT), PAPP-A
and B-HCG. The detection rate is 85-95%. If you add nasal bone and other ultrasound
features to this the detection rate increases 93-96%. 2) Triple test the components are
B-HCG, MS-AFP and unconjugated Estriol. The detection rate is only 60-65%. 3)
Quadruple test f-HCG, MS-AFP, unconjugated Estriol and inhibin A. the detection
rate is 70-75%. 4) Penta screen includes hyper glycosylated HCG in addition to
quadruple test. If patient come for screening in first trimester, first trimester com-
bined screening is advised, if she comes at 14-20 weeks quadruple test, if she comes at
both first and second trimester integrated test is best for screening (Table 1).

Integrated test:-Integrate the First trimester PAPP-A, Free p-HCG and NT ana-
lyte screening followed by a second trimmester Quad screen and receives a single

Methods of screening Detection False-positive
rate rate
Maternal age(MA) 30% 5%

First trimester

MA-+ fetal nuchal translucency(NT) 75-80% 5%
MA + serum free p-hCG and PAPP-A 60-70% 5%
MA + NT + free p-hCG and PAPP-A (combined Test) 85-95% 5%
Combined Test+ nasal bone or tricuspid flow or ductus venosus 93-96% 2.5%
flow

Second trimester

MA + serum AFP,hCG, pE3(triple test) 60-65% 5%
MA + serum AFP,free p-hCG, pE3, inhibin A(Quadruple test) 70-75% 5%
MA + NT + PAPP-A(11-13 weeks) + quadruple test 90-94% 5%

Nicolaides KH. Screening for fetal aneuplodies at 11t013weeks.Prenat Diagn 2011;31:7-15.

Table 1.
Methods of screening and its detection vate.
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screen test result. The detection rate of this test is 90-94%. Limitations includes the
withholding of first trimester screening test results until the second trimester which
delay the management option.

Sequential screening: - these are two types one is stepwise another one is con-
tingent model. These methods were developed to maintain a high detection rate. in
step wise sequential model it can be achieved by using the combined first and
second trimester screening approach while also reporting the patients first trimester
screening test risk, which allows for earlier management options. If first trimester
test result is higher than lab derived positive screening cutoff, we can offer them the
diagnostic test or NIPT, and the screening protocol is discontinued. If the patient
has a lower risk can counseled and proceed to quad screening in the second trimes-
ter. Sequential screening has a detection rate of 91-93% with a positive screening
test result rate of 4-5% [5-7].

Contingent model classifies aneuploidy risk as high, intermediate or low on the
basis of first trimester screening test results. High risk patients are offered cell free
DNA screening or diagnostic testing with CVS and for low risk women further
screening or testing is not recommended. Only those with intermediate risk are
offered second trimester screening.

4. Method of sequential screening
Every woman has a risk that her fetus has a chromosomal abnormality.
4.1 Standard first trimester aneuploidy screening

to calculate the individual risk, the clinical information which is necessary to
take into account the background or a priori risk, depends on maternal age, weight
the ethnicity (in terms of south Asian, east Asian, south east Asian black or Cauca-
sian), IVF, number of fetuses diabetes and smoking. This information should be
combined with ultrasound information and biochemistry. Which is based on crown
rump length, NT, PAPP-A, free B-HCG. Then make calculation by a series of factors
or likelihood ratios, which depend on the results of a series of screening tests carried
out during the course of the pregnancy to determine the patient-specific risk. A
priori risk established by maternal age has been adjusted successfully by NT
screening. This has been one of the most important elements of aneuploidy screen-
ing as it resulted in a significant reduction in unnecessary invasive testing on
pregnant women with advanced maternal age. If you add rest of the ultrasound
features like nasal bone, ductus venosus and tricuspid regurgitation which can
increase the rate of detection.

4.2 Standard genetic sonogram aneuploidy screening

Genetic sonogram has been used to screen for Aneuploidy by using specific
findings. In this approach seeks major structural abnormalities and minor ultraso-
nographic soft markers. These Soft markers are minor ultrasound abnormalities,
considered as variants of normal, they do not constitute a structural defect. Pres-
ence of Soft markers are indicative of an increased age adjusted risk of an underly-
ing fetal aneuploidy or some non- chromosomal abnormalities. So, these are also a
priori risk. Detection of soft markers increase the risk for aneuploidy by constant
proportion (likelihood ratio LR). Absence of these markers lower the risk (Negative
predictive value NPV). These were decided after a meta-analysis study of second
trimester markers for trisomy21 [8], (Table 2).
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Marker LR+(95%CI) LR-(95%CI) LR isolated marker*
Intra cardiac echogenic focus 5.83(5.02-6.77) 0.80(0.75-0.86) 0.95
Ventriculomegaly 27.52(13.61-55.68) 0.94(0.91-0.98) 3.81
Increased nuchal fold 23.30(14.35-37.83) 0.80(0.74-0.85) 3.79
Echogenic bowel 11.44(9.05-14.47) 0.90(0.86-0.94) 1.65
Mild Hydronephrosis 7.63(6.11-9.51) 0.92(0.89-0.96) 1.08
Short humerus 4.81(3.49-6.62) 0.74(0.63-0.88) 0.78
Short femur 3.72(2.79-4.97) 0.80(0.73-0.88) 0.61
ARSA 21.48(11.48-40.19) 0.71(0.57-0.88) 3.94
Absent or hypoplastic nasal bone 23.27(14.23-38.06) 0.46(0.36-0.58) 6.58
Table 2.

Meta-analysis of 2nd trimester markers for trisomy21-M. Agathokleous et al.

Every time a test is carried out the a priori risk is multiplied by the likelihood ratio of
the test to calculate a new risk, which then becomes the a priori risk for the next test [9].

If a systematic second- trimester ultrasound examination demonstrates the
absence of all major defects and markers, there is a 7.7fold reduction in risk for
trisomy 21. Detection of any one of the markers during the scan should stimulate
the sonographer to look for all other markers or defects. Post-test odds for trisomy
21 is derived by multiplying the pre-test odds by the positive LR for each detected
marker and the negative LR for each marker demonstrated to be absent.

In Sequenitial screening first do the first trimester combined screening test
identify the risk based on this risk if it is high risk do the invasive procedure (CVS)
or NIPT. If there is false positive and false negetive results then you need to
combine with quadraple test and sequentially calcuate the risk as the false positive
rate is very very low.

5. Biochemical markers

First trimester markers are pregnancy associated plasma protein A (PAPP-A),
Free f Human chorianic gonadotropin (B-HCG) where as second trimester markers
are Alpha fetoprotein (AFP) Unconjugated oestriol (uE3), Total human chorianic
gonadotropin (HCG) and inhibin-A.

The PAPP-A level is low in T21 which is about half of euploid pregnancies.
B-HCG levels are double that of unaffected pregnancies. The concentrations of these
markers vary with gestational age. In first trimester PAPP-A increases and free
B-HCG decreases. In second trimester AFP and pE3 increase HCG and inhibin-A
will decreases before 17 weeks after that it may increas. The measurements of these
markers may vary between laboratories. In account of this variation the concentra-
tion of each marker is expressed as multiple of median for unaffected pregnancies
of the same gestational age (MoM).

6. First trimester sonographic markers

provision of a high-quality first trimester screening service significantly
enhances the autonomy of pregnant women [10].
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6.1 Nuchal translucency (NT)

The gestation should be 11-13 + 6 weeks and the fetal crown-rump length should
be 45-84 mm. Criteria for the Standardized Measurement of the Nuchal translu-
cency at 11-13 + 6 weeks are- fetus must be in the midsagittal plane. The image
must be magnified so, that it is filled by the fetal head, neck and upper thorax, the
magnification should be as large as possible and each slight movement of the
callipers should produce only a 0.1 mm change in the measurement. The fetal neck
must be in neutral position, it should not be flexed, and not hyperextended. Amnion
must be seen separate from NT line. The margins of NT edges must be clear enough
for proper placement of the callipers (Figure 2). The + callipers on the ultrasound
must be used to perform the NT measurement. Electronic callipers must be placed
on the inner borders of the nuchal line space with none of the horizontal crossbar
itself protruding into the space and the callipers must be placed perpendicular to the
fetal long axis. Measurement must be obtained at the widest space of the NT. Cord
round the neck may be present in 5-10% of cases which may produce a falsely
increased NT. In such cases, the measurements of NT above and below the cord are
different so, the average of these two measurements should be appropriate for
calculating risk. One of the studies involving 96,127 pregnancies, at a crown rump
length of 45 mm the median and 95th centile was 1.2 and 2.1 mm and the crown
rump length of 84 mm were 1.9 and 2.7 mm [11]. The average NT in aneuploidy is
about 2.5 mm above the normal median for crown-rump length. In Turner
syndrome, the median NT is about 8 mm above the normal median.

6.2 Nasal bone (NB)

It may be present, absent or hypoplastic. In the normal fetus between the 11th
and early 12th week of gestation, the nasal bone may appear poorly ossified or
absent [12]. In such cases, it is recommended to repeat the measurement one week
later [12]. Nasal bone hypoplasia is calculated as BPD/NBL ratio if >11 than hypo-
plasia. Several studies have demonstrated a high association between absent nasal
bone at 11-13 + 6 weeks and trisomy 21, as well as other chromosomal abnormalities
[13]. Criteria for the Standardized Measurement of the Nasal Bone at 11—

13 + 6 weeks are mid sagittal view of face with the magnification of the image
should be such that the fetal head and thorax occupy the whole screen. Mid sagittal
face is defined by the presence of the echogenic tip of the nose and rectangular

Figure 2.
Normal NT and nasal bone.
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shape of the palate anteriorly, the translucent diencephalon in the center, and the
nuchal membrane posteriorly. Minor deviations may cause non-visualization of the
tip of the nose and visibility of the zygomatic process of the maxilla. The ultrasound
transducer should be parallel to the direction of the nose and it should be gently
tilted from side to side to ensure that the Nasal bone is seen separate from the skin
(Figure 2). The echogenicity of NB should be greater than the overlying skin. Three
distinct lines are noted in nasal bone demonstration: the first two lines are horizon-
tal and parallel to each other where the top line represents the skin and bottom line
is the NB. Third one represents the tip of the nose. When the NB line appears as a
thin and less echogenic than the overlying skin, which suggests that the NB is not
yet ossified, and it is classified as being absent (Figure 5) [12].

6.3 Ductus venosus (DV)

Criteria for the Standardized Measurement of DV at 11-13 + 6 weeks are the
magnification of the image should be such that the fetal head and thorax should
occupy the whole screen. Right ventral mid sagittal view of fetal trunk should be
obtained. Color flow mapping of umbilical vein DV and fetal heart should be

Figure 3.
Normal ductus venosus.

Figure 4.
Normal tricuspid valve.
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Figure 5.
Absent nasal bone.

demonstrated. Pulse doppler sample volume should be small (0.5-1.0 mm) and it
should be placed in the yellowish aliasing area. Insonation angle should be less than
30degrees [12]. The filter should be set at a low frequency (50-70 Hz). Sweep speed
should be high (2-3 cm/s) so that the waveforms are spread allowing better assess-
ment of the A wave (Figure 3). Ductus venosus shows biphasic wave form with low
pulsatility and antegrade flow in the diastolic components (a wave) throughout
cardiac cycle. Normal ductus venosus Doppler waveforms show a positive a-wave,
whereas the presence of an absent or reversed a-wave defines abnormal ductus
venosus waveforms. The presence of high pulsatility or reverse flow of the a-wave
in the first trimester increases the risk for chromosomal anomalies, cardiac defects,
and the occurrence of twin-twin transfusion syndrome in monochorianic twins.
Abnormal flow in the ductus venosus in about 80% of trisomy 21 fetuses and in
about 5% of chromosomally normal fetuses [13].

6.4 Tricuspid Valve

Color and pulsed Doppler examination across the tricuspid valve is commonly
used in the first trimester to assess for the presence of tricuspid valve regurgitation
(TR). The presence of TR in the first trimester has been associated with chromo-
somal abnormalities [14, 15]. In the first trimester, TR is found in less than 5% of
chromosomally normal fetuses, in more than 65% of fetuses with trisomy 21, and in
more than 30% of fetuses with trisomy 18 [14]. Interrogation of other cardiac valves
with color or pulsed Doppler is reserved for fetuses at risk for valve obstruction or
when a cardiac malformation is suspected. Criteria for tricuspid valve evaluation at
11-13 + 6 weeks are- image should be such that the fetal thorax occupies most of the
image (Figure 4). heart should be in apical position. Sample volume should be
2-3 mm should be positioned across the tricuspid valve with an angle should be less
than 30 degrees from the direction of the interventricular septum. Significant TR is

122



Prenatal Screening of Aneuploidies
DOI: http://dx.doi.org/10.5772/intechopen.96757

defined when regurgitation is more than half of the systole with velocity of >60 cm/s.
The sweep speed should be 2-3 cm/s so that the wave forms are widely spread for
better assessment. The tricuspid valve could be in sufficient in one or more of its
three cusps, so, therefore the sample volume should be placed across the valve at least
three times in an attempt to interrogate the complete valve [12].

6.5 Hepatic artery

It has been reported that high peak velocities in the hepatic artery are present in
the first trimester in fetuses at risk for trisomy 21.

7. Second trimester soft markers

They are absent nasal bone, Aberrant subclavian artery, ventriculomegaly,
increased Nuchal fold, Echogenic bowel loops, mild hydronephrosis, echogenic
intra cardiac foci, short femur short humerus, choroid plexus cysts, single umbilical
artery.

Major or minor abnormalities are found in about 75% of fetuses with trisomy 21
and in 10-15% of chromosomally normal fetuses. The Genetic sonogram is a
targeted ultrasound looking for major abnormalities as well as minor markers for
aneuploidy. Over the years these minor markers are being looked into and things
like widened pelvic angle sandal gap deformity is going out of favour and is getting
replaced by ARSA, pre nasal thickness and FMF angle. Absence of these markers
decreases the risk of downs by around 70-80% but does not completely rule out
Downs and hence Absence gives additional reassurance to the patient.

In first step when a soft marker is identified thoroughly search for other soft
markers and structural abnormalities. In second step calculate the risk of aneu-
ploidy based on likelihood ratios. This risk is calculated against background risk
based maternal age alone or in combination with First trimester combined screen-
ing or second trimester quadruple test.

7.1 Increased nuchal fold

In second and third trimesters of pregnancy, abnormal accumulation of fluid
behind the fetal neck can be known as nuchal cystic hygroma or nuchal edema. In
about 75% of fetuses with cystic hygroma, there is a chromosomal abnormality and,
in about 95% of cases, the abnormality is Turner syndrome. Chromosomal abnor-
malities are found in about one-third of the fetuses of nuchal edema and, in about
75% of cases, the abnormality is trisomy 21 or 18. Edema is also associated with fetal
cardiovascular and pulmonary defects, skeletal dysplasia, congenital infections and
metabolic and haematological disorders; The positive LR is 23.3 and negative LR is
0.8. Nuchal index is considered by some, because this is associated with gestational
age. Nuchal index is (mean nuchal fold/mean BPD) x100 where the value of 11 or
greater has a sensitivity of 50% and specificity of 96% (Figure 6).

7.2 Aberrant right subclavian artery (ARSA)

occurs in 0.5to 1.4%. four vessels arise from the aortic arch where the right
subclavian artery arises from distal part of the aortic arch and courses behind the
oesophagus and trachea to the right upper arm (Figure 7). ARSA is present in 1% of
euploid fetuses and 24% of trisomy 21. ARSA is associated with other conotruncal
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Figure 6.
Nuchal oedema.

Figure 7.
ARSA.

anomalies increases the risk of microdeletion 22Q11 and other syndromes. The
positive LR is 21.5 and negative LR is 0.71. when it is isolated LR is 3.9 times.

7.3 Echogenic bowel loop

This may be due to Swallowed blood, Cystic fibrosis or maternal infections. It
may be also associated with congenital malformations of the bowel more so of upper
GI lesions. And other perinatal complications, including fetal growth restriction.
We have to also look for Ascites and bowel dilatation. Diagnosis of echogenic bowel
should be confirmed by low frequency transducer, reduced Gain and without use of
harmonics. Echogenicity should be equal to or more than bone (Figure 8). Grade 2
similar to bone echogenicity Grade 3 is more than bone. The positive LR of this is
11.4 and negative LR is 0.9.
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Figure 8.
Echogenic bowel loops.

7.4 Short femur/short Humerus

Short Femur and humerus is when the measurement is below 5th percentile for
gestational age or measured/expected ratio < 0.9. The positive LR is 3.72 and
negative LR is 0.8. regarding short humerus is the humerus measuring <2.5% or
measured/expected ratio < 0.89. The Positive LR is 4.81 and negative LR is 0.74.

7.5 Echogenic intracardiac focus (EICF)

usually noted at region of papillary muscle 88% in Lt ventricle, 5%in rt. ventricle
and 7% in biventricular. The echogenicity should be comparable to bone. Grading of
EICF - Grade 2 similar echogenicity of bone and grade 3 more denser than bone
(Figure 9). EICF in RV, biventricular, multiple and bright EICF are more associated

Figure 9.
EICF.
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with aneuploidy, when compared to solitary LV EICF. The positive LR is 5.83 and
negative LR is 0.8.

7.6 Mild ventriculomegaly

Normal ventricular measurements are <10 mm. If it is defined as mild
ventriculomegaly when measurement is between 10 and 15 mm. (Figure 10). The
overall prevalence of chromosomal defects in fetal ventriculomegaly is about 10%
and the commonest chromosomal defects are trisomies 21, 18, 13 and triploidy. The
positive LR is 27.52and negative LR is0.94.

Figure 10.
Mild ventriculomegaly.

7.7 Mild hydronephrosis

pelvic AP diameter measuring >4 mm and it should be measured in transverse
section in 12 clock or 6 clock position. The positive LR is 7.6 and negative LR is 0.92
(Figure 11).

There are other soft markers also those doesn’t have any likely hood ratio but
they are important and common in our practise but they are not a part of screening

Figure 11.
Pyelectasis.

126



Prenatal Screening of Aneuploidies
DOI: http://dx.doi.org/10.5772 /intechopen.96757

Figure 12.
Small membranous VSD.

protocol. They are the choroid plexus cysts and single umbilical artery, sandal gap
toes, short ears, clinodactyly, increased iliac angle. Not only this Duodenal atresia
and small membranous VSD (Figure 12) is also be associated with aneuploidy [16].

7.8 Choroid plexus cysts

they may be round or oval. May be unilateral or bilateral. They may be large or
small. Commonly seen between 16 and 21 weeks by 23 week start undergoing
regression. After 25-26 weeks uncommon to see. More commonly associated with
trisomy 18. LR for trisomy 18 when isolated is 1.1-1.5.

7.9 Single umbilical artery

No strong association with aneuploidy. Usually associated with fetal cardiac,
renal anomalies and oesophageal atresia (Figure 13).

Figure 13.
Single umbilical artery.
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7.10 Pre nasal thickness

In normal fetuses, the pre nasal thickness is small and the nasal bone is relatively
long, resulting in a ratio of approximately 0.6 [17]. In trisomy 21 fetuses in the first
trimester, the prenasal thickness increases, whereas the nasal bone length decreases,
resulting in a ratio > 0.8 [17].

8. Non-invasive prenatal testing (NIPT)

Other names for NIPT are NIPS- non-invasive prenatal screening, cfDNA- cell
free DNA. The test is based upon the presence of fetal cell-free DNA in the maternal
circulation. Placental cell apoptosis releases into the maternal circulation as small
DNA fragments (150-200 bp) that can be detected from >7 weeks of gestation [18]. It
is estimated that about 2-20% of circulating cfDNA in the maternal circulation is fetal
in origin [18]. So, about 1 in 10°-10"nucleated cells in maternal blood are fetal which
can be enriched to about 1in 10-100 by techniques such as magnetic cell sorting
(MACS) or fluorescence activated cell sorting (FACS) after attachment of magneti-
cally labelled or fluorescent antibodies on to specific fetal cell surface markers. How-
ever, with the use of fluorescent iz situ hybridization (FISH) and chromosome
specific DNA probes it is possible to suspect fetal trisomy by the presence of three-
signal nuclei in some of the cells of the maternal blood enriched for fetal cells. On the
basis of currently available technology, examination of fetal cells from maternal blood
is more likely to find an application as a method for assessment of risk. The sensitivity
of NIPT is comparable to serum screening. Analysis of fetal cells from maternal blood
is both labour intensive and requires highly skilled operators whereas in biochemical
screening which is relatively easy to apply for mass population screening. The half-
life of cfDNA is short and is typically undetectable within hours after delivery [19].
the detection rate for T21 is at 99% for a false-positive rate of 0.16% [20, 21].
Detection rate for T18 is at 97% for a false-positive rate of 0.15% [20]. The use of
NIPT is rapidly expanding and is now being offered as the primary screening test in
pregnancy. Even if the NIPT test has an excellent detection rate for T21, T18, and
T13, other aneuploidies remain missed [22-24]. NIPT is a screening and not a diag-
nostic test so, caution should be used when NIPT is incorporated in the genetic
evaluation of fetal malformations. Low fetal fraction is noted in High body mass and
sampling before 10 weeks of gestation.in some laboratories fetal fraction <49% are
considered too low to report a result which is often referred as a “no call “result. NIPT
results depends on duration of gestation, number of fetuses and whether the fetus is
live or not. For confirming number, gestational age and viability needs ultrasound
examination before going for NIPT. If its low-risk population the positive predictive
value of NIPT is low. False positive in NIPT are in placental mosaicism, vanishing
Twin, maternal sex chromosome abnormality and Neoplasia. Even if NIPT is true
positive it can-not distinguishes aneuploidy derived from translocation or disjunction
type which is needed to know the recurrence risk for this again needs diagnostic test.
Not only this the women who has no call report result needs comprehensive ultra-
sound evaluation and diagnostic tests because low fetal fraction may be associated
with increased risk of aneuploidy.

9. Invasive fetal testing

1) Chorionic villous sampling should be done at 10-15 weeks. and overall fetal
loss is 1%. This test can be done trans abdominal/trans vaginal approach and this
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procedure should be done under ultrasound guidance and the sample is Trophoblast
cells. Result comes within 48-72 hrs. Randomized studies have demonstrated that
the rate of fetal loss following first-trimester transabdominal chorionic villus
sampling is the same as with second-trimester amniocentesis. There is an associa-
tion between chorionic villus sampling before 10 weeks to fetal transverse limb
abnormalities, micrognathia and microglossia. It is therefore imperative that chori-
onic villus sampling is performed only after 11 weeks by appropriately trained
operators.

2) Amniocentesis should be done at 15-20 weeks. In this we introduce needle
inside the amniotic cavity to extract the amniotic fluid. Sampling cells are
amniocytes, fetal dermal fibroblasts. Karyotype results take 7-10 days, and overall
fetal loss is 0.5%.

3) cordocentesis (per cutaneous umbilical blood sampling) which should be
done at >18-20 weeks. Under ultrasound guidance needle should be introduced into
the cord near the placental insertion. Sampling should be done from umbilical vein.
Sampling cells are fetal blood cells sampled from umbilical vein and overall fetal loss
is 1.5-3%. In a randomized study, 4,606 low-risk, healthy women, 25-34 years old,
at 14-20 weeks of gestation, were randomly allocated to amniocentesis or ultra-
sound examination alone [25]. The total fetal loss rate in the patients having
amniocentesis was 1% higher than in the controls. The study also reported that
amniocentesis was associated with an increased risk of respiratory distress syn-
drome and pneumonia. Randomized studies have demonstrated that after early
amniocentesis i.e., around 10-14 weeks of gestation the rate of fetal loss is about 2%
higher and the incidence of talipes equinovarus is 1.6% higher than the first-
trimester chorionic villus sampling or second-trimester amniocentesis. It was
apparent that amniocentesis carried a risk of miscarriage and this in conjunction
with the financial cost implications, meant that prenatal diagnosis could not be
offered to the entire pregnant population.

10. Sonographic and biochemical features of Aneuploidy
10.1 Trisomy 21

Factors that is associated with an increased risk of “Down syndrome” are higher
maternal age, a parental translocation involving chromosome 21, previous child
with T21, significant ultrasound findings and a positive screening test result. In
pregnancies with T21 fetuses, the maternal serum concentration of free p-HCG is
about twice (about 2MoM) as high and PAPP-A is reduced to half (about 0.5 MoM)
compared to euploid pregnancies. Although NT measurement alone identifies about
75-80% of T21 fetuses, the combination of NT with maternal biomarkers in the first
trimester increases the T21 detection rate to 85-95%, while keeping the false-
positive rate at 5%. AFP is decreased in T21.

In addition to NT, other sensitive first trimester ultrasound markers of T21
include absence or hypoplasia of the nasal bone (60-70%), increased impedance to
flow in the ductus venosus (about 80%), tricuspid regurgitation, cardiac
malformations (atrioventricular septal defect) with or without generalized edema,
aberrant right subclavian artery and echogenic intracardiac focus. Increased fronto
macxillary fascial angle (short maxilla in 25%), renal pylectasis and echogenic bowel
loops are also soft markers for “Down syndrome” (Table 3) (Figures 14-18).

In second trimester scan the soft markers in Trisomy 21 are nasal hypoplasia,
increased nuchal fold thickness, intracardiac echogenic foci, echogenic bowel,
hydronephrosis, shortening of the femur and more so of the humerus. It may also be
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Trisomy21 Trisomy18 Trisomy13 Triploidy Turner

Ventriculomegaly + + + +
Holoprocencephaly +

Choroid plexus cyst +

Dandy walker complex + +

Fascial cleft + +

micrognathia + +

Nasal hypoplasia +

Nuchal edema + + ¥

Cystic hygroma +
Diaphragmatic hernia + +

Cardiac defect + + + + +
Exomphalos + +

Duodenal atresia +

Esophageal atresia + +

Renal defects + + + + +
Short limbs + + + +
Clinodactyly +

Overlapping fingers +

polydactyly +

syndactyly +

Talipes + ¥ ¥

Fetal growth restriction + + ¥

Source: Snijders and Nicolaides 1996, Nicolaides et al. 1992.

Table 3.
Common chromosomal defects in fetuses with sonographic abnormalities [9, 26].

Figure 14.
T21 Fetus of 12 weeks 3 days showing normal NT with AFNB and Tricuspid regurgitation.

associate with cardiac defects, duodenal atresia, sandal gap and clinodactyly or mid-
phalanx hypoplasia of the fifth finger. Trisomy 21 is found in about 40% of cases of
duodenal atresia.
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Figure 15.
T21 fetus of 13 weeks 5 days showing increased NT with Omphalocele.

Figure 16.
T21 fetus showing Increased NT with dilated posterior fossa and reverse flow in ductus venosus.

Figure 17.
T21 with Atrioventricular septal defect with duodenal atresia(double bubble sign) and cleft lip with palate.
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Figure 18.
T21 with Absent nasal bone with EIC, ARSA and club foot.

10.2 Trisomy 18 and Trisomy13

Thickened NT is a common first trimester findings in Aneuploidy. In T18 and
T13, NT median values were shown to be 5.5 and 4.0 mm, respectively [16, 27].
Reduced PAPP-A value in both trisomies noted with a median value of 0.2 MoM for
T18 and 0.3 MoM for T13. Free f-HCG values are decreased whereas it is increased
in T21. In T18 and T13 median values of free p-HCG 0.2 MoM and 0.5 MoM,
respectively. T18 or T13 is often first suspected by the presence of typical ultra-
sound features, rather than by biochemical screening (Figures 19-25). single
umbilical artery is found 80% fetuses with T18 and in about 3% of chromosomally
normal fetuses [28]. There is 7fold increased risk of T18 associated with single
umbilical artery noted. Presence of megacystis After taking into account maternal
age and fetal NT the increases the likelihood for trisomy 13 or 18 by a factor of 6.7.

Presence of exomphalos in association with T18 in first trimester is 60% com-
pared about 30% at mid gestation and 15% in neonates. Trisomy 13 and Turner
syndrome are associated with tachycardia, whereas in trisomy 18 and triploidy there
is fetal bradycardia [29]. pulsatile flow in the umbilical vein is noted in 90% of
fetuses in T18 and T13 where as 25% of chromosomally normal fetuses. The preva-
lence of chromosomal defects in Dandy walker -complex is about 40%, mainly in
trisomies 18, 13 and triploidy.

Figure 19.
T18 12 weeks 1 day showing increased NT, absent nasal bone, cleft lip and palate and Congenital talipes
equinovarus.
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Figure 20.
T'18 fetus of 15 weeks gestational age with Holoprocencephaly and radial ray abnormality.
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Figure 21.
T18 fetus showing normal NT with dilated posterior fossa and single umbilical artery at 13 weeks 2 days
followup 3D at 16 weeks 4 days with vermian rotation and incread Brainstem vermian angle.

Figure 22.
Fetus of T18 showing Diaphragmatic hernia, choroid plexus cysts and bilateral rocker bottom foot at 21 weeks
5 days gestation.

133



Down Syndrome and Other Chromosome Abnormalities

Figure 23.
15 weeks 5 days fetus of T13 showing holoprocencephaly, club hands and aborted fetus showing midline cleft
with proboscis anophthalmia and bilateral club hands.

Figure 24.
Megacystits with increased NT of 12 weeks 1 day T13 fetus.

Figure 25.
15 weeks 3 days fetus showing micrognathia with polydactyly and syndactyly. In another fetus of 14 weeks
2 days 3D showing increased NT with posterior fossa dilatation and micrognathia in T13 cases.

20% Of diaphragmatic hernia is associated with chromosomal defects mainly
withTrisomy18. Heart abnormalities are found in more than 90% of fetuses with
trisomy 18 or 13 and 40% of those with trisomy 21 or Turner syndrome. 30% and 15%
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cases of Exomphalos at mid gestation and in neonates are associated with Chromo-
somal defects, mainly trisomies 18 and 13. The prevalence of chromosomal defects
is four-times higher when the exomphalos sac contains only bowel than in cases
where the liver is included. Prenatally 20% of oesophageal atresia cases are associated
with chromosomal defects, mainly trisomy 18. Polydactyly is associated with
trisomy 13, overlapping fingers, Talipes and rocker bottom feet are associated with
trisomy 18. Usually, Trisomy 18 and triploidy are associated with moderately severe
growth restriction whereas trisomy 13, Turner syndrome with mild growth restric-
tion and in trisomy 21 growth is essentially normal [30]. In second trimester scan
Trisomy 18 is associated with strawberry-shaped head, choroid plexus cysts,
absent corpus callosum, enlarged cisterna magna, facial cleft, micrognathia, nuchal
edema, heart defects, esophageal atresia, diaphragmatic hernia and usually
exomphalos with bowel only in the sac. The other associated findings are single
umbilical artery, renal abnormalities, echogenic bowel, myelomeningocele, growth
restriction and shortening of the limbs, radial aplasia, overlapping fingers and talipes
or rocker bottom feet.

Trisomy 13 is associated with microcephaly, holoprosencephaly, facial abnor-
malities, cardiac abnormalities, exomphalos, enlarged and echogenic kidneys and
post axial polydactyly.

11. Monosomy X (turner syndrome)

NT has a median value of 7.8 mm [16] and has often been described as a cystic
hygroma (Figure 26). The occurrence of monosomy X is not related to maternal
age. Typically, lymphatic disturbances in turner syndrome are not limited to the
neck region but involve the whole body including the presence of skin edema,
hydrothorax and ascites. Generally Normal Nasal bone is present in fetuses with
monosomy X [31]. Normal maternal serum-free f-HCG (1.1 MoM) and low PAPP-A
is noted (0.49 MoM) [32]. Typical sonographic features in monosomy X includes
large nuchal cystic hygromas, generalised edema, mild pleural effusions and ascites,
cardiac abnormalities like left ventricular outflow tract obstruction, fetal tachycar-
dia and renal anomalies such as the presence of horseshoe kidneys.

Figure 26.
2 different cases of turners syndrome with generalised edema and cystic hygroma.
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11.1 Triploidy

In triploidy, there is a complete additional haploid set of chromosomes resulting
in 69 chromosomes in each cell instead of 46 chromosomes. The additional haploid
set can be of paternal or maternal origin. The “paternal” type is called diandric
triploidy and the “maternal” type is called digynic triploidy. These two types show
different features, which can be often differentiated on ultrasound. The typical
pattern of diandric triploidy includes the presence of a normally grown fetus with
molar placenta, whereas in digynic triploidy, severe growth restriction is noted with
a small but not molar placenta. Profile of biochemistry is different in both types due
to these placental differences. Diandric triploidy is associated with increased
maternal serum-free f-HCG and mildly decreased PAPP-A and in digynic triploidy
which is associated with markedly decreased maternal serum free p-HCG and
PAPP-A. Significantly short CRL with marked difference in size between the
abdominal and head circumference, typically of more than 2 weeks of gestational
age [33] which is a pathognomonic sign of digynic triploidy (Figure 27). In second
trimester scan Triploidy where the extra set of chromosomes is paternally derived is
associated with a molar placenta and the pregnancy rarely persists beyond
20 weeks. When there is a double maternal chromosome contribution, the preg-
nancy may persist into the third trimester (Figure 27). Commonly there is mild

Figure 27.

Figure 28.
Live fetus at 22 weeks 4 days with Molar changes in placenta in a diandric triploidy.
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ventriculomegaly, micrognathia, cardiac abnormalities, myelomeningocele, syn-
dactyly, and ‘hitch-hiker’ toe deformity (Figure 28).

12. Risk assessment in first and second trimester

The risk for trisomies in women who have had a previous fetus or child with a
trisomy is higher than the one expected on the basis of their age alone.

when we have only CRL, NT, maternal age without biochemical markers there
are calculators where we can enter these measurements, we get the risk assessment
for downs at the time of birth- Pregnancy calculators- EDD. We can do same thing
with only 2nd trimester markers without biochemical or first trimester screen
results for this we will take the LR+ value of each marker present and LR- values of
all absent markers and multiple all of these to get the LR for combination [8].

Instead if we find any soft markers we enter the same into the excel sheet
provided by [8] M. Agathokleous et al. Excel sheet for downs.

Meta- analysis of second-trimester markers for trisomy21 [8] M. Agathokleous
et al., ultrasound obstet Gynecol 2013;41:247-261.

For example:-.

when we get the measurements, we apply the same into the calculators and get
the risk assessment for downs at the time of birth. It is givenasin1in ———.

>1in 19(high risk): offer invasive testing.

>1in 50 (high risk): offer NIPT/Invasive testing.

<1in 1000 (Low risk): Back to routine second trimester genetic sonogram.

1in 50-1in 999 (intermediate risk): Assess NB, DV, TR and recalculate risk+/-NIPT.

New cut-of risk for downs as 1:250, borderline between 251 and 1000, and less
risk if <1:1001.

First trimester between 11 and 13 weeks 6 days scan evaluate NT, nasal bone
along with Tricuspid valve regurgitation, a wave in Ductus Venosus and other
major structural defects. Not only this detail cardiac evaluation should be done. If
there is no abnormality repeat scan at 18-22 weeks may be recommended. In the
second trimester scan look for soft markers, if there is any marker or abnormality
detailed anatomy scan and echocardiography. In case of most isolated markers
including intra cardiac echogenic focus, echogenic Bowel, mild hydronephrosis and
short femur, there is only a small effect on modifying the pre-test odds.

All these are only screening protocols they are not diagnostic so, fetal
karyotyping option is aways open to either risk groups.

Previous affected Pregnancy.

In women who had a previous pregnancy with trisomy 21, the risk of recurrence
in the subsequent pregnancy is 0.75% higher than the maternal and gestational age-
related risk for trisomy 21 at the time of testing. Recurrence is chromosome specific.
If a previous pregnancy is T21 the result will be classified as screen positive regard-
less of level of screening markers. Risk is calculated which takes account of a
women’s age at the time of her previous pregnancy with “Down syndrome” for the
risk calculation.

“Down syndrome” may be non-disjunction type (95%) where there is a recur-
rence rate of 1% where as in translocation type like (21-21) if either parent is
carrying same type of translocation then there is 100% rate of recurrence.

If there is h/o prior affected downs child screening test is not reassuring her so,
better to go for direct invasive testing if she comes at first trimester go for CVS.

In Twin gestation.

Dichorionic twin- Free B-HCG and PAPP-A levels are nearly twice as high as
singleton. Calculate the risk for each fetus based on maternal age and fetal NT. If
one fetus the NT is increased look for other markers. Detection rate is 75-80%.
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In monozygotic twins’ risk is same as singleton pregnancies.

In monochorionic twin pregnancies raised NT is an early manifestation of TTTS.
So, false positive rate will be increased. Free beta HCG and PAPP-A levels are lower
than dichorionic twin to twin transfusion syndrome as well as for chromosomal
abnormality.

Calculate the risk of each fetus based on NT, serum biochemistry and then the
average risk between the two fetuses is considered as whole.

No method is accurate for screening of fetal aneuploidy as it is in singleton
pregnancy.

Appropriate Models for aneuploidy detection:

* Age (not recommended).

* CRL & NIPT (Ideal for first trimester, misses advantages of first trimester scan
and expensive)

* Age, CRL & NT (skill)
* Age & Biochemistry (poor detection rate)
e Age + CRL + Maternal factors +NT + PAPP-A + HCG (combined test)

* Age + Maternal factors + CRL + NT + Additional markers + Biochemistry
(enhanced sensitivity and low FPR but need time and skill)

* First trimester combined test + second trimester Quad (sequential or
integrated)

* First trimester Quad: Age + historical factors + PAPP-A + BHCG + PIGF +AFP
(risk for pre-eclampsia and NTD)

* First trimester Penta: Combined test + Nasal bone + AFP + DIA + PIGF (high
detection rate and low FPR).

13. Conclusion

In the economically privileged patient first trimester screening should include an
11-14 weeks complete assessment with first trimester combined screen, PIGF and
NIPT. For population screening is by combined screening. Woman with positive
screen test result should be counselled and offered the option of diagnostic testing.
Those who have a negative test results should be counselled regarding their lower
adjusted risk. Even if a woman has low risk results, she may choose diagnostic
testing later in pregnancy whenever there is fetal anomalies or markers on follow-
up sonography.
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Abstract

Chromosomal abnormalities are caused by both meiotic and mitotic errors, and
can be found in both reproductive and somatic cells. Meiotic and mitotic errors, on
the other hand, may result in the development of abnormal copies of chromosomes.
Somatic cell chromosomal abnormalities cause mosaicism, which implies that
certain cells are normal while others express the abnormality. Fascinating genetic
chromosomal discoveries have given answers to mysteries in children suffering from
premature growth/retardation, ambiguous genitalia, metabolic disorders, dysmor-
phic syndromes, primary amenorrhea, infertility, recurrent pregnancy loss, and
cancers. Many factors influence the risk of chromosomal abnormalities, including
advanced maternal age, environmental factors such as smoking, alcohol intake,
and exposure to chemicals/radiation, and family history. It is an inevitable fact that
majority of chromosomal abnormalities arise spontaneously and are not treatable.
Much attention has not been devoted to the study of chromosomal abnormalities in
order to better understand the pathogenesis and rising prevalence of various clini-
cal conditions. This chapter will address the relationship of chromosomal abnor-
malities in various conditions with the goal of increasing awareness of causes and
furthering diagnosis, management/treatment, counseling, and prevention options.
Furthermore, preimplantation and prenatal testing can be planned from the labora-
tory bench to the clinical bedside using sophisticated molecular techniques.

Keywords: Chromosomal abnormalities, Counseling, management, Prenatal,
Infertility

1. Introduction

Genetic material exists as a compact mass in relatively confined volume at cellular
level as chromatin within the nucleus and the packaging of the chromatin is flexible
and changes during the cell cycle. At the time of division, interphase chromatin
becomes firmly packed, and individual chromosomes become visible as separate
entities. A chromosome is a component for segregating genetic material during the
cell division process. A structure known as a centromere is observed in the chromo-
some [1]. Kinetochore is a structure that connects the centromere to microtubules
at the broader cellular level. A eukaryotic chromosome is made up of long linear
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segments of DNA, as well as telomeres, which anchor the ends and are stretched by a
specific mechanism that avoids the challenges of replicating the ends of linear DNA.
Chromatin has a scattered appearance, i.e. euchromatin, and includes the bulk
of transcriptionally active genes. Some chromatin sections are densely packed,
which is known as heterochromatin, and are normally inactive transcriptionally.
The building blocks of chromatin are nucleosomes, which comprise 200 base
pairs of DNAs arranged by an octamer in the basic proteins in a bead-like shape.
Histones are protein components that form an inner core (Figure 1). The coiling of
nucleosomes into a helical form present in interphase chromatin as well as mitotic
chromosomes is the second level of organization [2]. Euchromatin is cyclically
interchangeable with mitotic chromosomal packing, which is much more compact.
Heterochromatin is equally dense in the packing of mitotic chromosomes. The
chromatin mass includes up to double the protein content of DNA. Changes in
chromatin structure are achieved through interaction with new proteins or through
alterations to existing chromosomal proteins. Non-histone proteins include chro-
matin proteins other than histones that are transferable between tissues and species.
Each chromosome has a single long helix of DNA that is folded into a fiber and
runs the length of the chromosome. Various chromosomes have different banding
patterns; certain staining procedures allow chromosomes to look as a sequence of
striations known as G bands. Bands typically have lower GC content than interbands,
and genes are clustered in the GC rich region. Each chromosome’ distinctive banded
structure is caused by the folding of deoxy ribonucleoprotein fiber. The microtubules
attached to the kinetochores forming in its central section’s hold chromosome on the
mitotic spindle. Centromeres contain heterochromatin, which is densely packed with
satellite DNA sequences. A centromere is essential for segregation, and a single break
produces one piece with the centromere and an acrocentric fragment. A telomere is
crucial for chromosomal end stability. It is made up of simple repeats in whicha C + A
rich strand has the sequence C (A/T). The telomere is reproduced by a particular
process, usually the complement of template RNA primers in the telomere, which
generates a primer that is expanded by enzyme reverse transcriptase activity [3].

Nucleosome

11 nm filament

core particle

linker histones

Figure 1.
Chromatin structure, nucleosome, and histone proteins are depicted in a cartoon.

1.1 Chromosome

Chromosomes are thread-like structures packed with histone proteins that con-
tain the genetic material from which children inherit features from their parents.
Deoxyribose nucleic acid (DNA) generates proteins that aid in human growth and
development. Humans have 23 pairs of chromosomes, which are separated into
autosomes (22 pairs) and allosomes (one pair as X and Y). Chromosomes divide to
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generate gametes during meiotic division. Homologous chromosomes are a set of
chromosomes (23 pairs = 46 chromosomes) inherited from the maternal side and
the other from the paternal side [4].

1.2 Types of chromosomes

Each chromosome possesses a centromere, which is critical for chromosome
placement and visible during metaphase. The centromere separates the chromo-
somes into two arms, the p arm (short arm) and the q arm (long arm). They are
classified into four types based on the position of their centromeres: metacentric,
submetacentric, acrocentric, and telocentric.

1.2.1 Metacentric chromosomes

Where the centromere is precisely situated at the center, dividing the chromo-
somes into two equal sections [chromosomes 1, 3, 16, 19, 20]. The two P and q arms
are equally separated from the centromere and are referred to as m (Figure 2).

1.2.2 Sub metacentric chromosomes

Where the centromere is off-center on the chromosome [4, 5, 6, 7, 8, 9, 10, 11, 12,
17, 18, and X]. The shape of the sub metacentric chromosome is L, and it is labeled as
sm. It contains unequal p and q arms (Figure 2).

1.2.3 Acrocentric chromosomes

Centromeres are generally found near the end of the chromosome, near the
telomere [13, 14, 15, 21, 22, Y chromosome]. The p arm of the acrocentric chromo-
some contains nucleolar organizing regions that code for r RNA. Balanced and
unbalanced translocations arise as a result of acrocentric chromosome centromeric
region breakdown and fusion (Figure 2).

1.2.4 Telocentric chromosomes

The human genome contains no telomeric chromosomes. In mouse anaphase,
telocentric chromosomes are generated predominantly. If only one arm is detected
on the telocentric chromosome (Figure 2).

Non-disjunction of chromosomes occurs during meiotic and mitotic cell division
(that is, inappropriate separation of sister chromatids during anaphase of meiosis
I, II, and mitosis, resulting in an aberrant number of chromosomes, which leads to
abnormalities). This nondisjunction is caused by inactive enzymes such as topoi-
somerase and helicase (binds sister chromatids in anaphase) [5].

¥ - - =

Metacentric Submetacentric Acrocentric

Telocentric

Figure 2.
Representation of metacentric, sub metacentric, acrocentric and telocentric chromosomes.
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2. Diagnosis

There are some conventional and commonly used methods or techniques for
detecting chromosomal abnormalities. The following are the four most popular
techniques:

1.Karyotyping

2. Fluorescent InSitu Hybridization (FISH)

3. Chromosomal microarray

4. Quantitative Fluorescent — Polymerase Chain Reaction (QF- PCR).
2.1 Karyotyping

Karyotyping is a laboratory procedure that is used to diagnose chromosomal
abnormalities both numerical and structural as well as related disorders. Samples
for karyotyping can be peripheral blood, cord blood, bone marrow, amniotic fluid,
or tissues. Lymphocytes are cultured in a medium and metaphase is arrested by
the addition of colchicine. Later, the cells are treated with a hypotonic solution and
fixed (3:1 methanol: acetic acid) on a glass slide with Carnoy’s fixative before stain-
ing the chromosomes with Giemsa.

There are numerous banding techniques available for chromosomal distinction
and arrangement; the most commonly used banding technique is GTG- banding.
Based on the size, position of the centromere, and banding patterns, heterochromatin
regions are AT rich and are darkly stained, while euchromatin regions have light
bands. Chromosomes are reported in accordance with the standard nomenclature
scheme (ISCN-International System for Human Cytogenomic Nomenclature) 2020.
The total number of autosomes is mentioned first, followed by commas (,) and sex
chromosomes in the description of human karyotype. The + and - signs represents the
gain and loss of chromosomes.

If chromosomes are structurally rearranged or aberrant, structural designa-
tions such as del, dup, inv., and so on are used, and the structurally altered
chromosomal numbering is given in brackets. If the rearrangement occurs
inside or between two chromosomes, it is separated by a semicolon (;), male
patient with Down syndrome and inversion 9 is stated as 47, XY, +21,inv(9). If
the karyotype comprises mosaicism, two distinct cell lines are designated: 47,
XY,+21,inv(9)/46,XY. Microdeletions, duplications and insertions which are
smaller than 5 Mb in size, cannot be detected by the method of karyotyping has
its own limitations. It does not recognize both homozygosity and loss of heterozy-
gosity [6]. Infertility, primary amenorrhea, developmental delay, mental impair-
ment, Hematological cancers, Fragile X syndrome, and other frequent disorders
that necessitate chromosomal analysis. Limitations of Karyotyping can be fulfilled
by next advanced tests like FISH and Microarray.

2.2FISH
Fluorescent insitu hybridization is a technique that uses fluorescence probes to
localize a portion of DNA, which then attaches to a specific target region that can be

observed using a fluorescent microscope.
There are three types of probes used in FISH diagnostics:
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2.2.1 Locus specific probes
These probes locate a specific gene on a specific chromosome.
2.2.2 Whole chromosome probe

Where numerous smaller samples and various tints of fluorescent dyes, each
probe binds to a specific segment of the chromosome, resulting in a chromosomal
map. As a result, any abnormality, such as translocation, can be immediately
noticed.

2.2.3 Centromeric repeat probes

The number of chromosomes was determined by a repeating binding sequence.
It is widely used in prenatal diagnosis, minor chromosomal abnormalities, and
malignancy differential diagnosis. The main advantage of FISH is that it minimizes
the Turn Around Time (TAT), which is specific for recognizing minor chromosomal
abnormalities, and it can also detect the proportion of mosaicism.

2.3 Chromosomal microarray

Chromosomal microarray is a cost-effective and high-resolution prenatal test,
which is based on alterations in the genome, or copy number variations. It is capable
of detecting the entire chromosome on a single microchip. It primarily looks for
microdeletions, duplications, and aneuploidy. According to the International
standard Cytogenomic array consortium, chromosomal microarray is a commonly
utilized tool in prenatal diagnostics. It is one of the tools for detecting Cytogenomic
imbalances that has been revolutionized in the present era of Cytogenomic.
Identification of DNA copy number gains and losses aids in the diagnosis and treat-
ment of a variety of hereditary disorders.

2.4 QF-PCR

Quantitative fluorescence-polymerase chain reaction (QF-PCR) is a prenatal
diagnostic molecular technology used to detect chromosomal aneuploidies such as
13,18,21 and sex chromosomes. This is a rapid and more automated technique than
FISH and Karyotyping since no fetal cells are cultured. DNA can be extracted from
amniotic fluid, tissue, or chronic villus samples, and fluorescent primers are used
for analysis. It is inexpensive, quick, Faster and only a small amount of the sample is
required for diagnosis. It is more robust and requires less labor and time than other
traditional procedures such as Karyotyping and FISH.

3. Chromosomal abnormalities

Chromosomal abnormalities are grossly divided into numerical abnormalities
and structural abnormalities.

3.1 Numerical abnormalities

Numeric abnormalities caused by the loss or gain of one or more chromosomes,

which can be aneuploidy or polyploidy.
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3.1.1 Aneuploidies

The gain or loss of chromosome is also known as aneuploidy. When a single chro-
mosome is removed from a pair of chromosomes called monosomy [7]. Trisomy or
tetrasomy occurs when one or more chromosomes are gained. It can occur either in
Autosomal or sex chromosomes. Down syndrome, Edward syndrome, and Patau’s
syndrome are autosomal aneuploidies, while Klinefelter syndrome, Jacob syndrome
(XYY), and Turner syndrome are sex chromosomal Aneuploidies (Figure 3).

3.1.2 Polyploidy

It is a condition in which a normal diploid cell gains one or more sets of chro-
mosomes. Polyploidy occurs as a result of chromosomal disjunction during mitosis
and meiosis which are typically observed in plants and animals and are not seen in
humans. These syndromes are associated with a variety of phenotypical problems
such as developmental delay, recurrent miscarriages, infertility, congenital heart
abnormalities, and so on. Triploidy is an uncommon disorder in which a complete
haploid set of additional chromosomes is present, resulting in miscarriage or
premature death. Tetraploidy is a condition where cell contains four sets of chromo-
somes which are infrequent and resulting in spontaneous abortions.

3.1.2.1 Autosome aneuploidies
The common autosomal aneuploidies are described below.
3.1.2.2 Down syndrome (DS)

DS is the most frequent chromosomal anomaly caused by the inheritance of an
additional chromosome 21. Down syndrome manifests itself in a variety of ways,
some of which are listed below.

1. Non-disjunction of chromosomes: This occurs during gamete development i.e.,
during meiosis the pair of chromosomes 21 in egg or sperm fails to separate
(Figure 4A).

2. Chromosome 21 splits and attaches to another chromosome in a Robertsonian
translocation (Figure 4B).

3. Mosaicism is a term used to describe the pattern of where few cells show normal
chromosomes set while some cells show extra chromosome 21.

DS is a complex genetic disease that is compatible with human post-term
survival, and it is the most common survivable autosomal aneuploidy. It is difficult
since chromosome 21 has over 200 protein-coding genes that can have direct and
indirect effects on homeostasis in cells, tissues, organs, and systems [8].

Clinical features: DS is characterized by a protruding tongue, peculiar fin-
gerprints, pelvic dysplasia, low set ears, a short neck, chinkey eyes, a sandal gap,
mental retardation, epicanthic skin folds, and congenital heart disease in more than
half of patients. Down syndrome patients have a high copy number of genes on
chromosome 21, which causes gene overexpression and phenotypic abnormalities.
Prenatal diagnosis for Down syndrome: Ultrasound for nuchal translucency, Quad
screen, Amniocentesis or CVS.
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Figure 3.
Types of both numevical and structural abnormalities of chromosomes.
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Figure 4.
Karyotype with 47, XY +21 indicating a free trisomy (A) and 46, XX rob t (14, 21); (q10;q10) indicating
Robertsonian translocation.

Treatment/management: There is no specific cure for DS, however it can be
managed through a comprehensive approach. Karyotyping is critical for establishing
a diagnosis of DS and evaluating the syndrome’ recurrence risk in following
generations. To improve quality of life, DS should be addressed by a variety of
specialists, including endocrinologists, cardiologists, audiologists, nutritionists,
clinical geneticists/medical geneticists, and nutritionists [9]. DS patients need also
get therapies such as occupational, speech, behavioral, and physical therapies in
order to improve motor and communication abilities as well as manage or reduce
behavioral difficulties, allowing them to live a normal social life.

3.1.2.3 Edward syndrome (ES)

Trisomy 18 is another term for ES (47, XY + 18 in males and 47XX + 18 in
females), (Figure 5) named after the geneticist Edward who reported it, is caused
by an extra copy of chromosome 18 caused by nondisjunction of meiotic gametes in
sperm or egg. It mostly impacts fetal development and organogenesis.

Phenotypical characters: ES is characterized by microcephaly, cleft lip and
palate, lung malformation, hypoplasia of skeletal muscles, growth retardation,
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Figure 5.
Karyotype demonstrating trisomy 18 (47, XY, +18).
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dysmorphic skull, cryptorchidism, neurodevelopmental delay, ventricular sept
defects, low set ears, and other characteristics.

Treatment/management: There is no definitive treatment or management for
children with trisomy 18, and there are ethical concerns because the condition has
a high mortality rate. Because of its varying presentation, management focuses on
correcting abnormalities and performing corrective operations as required.

3.1.2.4 Patau syndrome (PS)

PS, also known as trisomy 13 (47XY, +13 in males and 47XX,13 + in females)
(Figure 6), is caused by an extra copy of chromosome 13 caused by nondisjunc-
tion and mosaicism. In comparison to other syndromes, the survival rate is lower.

Clinical features: Include cleft palate, polydactyly, and cranial deformities,
as well as severe neurological abnormalities, ventricular septal defects, and
seizures.

Treatment/management: Unfortunately, trisomy 13 has no known cure. It
includes a variety of therapy and corrective operations based on the symptoms.
Patients with cardiac defects may require cardiac surgery interventions, as well
as other surgeries such as cleft lip repair, feeding tube placement, or corrective
pediatrics or orthopedic surgeries, the use of hearing aids, specialized dietary feed,
seizure prophylaxis, and urinary tract infection prevention antibodies.
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Figure 6.
Patau syndrome or trisomy 13 is indicated by the karyotype showing 47, XY, +13.

3.1.3. Allosome aneuploidies
3.1.3.1 Turners syndrome (TS)

TS is present in females and is caused by a total loss (45, X) (Figure 7) or partial
loss of the X chromosome (deletion of the p arm 46, X, del (Xp), or isochromosome
of the q arm), primarily due to a failure in the inheritance of the X chromosome
from male paternal origin. Turner syndrome is frequently mosaic, with 45X0/46XX
indicating the presence of two distinct cell lines.

Clinical features: Turner syndrome women have short stature, delayed puberty,
awebbed neck, puffiness in the hands and feet, a congenital cardiac defect, and
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Figure 7.
Karyotype 45, XO, indicating Turner syndrome.

infertility. Women with hypogonadotropic hypogonadism and undeveloped

ovaries may benefit from hormone treatment, which may aid in the development

of secondary sexual characteristics. Affected individuals are at a significant risk of

developing autoimmune illnesses, type 2 diabetes, and renal abnormalities [10].
Treatment and management: TS is primarily treated or managed with hor-

monal therapy, such as injections of human growth hormone in the early stages of

life to increase height. Hormone replacement therapy, such as estrogen, is used to

faster the development of secondary sexual characteristics. Uterus transplantation

is a recent advancement in treatment that is well-established in developed countries.

3.1.3.2 Klinefelter syndrome (KS)

KS is most common in men who have an additional X chromosome, resulting in
a karyotype of 47, XXY (Figure 8). Incomplete meiotic division in gametes, such
as egg or sperm, results in an extra copy of the X chromosome. There will be more
than two copies of the X chromosome in some uncommon and severe situations,
resulting in the karyotype 48XXXY, 49XXXXY. Another type of mosaic Klinefelter
in which the intensity of symptoms may be reduced is mosaic Klinefelter.
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Figure 8.
Karyotype 47, XXY indicates Klinefelter syndrome.
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Clinical features: Individuals with this syndrome may have delayed milde-
stones, taller than average, have longer legs and shorter toes, have delayed or
incomplete puberty, urogenital abnormalities, weak bones, gynecomastia (breast
enlargement), hormonal imbalances, intellectual difficulty, and infertility.

Treatment/management: Hormone treatment in childhood may improve
brain and neurological development. In cases of infertility, depending on the count
and morphology of the sperm, assisted reproductive procedures such as Intra
Cytoplasmic Sperm Injection (ICSI) may be a viable alternative [11].

3.1.3.3 Jacob syndrome (XYY) or XYY Syndrome

It is a unique sex chromosomal disorder in which people have an extra Y chro-
mosome due to nondisjunction in meiotic II division and is only seen in males.

This extraY chromosome is the result of father’s erroneous spermatogenesis. Jacob
syndrome (XYY) [12] has the karyotype 47, XYY (Figure 9).

Clinical features: Tallness, muscle weakness, hypertonia, ADHD (Attention deficit
hyperactivity disorder), altered testosterone, congenital cardiac problems, neurologi-
cal abnormalities, and a curled pennis are all symptoms of this condition. This syn-
drome is associated with a significant incidence of asthma and seizures, and symptoms
vary from case to case. Individuals with this syndrome are more likely to be infertile.

Treatment/management: Jacob syndrome (XYY) is treated symptomatically
and supportively. Speech therapy, occupational therapy, or school-based learning
disability support may be effective. Individuals with this condition are usually quite
amenable to early diagnosis and therapy. Other behavioral difficulties are addressed
in accordance with their severity. Individuals with attention deficit and hyperactiv-
ity disorder, as well as difficulty with social interactions and in certain severe cases
they may face suicidal tendencies also.
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Figure 9.
Karyotype showing 47, XYY indicating Jacob Syndrome or XYY Syndrome.

3.2 Structural abnormalities

Structural abnormalities are caused by structural changes such as inappropriate
joining or breaking of chromosomal segments and rearrangement of chromosomal
segments, which results in incorrect lengths of the p and q arms of a chromosome.
There is a chromosomal material exchange that modifies chromosome structure
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with no loss of genetic material. Unbalanced rearrangement occurs when a portion
of a chromosome is removed or lost. When compared to unbalanced chromosomal
changes, balanced chromosomal changes are anticipated to have less of an impact
because genetic information is retained. Infertility, spontaneous pregnancy loss,
and hematological malignancies are all linked to structural defects. Translocations,
inversions, deletions, insertions, ring chromosomes, isochromosomes, duplica-
tions, mosaicism, chimerism, and polymorphic variations are some of the major
structural abnormalities (Figure 3).

3.2.1 Translocations

Translocations are defined as the rearrangement of chromosomes/segments
between non-homologous chromosomes which have no genetic material loss or
gain. These are divided into two types (Table 1):

1. Reciprocal translocation (Balanced).

2.Robertsonian translocation.

3.2.1.1 Reciprocal translocations

Where there is a translocation or exchange of parts from two separate chromo-
somes (Figure 10). Inheritance of translocation occurs when one parent has derived
chromosomes and the other parent has a normal pair of chromosomes, resulting in
three sorts of chromosomal passing possibilities:

* they can pass both normal chromosomes,
* one normal and another derivative,

¢ two derivative chromosomes.

S.no Type of chromosomal abnormalities Karyotypes
1. Numerical abnormality -
Monosomy (Turner syndrome) 45,X0
Trisomies- Edward syndrome 47, XX +18/47,XY +18
Patau syndrome 47, XX+13/47, XY +21
Down syndrome 47, XX+21/47, XY +21
2. Sex chromosomes abnormalities — Klinefelter syndrome 47, XXY
Jacob syndrome 47.XYY
3. Structural abnormalities such as translocations- 46,XX,t(4;12)
Reciprocal translocations 45,XY,t(14;21)
Robertsonian translocations 46 XX,ins9
Insertions 46,XX, (inv9) (p12 q13)
Inversions 46, XY, dup?
Duplications 46, XX, 4p-
Deletions 45, X0/46,XX
Mosaicism 46,XX, 9gh+/Yqh+
Polymorphic variants 46,XX, r (21)

Ring chromosomes

Table 1.
The type of chromosomal abnormalities and the karyotype notation.
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Figure 10.
Karyotype with 46,XX, t(4;12) demonstrating balanced reciprocal translocation among chromosomes 4 and 12.

The risk of translocation is proportional to the amount of chromosomal
exchange, and it increases further when two defective chromosomes are received.
De novo translocations are more perilous than inherited translocations. There may
be multiple or triple reciprocal translocations at times [13].

3.2.1.2 Robertsonian translocation

This type of translocation occurs between (14, 15, 16, 21, 22) acrocentric
chromosomes, in which one chromosome joins to another (D or G) (Figure 11).
The fusion of two long arms of chromosomes 14 and 21 results in the translocated
Downs syndrome phenotype. The presence of nucleolar organizing zones, satel-
lite DNA (highly repetitive sequences), and r RNA sequences aids in the union of
acrocentric centromeric regions, resulting in chromosome translocation. Parents
with Robertsonian translocations have aberrant offspring due to incorrect meiotic
division segregation. There is a greater likelihood that progeny will have abnor-
malities such as DS, PS, and so on. Carriers may exhibit a normal phenotype.
Female carriers are more likely than male carriers to pass on the Down syndrome
phenotype. Miscarriages, male infertility, and other complications result from
Robertsonian translocation [14].
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Figure 11.
A karyotype with 45, XX, rob t(13;14) indicating a Robertsonian translocation between 13 and 14

chromosomes.
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3.2.2 Ring chromosomes

These are circular chromosomes, which result in the fusion of ends of a single
chromosome due to a break in the terminal ends of both the p and q arms, resulting
in some genetic material loss (Figure 12). Lilian Vaughan Morgan was the first to
describe the ring chromosomes found in flies. The ring chromosome is denoted by
the letter r and the chromosome number 46, XX, r(21) & 46, XY, r(1), etc., and
itis a rare structural aberration [15]. Ring chromosome 14 and 20 syndrome is a
common abnormality in epilepsy. The ring chromosome’s phenotype is determined
by the original deletion and instability caused by ring structure creation; there may
be aloss or gain of certain secondary chromosome material, and carriers can be
asymptomatic or cause major clinical symptoms. The majority of ring chromosome
carriers are sterile. Cytogenetic studies such as karyotype and FISH demonstrate
that ring chromosomes can be dicentric, interlocking, solitary, or multicentric.
Because of the fragility of the ring structure during meiosis, inheritance is relatively
uncommon in ring syndrome cases.

o

Figure 12.
Cartoon depicting the formation of a ring chromosome after breakage.

3.2.3 Inversions

Rearrangements of the same chromosome caused by reversal of gene order via
breakage and reinsertion of fragment. Inversions are associated to reproductive
difficulties such as recurrent pregnancy loss, infertility, position effect varia-
tion, and so on. Inversions can be classified as single inversion, complex inver-
sion, homozygous inversion, or heterozygous inversion based on the segments
and breaks. There are as follows (i) paracentric inversion and (ii) pericentric
inversion.

3.2.3.1 Parvacentric inversion

Inversions that occur within a single chromosome on a single arm without the
participation of the centromere are classified as paracentric. During this process,
chromosomes break and rearrange themselves by flipping 180 degrees. The effect
of paracentric inversion is a loss of reproductive potential, and the chances of
meiosis chromosome separation and alignment of non-inverted homologous
chromosomes are reduced as a result of inversion, resulting in acentric or dicen-
tric chromosomes, deletion of chromosomes, or sometimes balanced inversion
in the case of even crossovers [16]. Because of the imbalanced chromosomal
rearrangements, both men and women are at a significant risk of infertility
(Figure13A).
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Figure 13.
Cartoon depicting paracentric inversion 13(A) and pericentric reverse 13(B).

3.2.3.2 Pericentric inversion

Inversion occurs when the centromere is involved, and there is a breakpoint
on both arms and more frequently than paracentric inversion. Like paracentric
inversion during meiosis chromatid separation, even crossings result in 50 percent
balanced inversion and odd crossovers result in numerical abnormalities, which are
aneuploidies caused by chromatid inversion, deletion, and duplication. One of the
most prevalent examples of inversion is on chromosome 9, where the break point
occurs between p arm pl1 and long arm q 13. The female inversion 9 nomenclature
is specified as 46,XX, (inv9) (p12 q13). Some of the most prevalent disorders
associated with inversion 9 are Walker Warburg syndrome, newborn diabetes, and
acute leukemia (Figure 13B).

3.2.4 Isochromosomes

Isochromosomes are defective chromosomes in which one chromosome has
mirror images of a single chromosome arm, resulting in the loss of the other arm.
Normal p and q arms will be present on the remaining homologous chromosome.
Isochromes are created as a result of incorrect division, specifically U type strand
division, which results in dicentric or bi centromeric chromosomes. Pallister-Killian
syndrome, caused by isochromosome 12 p, and cat eye syndrome, produced by
fusion of the short arm of chromosome 22 and on isochromosome 17q, are two
syndromes related with isochromosomes [17].

3.2.5 Deletions

Deletions, which occur frequently spontaneously, result in the removal or frac-
ture of a section from a chromosome, resulting in the loss of genetic material. One of
the causes of deletion is exposure to radiations like as UV rays, X-rays, gamma rays,
and so on. There are two categories of deletions; (1) Interstitial deletion: Deletion
induced by two or more breaks in between the genes and (2) Terminal deletion:
Deletion triggered by terminal ends (Figure 14). One typical example is cri du chat
syndrome, which is caused by a deletion on the p 15.2 region of chromosome 5 [18].
Some deletions on chromosome 15 can be caused through inheritance from father
and mother, such as Prader-Willi or Angelman syndrome (imprinting disorders).
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Figure 14.
Illustration of interstitial and terminal deletions on a chromosome.

3.2.6 Duplications

Duplication leads to the development of an extra copy of a chromosomal seg-
ment. Duplication does not pose a significant risk, but it does promote evolution.
Some of the human genes produced by duplication through evolution are human
globin genes; they arose from predecessors, some of which express in the embryonic
stage and others in the adult stage [19]. Tandem duplication occurs when the dupli-
cated gene is near to or contiguous to the original gene, whereas displaced duplica-
tion occurs when the duplicated region is far from the gene. MECP2 duplication
syndrome is a common occurrence in humans, particularly in men, and is caused by
X chromosomal duplication. 7 q 11.23 duplication syndromes are another kind of
duplication that causes numerous neurological phenotypic effects.

3.2.7 Polymorphic variants

Variants that occur in chromosomal heterochromatin regions. Variants in long
arms are mainly found in the paracentric region of heterochromatin, and all acro-
centric chromosomes have polymorphism. An increase or decrease in the lengths
of chromosomes in the heterochromatin region can be represented by the symbols
gh+, gh-., Polymorphic variations are a common anomaly reported in infertility
and spontaneous miscarriages. They are regarded as normal because they have been
identified in the general population. Ygh is the most prevalent polymorphic varia-
tion found in male infertility [20].

The most common polymorphic variants found in the long arm of chromo-
somes are 1gh+, 16qh+, 9gh+, and 1gh-, and short arm chromosome polymorphic
variants are 14 ps+,15 ps+,13 ps+, and so on. These polymorphic variants can be
identified using the silver NOR (Nucleolar Organizing Regions) banding technique
(Figure 15).
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A) 46, XX, 21ps+ B) 46, XY, 15ps+ C) 46,XX,14ps+ D)46,XY,9qgh+

Figure 15.
Karyotype indicating 46,XX,21 ps+,46,XY,15 ps+,46,XX,14 ps+ and 46,XY,9qh+ polymorphic variants on
chromosome 21,14,15 and 9. (A) 46 XX, 21 ps+, (B) 46 XY, 15 ps+, (C) 46,XX,14 ps+, (D)46,XY,9qh+.
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3.2.8 Mosaicism

Mosaicism occurs during the developmental process. During zygote formation,
distinct cell lineages emerge, resulting in diverse genotypes in different cells. Some
cells have a normal set of chromosomes, while others have abnormal chromosomes.
Mosaicism is classified into two categories based on cell origin: germ line mosaicism
and somatic mosaicism. Germ line mosaicism develops in germ cells when the indi-
vidual carrying the germ cells is not deformed but the children are. In somatic cells,
where somatic mosaicism occurs. Confined mosaicism occurs in a variety of organs.
Mosaicism can be inherited or occur sporadically [21]. Some patients with mosaic
versions of Ret syndrome, Down syndrome, Klinefelter syndrome, and Cornelia de
Lange syndrome have a lower risk than others.

3.2.9 Chimerism

Chimerism differs from mosaicism in that two distinct genotypes are produced
as a result of the embryonic fusing of two zygotes. It can be a tetra gametic chi-
mera in which identical or non-identical twins’ fuse, resulting in male, female, or
bisexual characteristics. For the first time, Taylor Muhl found chimersim. Another
sort of chimersim is blood group chimersim, which occurs when a person has two
separate blood cell types.

3.2.10 Insertions

Insertion occurs when a chromosomal fragment gets inserted into another
chromosome or inside the same chromosome in a non-adjacent area (Figure 16).
Insertions can cause a massive chromosomal rearrangement with numerous pheno-
typic effects. These repercussions are primarily determined by the size and location
of the chromosome. There are two kinds of insertions: intrachromosomal insertions
and interchromosomal insertions. Individuals who are carriers of intrachromosomal
insertions are more likely to have a child with an aberrant or unbalanced karyotype.

Figure 16.

Image representing insertion of chromosome segment.

3.3 Management and prevention

With the increasing incidence and prevalence of genetic conditions, it should be
addressed and there is a need to focus and more attention towards the prevention
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of genetic conditions to reduce the global burden with syndromes or birth defects.
The government should take the initiative, for preventive strategies and measures
adopted in tertiary care institutions or hospitals.

3.3.1 Prenatal screening

Prenatal screening programs have a significant impact on improved pregnancy
outcomes. Between 11 and 13 weeks of gestation, NT scan should be performed, as
well as other biochemical markers such as a double, triple, and quatriple marker at
the proper gestational ages. An altered marker or scan, in the case of a substantial
family history, such as a prior child diagnosed with a genetic condition, invasive
prenatal testing is recommended either by chronic villus sampling (CVS) or
amniocentesis.

Chronic villus sampling (CVS) is an invasive procedure performed on a grow-
ing placenta between 11 and 14 weeks of gestation. Under ultrasound guidance,

a needle with a syringe is inserted transabdominally based on the position of the
placenta, after which the tissue is removed and inspected. Based on the indication,
the excised tissue was subjected to FISH and Karyotyping, Chromosomal microar-
ray, or advanced molecular testing.

Amniocentesis is another invasive method performed by a professional radiolo-
gist between the gestational ages of 16 and 20 weeks after informed consent, in
which a needle is introduced to aspirate amniotic fluid. Regardless of the prenatal
diagnosis following CVS or amniocentesis, each individual has their own emotional,
psychological, economical, and religious reasons for continuing the pregnancy or
deciding for a medical termination in the event of abnormalities to decrease burden
with the advent of genomics. Genetic testing for preimplantation embryos is being
developed.

3.3.2 Pre-implantation genetic testing (PGT)

Is a genetic test that is conducted on embryos during IVF prior to implantation
in the uterus. The term PGT-A involves the detection of Aneuploidies in all chro-
mosomes whereas PGT-SR identifies structural rearrangements in all chromosomes
such as translocations, inversions etc. PGT-M is for identification of a single gene
condition with a known diagnosis in the family history. PGT is typically chosen
for patients with advanced maternal age, recurrent pregnancy losses, and a strong
family history of genetic disorders.

3.4 Implications of chromosomal abnormalities

Some common conditions, such as primary amenorrhea, infertility, recurrent
pregnancy loss, syndromes such as Down, Edward, Patau, and hematological
malignancies, are connected or associated with chromosomal abnormalities.

3.4.1 Primary amenorrhea

It is a condition in which females of reproductive age are unable to achieve
menarche and lack certain secondary sexual characteristics. This is caused by
monosomy X (45,X0) or isochromosome X or partial deletion on X chromosome,
as well as other chromosomal abnormalities such as ring chromosome X. Following
confirmation of diagnosis via karyotyping or FISH, appropriate care, such as
hormonal therapy and subsequent ART (Assisted Reproductive Techniques) recom-
mendations are elucidated.
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3.4.2 Primary and secondary infertility

Primary infertility refers to the inability to conceive after two year of unpro-
tected intercourse, whereas secondary infertility is inability to sustain to term
pregnancy. These may be due to chromosomal abnormalities, hormone imbalances,
anatomical inabilities, and other factors. One of the most common chromosomal
abnormalities associated with infertility are Turner, Klinefelter, Swyer syndrome
and translocations.

3.4.3 Recurrent pregnancy loss

The most common reason of recurrent pregnancy losses (RPL) is chromosomal
abnormalities. Balanced translocations, inversions and polymorphic variants are
commonly observed in RPL. Maternal age is one of the risk factors for recurrent
pregnancy loss, which increases the incidence of trisomies.

3.4.4 Syndromes

Most of the common genetic syndromes are caused due to numerical and struc-
tural chromosomal abnormalities. DS is caused gain of chromosome 21, TS is due to
monosomy X and Cri du chat is caused due to partial deletion on the chromosome
5 respectively. These syndromes are associated with clinical features like develop-
mental delay, speech difficulties, hearing impairment, feeding difficulties, cardiac
defects and intellectual disability.

3.4.5 Malignancies

Identification of chromosomal abnormalities is useful in the diagnosis, treat-
ment, management, and prognosis of several hematological and solid malignancies.
Specific chromosomal abnormalities can help in the differential diagnosis and
therapy planning of various malignancies. Balanced translocations, inversions,
partial deletions, trisomies, and other chromosomal abnormalities are common
in hematological malignancies. Some of the translocations seen in acute myeloid
leukemia are t (8:21) and t(9:22) in chronic myeloid leukemia, both of which result
in the proliferation of numerous myeloid lineages. In the case of primary MDS, del
5q and del 7q, as well as translocations such as t(11:16) and t(3:21), have been often
reported. Some structural rearrangements have a strong relationship with clinical
and morphological characteristics.

4, Conclusion

Identification of Chromosomal abnormalities plays an immense role in the
diagnosis, treatment/management, risk assessment, extended family screening and
it also helps in taking appropriate informed decisions. Increasing awareness and
implementation of certain genetic testing policies in the health care sector helps in
prevention and control of genetic diseases.
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This book provides a concise yet comprehensive source of current information on
Down syndrome and other chromosomal abnormalities. Research workers, scientists,
medical graduates and paediatricians will find it an excellent source for reference and

review. Key features of this book are as follows:

* Effect of sociodemographic factors on different congenital disorders.
* Haematological malignancies and congenital heart disease in Down syndrome.

* Prenatal screening, management and counselling to detect Down syndrome and
other chromosomal abnormalities.

While aimed primarily at research workers on Down syndrome and different types of
chromosomal disorders, we hope that the appeal of this book will extend beyond the
narrow confines of academic interest and be of interest to a wider audience, especially
the parents and relatives of children suffering from Down syndrome and other
chromosomal abnormality syndromes.
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