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Human	cytogenetic	abnormalities	represent	one	of	the	leading	causes	of	congenital	anomalies,	developmental	delay,	
intellectual	 disability,	 infertility,	 recurrent	 pregnancy	 loss,	 and	 numerous	 inherited	 genetic	 disorders.	 These	
abnormalities	include	numerical	alterations,	such	as	aneuploidy	and	polyploidy,	as	well	as	structural	chromosomal	
rearrangements	 including	 deletions,	 duplications,	 inversions,	 translocations,	 ring	 chromosomes,	 and	
isochromosomes.	 Advances	 in	 conventional	 and	 molecular	 cytogenetics	 have	 substantially	 improved	 the	
identi�ication,	 classi�ication,	and	 clinical	 interpretation	of	 chromosomal	abnormalities.	 Techniques	 including	G-
banded	karyotyping,	�luorescence	in	situ	hybridization	(FISH),	chromosomal	microarray	analysis	(CMA),	multiplex	
ligation-dependent	probe	ampli�ication	(MLPA),	quantitative	�luorescence	polymerase	chain	reaction	(QF-PCR),	and	
next-generation	sequencing	(NGS)	have	revolutionized	the	diagnosis	of	congenital	disorders	and	genetic	diseases	by	
enabling	high-resolution	genomic	analysis.	Early	cytogenetic	diagnosis	facilitates	accurate	clinical	management,	
genetic	 counseling,	 prenatal	 diagnosis,	 reproductive	planning,	 and	personalized	 therapeutic	 interventions.	 This	
review	summarizes	the	classi�ication,	mechanisms,	clinical	signi�icance,	diagnostic	approaches,	and	recent	advances	
in	 human	 cytogenetic	 abnormalities,	with	 emphasis	 on	 their	 role	 in	 congenital	 disorders	 and	 inherited	genetic	
diseases.
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1.	Introduction
Human cytogenetics is a specialized branch of 
genetics that investigates chromosome structure, 
function, inheritance, and abnormalities associated 
with human disease. Chromosomes carry the genetic 
information necessary for normal cellular function, 
embryonic development, tissue differentiation, and 
reproduction. Alterations in chromosome number or 
structure disrupt normal gene dosage and genomic 
organization, resulting in a broad spectrum of 
congenital abnormalities, developmental disorders, 
reproductive  disorders ,  and malignancies . 
Consequently, cytogenetic analysis has become an 
indispensable component of modern clinical 
genetics, prenatal diagnosis, reproductive medicine, 
pediatric healthcare, and oncology.
The normal human karyotype consists of 46 
chromosomes organized into 23 homologous pairs, 
including 22 pairs of autosomes and one pair of sex 
chromosomes [1]. During cell division, chromosomes 
undergo highly regulated segregation to ensure equal 
distribution of genetic material between daughter 
cells. Errors occurring during meiosis or mitosis may 
result in numerical abnormalities such as trisomy, 
monosomy, mosaicism, or polyploidy, whereas 
chromosome breakage followed by abnormal repair 
mechanisms produces structural abnormalities 
including deletions, duplications, inversions, 

r e c i p r o c a l  t r a n s l o c a t i o n s ,  R o b e r t s o n i a n 
t r a n s l o c a t i o n s ,  r i n g  c h r o m o s o m e s ,  a n d 
isochromosomes [2]. Chromosomal abnormalities 
contribute signi�icantly to spontaneous abortions, 
stillbirths, infertility, congenital malformations, 
developmental delay, intellectual disability, and 
hereditary syndromes. Down syndrome, Turner 
syndrome, Klinefelter syndrome, Edwards syndrome, 
Patau syndrome, Cri-du-chat syndrome, and 
numerous microdeletion syndromes represent well-
recognized examples of chromosomal disorders 
encountered in clinical practice. Many cancers are 
also characterized by acquired chromosomal 
abnormalities that in�luence diagnosis, prognosis, 
and treatment selection. The development of 
molecular cytogenetic technologies has greatly 
enhanced diagnostic capabilities beyond those 
achievable through conventional chromosome 
analysis. Fluorescence in situ hybridization (FISH), 
comparative genomic hybridization (CGH), 
chromosomal microarray analysis (CMA), spectral 
karyotyping (SKY), multiplex ligation-dependent 
probe ampli�ication (MLPA), and next-generation 
sequencing have substantially improved the 
detection of submicroscopic genomic abnormalities 
and copy number variations [3]. These technological 
advances have expanded the role of cytogenetics in 
precision medicine and personalized healthcare.
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Table	1:	Classi�ication	of	Human	Cytogenetic	Abnormalities

2. 	 C lass i � icat ion 	 o f 	 Human	 Cytogenet ic	
Abnormalities
Human cytogenetic abnormalities are broadly 
c l a s s i � i e d  i n t o  n u m e r i c a l  a n d  s t r u c t u r a l 
a b n o r m a l i t i e s  a c c o rd i n g  t o  t h e  n a t u re  o f 
chromosomal alterations. Numerical abnormalities 
involve changes in chromosome number resulting 
from errors in chromosome segregation during 
meiosis or mitosis. Structural abnormalities arise 
from chromosome breakage followed by abnormal 
recombination or repair, leading to rearrangement of 
chromosomal segments.
Numerical abnormalities primarily result from 
nondisjunction, a process in which homologous 
chromosomes or sister chromatids fail to separate 
correctly during cell division. The resulting gametes 
possess abnormal chromosome numbers, and 
fertilization produces aneuploid offspring [4]. 
Trisomy refers to the presence of an additional 
chromosome, whereas monosomy involves the 
absence of one chromosome from a homologous pair. 
Polyploidy, characterized by complete duplication of 
chromosome sets, is generally incompatible with 
postnatal survival in humans. Mosaicism results 
when chromosomal abnormalities occur during

 postzygotic mitotic divisions, producing two or more 
genetically distinct cell populations within the same 
individual.
Structural chromosomal abnormalities encompass 
deletions, duplications, inversions, insertions, 
r e c i p r o c a l  t r a n s l o c a t i o n s ,  R o b e r t s o n i a n 
translocations, ring chromosomes, dicentric 
chromosomes, and isochromosomes. Balanced 
rearrangements generally preserve the complete 
genetic complement and may not produce clinical 
manifestations in carriers; however, they frequently 
increase reproductive risks and may generate 
unbalanced offspring. Unbalanced structural 
abnormalities alter gene dosage, disrupt coding 
sequences, or modify regulatory elements, frequently 
resulting in congenital anomalies and developmental 
disorders.
The severity of clinical manifestations depends upon 
the size of the affected chromosomal region, the genes 
involved, gene dosage effects, mosaicism, and 
interactions with other genetic and environmental 
factors [5]. Understanding the classi�ication and 
mechanisms of chromosomal abnormalities provides 
the basis for accurate diagnosis, prognosis, and 
clinical management.

3. 	 Human	 Cytogenetic 	 Abnormalit ies 	 in	
Congenital	Disorders	and	Genetic	Diseases
Chromosomal abnormalities contribute substantially 
to congenital disorders, accounting for a signi�icant 
proportion of intellectual disability, developmental 
delay, congenital heart defects,  craniofacial 
anomalies, skeletal abnormalities, infertility, and 
recurrent pregnancy loss. The clinical phenotype 
depends upon the chromosome involved, the extent 
o f  g e n o m i c  i m b a l a n c e ,  a n d  t h e  a ff e c t e d 
developmental pathways. Down syndrome (Trisomy 
21) is the most common autosomal chromosomal 
disorder compatible with long-term survival and 
results primarily from meiotic nondisjunction. 
Individuals typically present with characteristic facial 
features, hypotonia, intellectual disability, congenital 
heart disease, thyroid dysfunction, immune 
abnormalities, gastrointestinal anomalies, and 
increased susceptibility to leukemia and Alzheimer's 
disease [6]. Edwards syndrome (Trisomy 18) and 
Patau syndrome (Trisomy 13) produce multiple 
severe congenital malformations involving the 
central nervous system, cardiovascular system, 
kidneys, and limbs, with markedly reduced life 
expectancy.
Sex chromosome abnormalities generally produce 
less severe phenotypes because of X chromosome 
inactivation and the relatively low gene density of the 
Y chromosome.  Turner syndrome (45,X) is 
characterized by short stature, gonadal dysgenesis, 
infertility, cardiovascular defects, renal anomalies, 
and delayed puberty. 

Klinefelter syndrome (47,XXY) affects males and is 
associated with  hypogonadism,  infert i l i ty, 
gynecomastia, tall stature, and varying degrees of 
cognitive impairment. Triple X syndrome (47,XXX) 
and XYY syndrome usually present with milder 
clinical manifestations but may involve learning 
disabilities and behavioral differences. Structural 
chromosomal abnormalities also contribute 
signi�icantly to congenital disease. Cri-du-chat 
syndrome results from deletion of the short arm of 
chromosome 5 and is characterized by a distinctive 
cat-like cry, developmental delay, intellectual 
disability, and craniofacial abnormalities. DiGeorge 
syndrome, Williams syndrome, Prader-Willi 
syndrome, Angelman syndrome, and numerous 
microdeletion syndromes arise from submicroscopic 
chromosomal rearrangements detectable primarily 
through molecular cytogenetic techniques. Acquired 
chromosomal abnormalities are also central to cancer 
biology. Reciprocal translocations, deletions, gene 
ampli�ications, and chromosomal instability 
contribute to leukemia, lymphoma, and solid tumors 
by activating oncogenes or inactivating tumor 
suppressor genes [7]. Cytogenetic �indings therefore 
serve as important diagnostic and prognostic 
biomarkers in oncology. Early recognition of 
chromosomal abnormalities enables timely medical 
intervention, developmental support, genetic 
counseling, and informed reproductive planning, 
substantially improving patient outcomes.
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Table	2:	Modern	Cytogenetic	Diagnostic	Techniques

4.	Recent	Advances	in	Cytogenetic	Diagnosis
The �ield of human cytogenetics has evolved 
remarkably over the past several decades with the 
introduction of molecular cytogenetic and genomic 
technologies that complement conventional 
chromosome analysis. While G-banded karyotyping 
remains the cornerstone of chromosome evaluation, 
its relatively low resolution limits the detection of 
small chromosomal rearrangements. Recent 
technological advances have enabled high-resolution 
identi�ication of numerical abnormalities, structural 
rearrangements, copy number variations (CNVs), 
cryptic microdeletions, microduplications, and 
mosaic chromosomal abnormalities that were 
previously undetectable. These developments have 
signi�icantly improved the diagnosis, prognosis, and 
management of congenital disorders and inherited 
genetic diseases.
Conventional G-banded karyotyping continues to 
serve as the primary diagnostic method for detecting 
large chromosomal abnormalities such as trisomies, 
monosomies, balanced translocations, inversions, 
ring chromosomes, and marker chromosomes. The 
technique provides a complete overview of the entire 
c h r o m o s o m e  c o m p l e m e n t  a n d  r e m a i n s 
indispensable in prenatal diagnosis, infertility 
investigations, recurrent pregnancy loss, and 
pediatric genetic evaluation [8]. However, its inability 
to detect alterations smaller than approximately 5–10 
Mb has led to the development of complementary 
molecular approaches.
F luorescence  in  s i tu  hybridizat ion  (FISH) 
revolutionized clinical cytogenetics by enabling 
targeted detection of speci�ic chromosomal regions 
using �luorescent DNA probes. FISH is routinely 
employed for rapid prenatal diagnosis of common 
aneuploidies involving chromosomes 13, 18, 21, X, 
and Y, as well as identi�ication of microdeletion 
syndromes, subtelomeric rearrangements, gene 
ampli�ications, and oncogenic chromosomal 
translocations. The technique provides rapid, 
accurate, and highly speci�ic results, particularly in 
prenatal and oncology settings.

Chromosomal microarray analysis (CMA), including 
array comparative genomic hybridization (aCGH) and 
single nucleotide polymorphism (SNP) arrays, has 
become the �irst-line genomic investigation for 
patients with unexplained developmental delay, 
intellectual disability, autism spectrum disorders, 
and multiple congenital anomalies. CMA detects 
genome-wide copy number gains and losses at much 
higher resolution than conventional cytogenetics, 
substantially increasing diagnostic yield. Although 
balanced rearrangements remain undetectable by 
CMA, its ability to identify clinically signi�icant 
submicroscopic abnormalities has transformed 
clinical genetics. Additional molecular techniques 
such as multiplex ligation-dependent probe 
ampli�ication (MLPA), quantitative �luorescence 
polymerase chain reaction (QF-PCR), and digital PCR 
provide rapid and sensitive detection of targeted 
chromosomal abnormalities. More recently, next-
generation sequencing (NGS), including whole-
exome sequencing (WES), whole-genome sequencing 
(WGS), and low-pass genome sequencing, has 
expanded diagnostic capabilities by identifying 
complex structural variants, mosaicism, and 
pathogenic sequence variants associated with 
chromosomal disorders [9]. Non-invasive prenatal 
testing (NIPT), based on analysis of cell-free fetal DNA 
in maternal plasma, represents one of the most 
important recent advances in prenatal genetics. NIPT 
demonstrates high sensitivity and speci�icity for 
detecting trisomy 21, trisomy 18, trisomy 13, and 
selected sex chromosome abnormalities without 
exposing pregnancies to the procedural risks 
associated with invasive diagnostic techniques. 
Although con�irmatory testing remains necessary for 
positive results, NIPT has substantially improved 
prenatal screening worldwide. The integration of 
convent ional  cytogenet ics  with  molecular 
diagnostics has signi�icantly improved early 
diagnosis, clinical management, and personalized 
healthcare for individuals with chromosomal 
disorders.

5.	Clinical	Applications	and	Genetic	Counseling
Human cytogenetic analysis has become an integral 
c o m p o n e n t  o f  c l i n i c a l  m e d i c i n e  b e c a u s e 
chromosomal abnormalities in�luence diagnosis, 
prognosis, treatment, and reproductive decision-
making across numerous medical specialties. 
Cytogenetic investigations are routinely performed in 
prenatal diagnosis, pediatric genetics, infertility 
clinics, oncology, hematology, and reproductive 
medicine. Early identi�ication of chromosomal 
abnormalities enables appropriate medical 
intervention, reduces diagnostic uncertainty, and 
improves long-term clinical outcomes [10]. 

Prenatal cytogenetic diagnosis plays a crucial role in 
pregnancies with advanced maternal age, abnormal 
fetal ultrasonography, positive maternal serum 
screening, recurrent pregnancy loss, previous 
chromosomally abnormal pregnancies, or family 
history of genetic disorders. Chorionic villus 
sampling and amniocentesis provide fetal cells 
suitable for chromosome analysis using karyotyping, 
FISH, CMA, or molecular genetic testing. These 
investigations faci l i tate  early  diagnosis  of 
chromosomal disorders and assist parents in 
informed reproductive decision-making.
Cytogenetic testing is equally important in pediatric 
medicine. 
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Table	3:	Clinical	Applications	of	Cytogenetic	Analysis

Children presenting with developmental delay, 
intellectual disability, congenital malformations, 
autism spectrum disorders, dysmorphic features, 
growth retardation, or unexplained neurological 
disorders frequently undergo chromosome analysis 
to identify underlying genomic abnormalities. Early 
diagnosis al lows timely implementation of 
developmental interventions, rehabilitation 
programs, specialized education, and long-term 
medical surveillance. Reproductive medicine 
represents another major application of cytogenetics. 
Couples experiencing infertility or recurrent 
spontaneous abortions are commonly evaluated for 
balanced chromosomal rearrangements, sex 
chromosome abnormalities,  and mosaicism. 
I d e n t i � i c a t i o n  o f  p a r e n t a l  c h r o m o s o m a l 
abnormalities facilitates genetic counseling, 
preimplantation genetic testing, and appropriate 
reproductive planning. 

In oncology, cytogenetic abnormalities serve as 
essential diagnostic and prognostic biomarkers. 
Numerous hematological  malignancies  are 
c h a ra c t e r i z e d  by  re c u r re n t  c h ro m o s o m a l 
translocations, deletions, inversions, and gene 
ampli�ications that in�luence disease classi�ication, 
prognosis ,  and targeted therapy selection. 
Cytogenetic analysis therefore plays a central role in 
precision oncology. Genetic counseling constitutes an 
indispensable component of cytogenetic services 
[11]. Counselors provide information regarding 
inheritance patterns, recurrence risks, available 
diagnostic options, reproductive choices, disease 
prognosis, and psychosocial support. Families bene�it 
from comprehensive counseling before and after 
cytogenetic testing to facilitate informed medical and 
reproductive decisions.

6.	Future	Perspectives	and	Challenges
Rapid advances in genomic technologies continue to 
reshape the �ield of human cytogenetics. High-
throughput sequencing, optical genome mapping, 
long-read sequencing, single-cell genomics, and 
arti�icial intelligence-assisted chromosome analysis 
are expected to improve the detection of complex 
chromosomal abnormalities while increasing 
diagnostic speed and accuracy. These technologies 
provide unprecedented opportunities for identifying 
pathogenic structural variants, low-level mosaicism, 
and previously undetectable genomic alterations. 
Arti�icial intelligence and machine learning are 
increasingly being applied to automated karyotype 
analysis, image interpretation, variant classi�ication, 
and clinical decision support. These computational 
tools reduce observer variability, improve laboratory 
ef�iciency, and facilitate standardized interpretation 
o f  c o m p l e x  c y t o g e n e t i c  � i n d i n g s .  D e s p i t e 
technological progress, several challenges remain. 
High costs, limited laboratory infrastructure, 
interpretation of variants of uncertain signi�icance, 
ethical issues surrounding incidental �indings, and 
unequal access to advanced genomic technologies 
continue to limit implementation in many healthcare 
systems. Standardization of reporting guidelines, 
international  collaboration,  and continued 
professional training are essential for ensuring high-
quality cytogenetic services. Future research should 
focus on integrating cytogenetics with genomics, 
transcriptomics, epigenomics, proteomics, and 
precision medicine to achieve comprehensive 
molecular diagnosis.  Such multidisciplinary 
approaches will further improve personalized 
healthcare and facilitate earlier intervention for 
patients with congenital and inherited genetic 
disorders.

7.	Conclusion
Human cytogenetic abnormalities represent a major 
cause of congenital disorders, developmental 
disabilities, reproductive disorders, and inherited 
genetic diseases. Numerical abnormalities such as 
trisomies and monosomies, together with structural 
chromosomal rearrangements including deletions, 
duplications, inversions, and translocations, 
contribute signi�icantly to human morbidity and 
mortal i ty.  Accurate identi � icat ion of  these 
abnormalities is fundamental for establishing 
diagnosis, determining prognosis, guiding treatment, 
and providing appropriate genetic counseling. 
Conventional G-banded karyotyping continues to 
provide the foundation for chromosome analysis; 
however, modern molecular cytogenetic techniques 
including �luorescence in situ hybridization, 
chromosomal microarray analysis, multiplex ligation-
dependent probe ampli�ication, next-generation 
sequencing, and non-invasive prenatal testing have 
substantially enhanced diagnostic resolution and 
clinical utility. These technologies have enabled 
earlier detection of chromosomal abnormalities, 
improved prenatal diagnosis, increased diagnostic 
yield in developmental disorders, and strengthened 
precision medicine approaches. Cytogenetic 
evaluation has become indispensable in prenatal 
diagnosis, pediatric genetics, reproductive medicine, 
oncology, and clinical genetics. The integration of 
cytogenetic �indings with molecular genetics, 
endocrine evaluation, imaging studies, and clinical 
assessment  supports  personal ized pat ient 
management and informed reproductive decision-
making. Genetic counseling remains a critical 
component of comprehensive care by assisting 
families in understanding inheritance patterns, 
recurrence risks, and available reproductive options.

https://academicsociety.org/bio/
https://academicsociety.org/bio/
https://academicsociety.org/bio/


Sanjeet	Kaur.,	/	Biotechnology	Frontiers:	An	International	Journal	(2021)

08. https://academicsociety.org/bio/

References
1. Theisen, A., & Shaffer, L. G. (2010). Disorders 

caused by chromosome abnormalities. The	
application	of	clinical	genetics, 159-174.

2. Redin, Claire, Harrison Brand, Ryan L. Collins, 
Tammy Kammin, Elyse Mitchell, Jennelle C. 
Hodge, Carrie Hanscom et al. "The genomic 
landscape of balanced cytogenetic abnormalities 
associated with human congenital anomalies." 
Nature	genetics 49, no. 1 (2017): 36-45.

3. McFadden, D. E., & Friedman, J. M. (1997). 
Chromosome abnormalities in human beings. 
Mutation	 Research/Fundamental	 and	Molecular	
Mechanisms	of	Mutagenesis, 396(1-2), 129-140.

4. Polipalli, S. K., Karra, V. K., Jindal, A., Puppala, M., 
Singh, P., Rawat, K., & Kapoor, S. (2016). 
Cytogenetic analysis for suspected chromosomal 
abnormalities; a �ive years experience. Journal	of	
clinical	 and	 diagnostic	 research:	 JCDR, 10(9), 
GC01.

5. Shaffer, L. G., Bejjani, B. A., Torchia, B., Kirkpatrick, 
S., Coppinger, J., & Ballif, B. C. (2007, November). 
The identi�ication of microdeletion syndromes 
a n d  o t h e r  c h ro m o s o m e  a b n o r m a l i t i e s : 
c y t o g e n e t i c  m e t h o d s  o f  t h e  p a s t ,  n e w 
technologies for the future. In American	Journal	of	
Medical	 Genetics	 Part	 C:	 Seminars	 in	 Medical	
Genetics (Vol. 145, No. 4, pp. 335-345). Hoboken: 
Wiley Subscription Services, Inc., A Wiley 
Company.

6. Kucheria, K., Jobanputra, V., Talwar, R., Ahmad, M. 
E., Dada, R., & Sivakumaran, T. A. (2003). Human 
molecular cytogenetics: diagnosis, prognosis, 
and disease management. Teratogenesis,	
carcinogenesis,	 and	 mutagenesis, 23(S1), 225-
233.

7. Montazerinezhad,  S . ,  Emamjomeh,  A. ,  & 
H a j i e g h r a r i ,  B .  ( 2 0 2 0 ) .  C h r o m o s o m a l 
abnormality, laboratory techniques, tools and 
databases in molecular Cytogenetics. Molecular	
Biology	Reports, 47(11), 9055-9073.

8. Chowdhury, M. R., Singh, A., & Dubey, S. (2020). 
Role of cytogenetics and molecular genetics in 
human health and medicine.  In  Animal	
biotechnology (pp. 481-501). Academic Press.

9. Hartman, Robert J., Sonja A. Rasmussen, Lorenzo 
D. Botto, Tiffany Riehle-Colarusso, Christa L. 
Martin, Janet D. Cragan, Mikyong Shin, and Adolfo 
Correa. "The contribution of chromosomal 
abnormalities to congenital heart defects: a 
population-based study." Pediatric	cardiology 32, 
no. 8 (2011): 1147-1157.

10. Brent, R. L. (2004). Environmental causes of 
h u m a n  c o n g e n i t a l  m a l f o r m a t i o n s :  t h e 
pediatrician's role in dealing with these complex 
clinical problems caused by a multiplicity of 
environmental and genetic factors. Pediatrics, 
113(Supplement_3), 957-968.

11. Sandberg, A. A., & Hossfeld, D. K. (1970). 
Chromosomal abnormalities in human neoplasia. 
Annual	review	of	medicine, 21(1), 379-408.

12. Sanna-Cherchi, S., Westland, R., Ghiggeri, G. M., & 
Gharavi, A. G. (2018). Genetic basis of human 
congenital anomalies of the kidney and urinary 
tract. The	Journal	of	clinical	investigation, 128(1), 
4-15.

https://academicsociety.org/bio/
https://academicsociety.org/bio/
https://academicsociety.org/bio/

