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CHAPTER 1

Introduction to Haematology and Haematopoiesis
Mr. Ankur Adak
Department of Medical Laboratory Technology, School of Allied Health Sciences,
Swami Vivekananda University, Telinipara, Barasat-Barrackpore Rd, Bara Kanthalia, West

Bengal-700121

1.1. ABSTRACT

Haematology is the branch of medical science concerned with the study of blood, blood-
forming organs, and disorders affecting blood and its components. Blood is essential for
maintaining life because it transports oxygen, nutrients, hormones, and waste products while
also contributing to immunity, haemostasis, and maintenance of the internal environment.
Understanding the normal structure and function of blood cells is therefore fundamental for

students of Medical Laboratory Technology (MLT).

Haematopoiesis is the continuous physiological process through which blood cells are
produced, differentiated, matured, and released into the circulation. In adults, this process
mainly occurs within the bone marrow and begins with multipotent hematopoietic stem cells.
These stem cells give rise to different blood cell lineages, including erythrocytes, leukocytes,
and platelets. The process is carefully regulated by growth factors, cytokines, hormones, and

interactions between developing cells and the bone marrow microenvironment.

This chapter introduces undergraduate MLT students to the basic concepts of haematology
and haematopoiesis. It discusses the composition and functions of blood, developmental sites
of blood formation, hematopoietic stem cells, major blood cell lineages, regulatory
mechanisms, and the clinical significance of abnormal blood-cell production. Particular
emphasis is placed on concepts that form the foundation for laboratory diagnosis and
interpretation of haematological disorders. A clear understanding of normal haematopoiesis
enables students to recognize abnormal findings and appreciate the importance of

haematological investigations in patient care.
1.2. INTRODUCTION TO HAEMATOLOGY

Haematology is the scientific study of blood, blood-forming tissues, blood cells, and diseases

affecting them. It includes the study of red blood cells, white blood cells, platelets, plasma,
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bone marrow, lymphoid tissues, and mechanisms of blood clotting. Haematology connects
basic biological processes with clinical diagnosis and disease monitoring. For MLT students,
it is one of the most important subjects because many routine laboratory investigations are
haematological in nature. The study of haematology involves both normal and abnormal
conditions of the blood. Normal blood-cell morphology, number, development, and function
provide the foundation for recognizing disease-related changes. Conditions such as anaemia,
leukaemia, thrombocytopenia, and various bleeding disorders can be investigated using
haematological techniques. Therefore, haematology has a direct role in patient diagnosis,

treatment monitoring, and prognosis [1].
1.3. SCOPE AND IMPORTANCE OF HAEMATOLOGY

Haematology has a broad scope that includes blood-cell morphology, haematopoiesis,
haemostasis, transfusion science, and laboratory diagnosis of haematological diseases. It also
overlaps with immunology, biochemistry, genetics, pathology, and molecular biology.
Modern haematology increasingly uses automated analysers, flow cytometry, molecular
techniques, and cytogenetics. These approaches allow laboratory professionals to investigate

blood disorders with greater accuracy.

For an MLT professional, knowledge of haematology is essential for performing and
interpreting investigations such as complete blood count, peripheral blood smear
examination, reticulocyte count, erythrocyte sedimentation rate, coagulation tests, and bone
marrow-related investigations. Accurate laboratory results depend not only on technical skills
but also on understanding the biological basis of the test. Thus, haematology combines

theoretical knowledge with practical laboratory application [2].
1.4. BLOOD: AN OVERVIEW

Blood is a specialized connective tissue that continuously circulates through the
cardiovascular system. It consists of a fluid component called plasma and cellular
components known as formed elements. In a healthy adult, blood accounts for approximately
7-8% of total body weight, although the exact volume varies with body size and
physiological conditions. Blood continuously interacts with tissues to maintain normal body

functions.

Blood performs several essential functions, including transportation, protection, regulation,

and maintenance of homeostasis. It carries oxygen from the lungs to tissues and carbon
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dioxide from tissues toward the lungs. It transports nutrients, hormones, metabolic waste
products, and other substances. Blood also contains immune cells and proteins that protect

the body and platelets and coagulation factors that prevent excessive blood loss.
1.5. COMPOSITION OF BLOOD

Blood is broadly divided into plasma and formed elements. Plasma makes up approximately
55% of blood volume, while formed elements account for approximately 45%, although these
proportions can vary. The formed elements include erythrocytes, leukocytes, and platelets.
Each component has a specific structure and function and contributes to the overall

physiological activity of blood.

The cellular components are produced mainly through haematopoiesis in the bone marrow.
Red blood cells are primarily responsible for oxygen transport, whereas white blood cells
participate in immune defense. Platelets are essential for primary haemostasis and formation
of the initial platelet plug. The relative numbers and characteristics of these cells are

important indicators of health and disease [3] [4].
1.5.1 PLASMA

Plasma is the liquid portion of blood in which blood cells and other substances are suspended.
It consists mainly of water, with proteins, electrolytes, nutrients, hormones, gases, and
metabolic waste products dissolved in it. Major plasma proteins include albumin, globulins,
and fibrinogen. Plasma provides the medium through which substances are transported

throughout the body.

Albumin contributes significantly to plasma oncotic pressure and also transports several
substances. Globulins include antibodies and other proteins involved in immunity and
transport. Fibrinogen is an important coagulation protein that is converted into fibrin during
blood clot formation. Plasma composition can change during disease, nutritional imbalance,

dehydration, and other physiological conditions [4].
1.5.2. FORMED ELEMENTS

The formed elements of blood include erythrocytes, leukocytes, and platelets. Erythrocytes
are the most numerous and are specialized for gas transport. Leukocytes are involved mainly

in immune and inflammatory responses and are divided into several types with different
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functions. Platelets are small cellular fragments that participate in haemostasis and blood-clot

formation.

The number and appearance of formed elements can provide valuable diagnostic information.
Changes in erythrocyte number or morphology may indicate anaemia or other disorders.
Alterations in leukocyte counts may occur during infections, inflammation, immune
disorders, and haematological malignancies. Abnormal platelet counts or morphology may be

associated with bleeding or thrombotic conditions [4].
1.6. MAJOR FUNCTIONS OF BLOOD

Blood performs several interconnected functions that are essential for survival. Its transport
function includes movement of oxygen, carbon dioxide, nutrients, hormones, and waste
products. Blood also contributes to regulation of body temperature, pH, fluid balance, and
electrolyte concentration. These functions allow different organs and tissues to communicate

and work together efficiently.

Blood also provides protection through immune cells, antibodies, complement proteins, and
other defense mechanisms. Haemostasis prevents excessive blood loss following vascular
injury through coordinated actions of platelets, coagulation factors, and blood vessels. Thus,
the functions of blood can broadly be grouped into transportation, regulation, defense, and

maintenance of haemostasis [5].
1.7. HAEMATOPOIESIS: AN INTRODUCTION

Haematopoiesis is the biological process by which all mature blood cells are produced from
hematopoietic stem and progenitor cells. It involves cell proliferation, differentiation,
maturation, and release into the peripheral blood. Because mature blood cells have limited
life spans, haematopoiesis must continue throughout life. The process is highly regulated to

maintain appropriate numbers of different blood-cell types.

In healthy adults, haematopoiesis occurs primarily in the red bone marrow. Stem cells
continuously generate progenitor cells that eventually develop into erythrocytes, leukocytes,
and platelets. The production of these cells changes according to physiological requirements.
For example, increased demand during blood loss or infection can stimulate particular

hematopoietic pathways [6].
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1.8. SITES OF HAEMATOPOIESIS DURING DEVELOPMENT

The location of haematopoiesis changes during human development. During early embryonic
life, blood formation begins mainly in the yolk sac. As development progresses, the liver
becomes the major hematopoietic organ, with contributions from the spleen. Later in foetal

development, haematopoiesis gradually shifts toward the bone marrow.

After birth, bone marrow becomes the principal site of blood-cell production. During
childhood, much of the skeletal marrow is haematopoietically active. With increasing age,
some red marrow is replaced by fatty yellow marrow. In healthy adults, active
haematopoiesis is concentrated mainly in the marrow of the axial skeleton and selected

proximal portions of long bones [7].
1.9. BONE MARROW AND ITS ROLE IN HAEMATOPOIESIS

Bone marrow is a soft, highly vascular tissue located within the cavities of bones. Red bone
marrow contains hematopoietic cells, stromal cells, blood vessels, macrophages, and other
supporting elements. It provides a specialized microenvironment that allows stem cells to
survive, divide, differentiate, and mature. The marrow environment is often referred to as the

hematopoietic niche.

The bone marrow also regulates the release of mature cells into peripheral blood. Stromal
cells and various signalling molecules help maintain appropriate cellular interactions within
the marrow. Changes in marrow structure or function can significantly affect blood-cell
production. Bone marrow examination is therefore an important diagnostic procedure in

selected haematological disorders [8] [9].
1.10. HEMATOPOIETIC STEM CELLS

Hematopoietic stem cells are rare, multipotent cells capable of both self-renewal and
differentiation. Self-renewal allows the stem-cell population to be maintained throughout life,
while differentiation produces progenitor cells that eventually generate mature blood cells.
These characteristics make hematopoietic stem cells essential for lifelong blood-cell

production.

Stem cells do not directly become mature erythrocytes, leukocytes, or platelets. Instead, they

progressively pass through stages of progenitor and precursor cells. At each stage, cells
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become increasingly committed to a particular lineage. This organized process ensures that

the body can produce the correct types and quantities of blood cells [9].
1.11. HEMATOPOIETIC CELL DIFFERENTIATION

Hematopoietic differentiation is the process by which an immature stem or progenitor cell
develops specialized characteristics of a particular blood-cell lineage. A simplified model
divides haematopoiesis into myeloid and lymphoid pathways. Myeloid progenitors give rise
to erythrocytes, megakaryocytes/platelets, granulocytes, and monocytes, while lymphoid

progenitors produce major lymphocyte populations.

Differentiation is controlled by transcription factors, cytokines, growth factors, and
interactions with the bone marrow microenvironment. As cells mature, their morphology,
nuclear characteristics, cytoplasmic features, and functional properties change.
Understanding these stages is particularly important for interpreting peripheral blood smears

and bone marrow preparations [8] [9].
1.12. MAJOR HEMATOPOIETIC CELL LINES

The major blood-cell lineages produced through haematopoiesis include erythroid,
granulocytic, monocytic, lymphoid, and megakaryocytic lineages. Each lineage follows a
characteristic developmental pathway from progenitor cells to mature circulating cells.
Although these pathways are described separately for educational purposes, they are closely

interconnected and share common regulatory mechanisms.

The erythroid lineage produces red blood cells, while granulopoiesis produces neutrophils,
eosinophils, and basophils. Monopoiesis produces monocytes, which can differentiate into
macrophages and related cells in tissues. Lymphopoiesis produces B cells, T cells, and natural
killer cells, while thrombopoiesis produces platelets through megakaryocyte development

[10].

1.12.1. ERYTHROPOIESIS

Erythropoiesis is the process of red blood cell production. It begins with hematopoietic
progenitor cells and progresses through several recognizable erythroid precursor stages
before producing mature erythrocytes. During maturation, the nucleus becomes progressively

smaller and is eventually expelled, while haemoglobin accumulates in the cytoplasm.
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Erythropoiesis is strongly regulated by erythropoietin, a hormone produced mainly by the
kidneys in response to reduced tissue oxygen availability. Adequate iron, vitamin B12, folate,
amino acids, and other nutrients are also required for effective red-cell production.

Disturbances in these processes can result in different types of anaemia [11].
1.12.2. GRANULOPOIESIS

Granulopoiesis refers to the production of granulocytes, including neutrophils, eosinophils,
and basophils. These cells develop through a series of precursor stages within the bone
marrow. During maturation, their nuclei become segmented or lobulated and specific
cytoplasmic granules become prominent. Neutrophils are particularly important in defense
against bacterial and fungal infections and are major components of acute inflammatory
responses. Eosinophils participate in responses to parasites and allergic conditions, while
basophils contribute to inflammatory and hypersensitivity reactions. Abnormal granulocyte
production can occur in infections, inflammatory conditions, and haematological

malignancies [12] [13].
1.12.3. MONOPOIESIS

Monopoiesis is the process through which monocytes are produced from hematopoietic
progenitor cells. Developing monocytes mature within the bone marrow before entering
peripheral blood. Once they migrate into tissues, monocytes can differentiate into
macrophages and other specialized phagocytic cells. Monocytes and macrophages participate
in phagocytosis, antigen presentation, inflammation, and removal of cellular debris. Their
numbers may increase in certain chronic infections, inflammatory disorders, and
haematological conditions. Evaluation of monocyte morphology on a peripheral blood smear

can provide useful diagnostic information [12] [13].
1.12.4. LYMPHOPOIESIS

Lymphopoiesis is the production and development of lymphocytes, including B lymphocytes,
T lymphocytes, and natural killer cells. Lymphoid progenitor cells develop through
specialized pathways involving the bone marrow and lymphoid organs. B-cell development
occurs mainly in the bone marrow, whereas T-cell precursors migrate to the thymus for
maturation. Lymphocytes are essential components of adaptive and innate immune responses.

B cells are involved in antibody production, while T cells perform several functions including
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immune regulation and destruction of infected or abnormal cells. Natural killer cells

contribute to the recognition and destruction of certain infected or transformed cells [12] [13].
1.12.5. THROMBOPOIESIS

Thrombopoiesis is the process by which platelets are produced. Platelets originate from large
bone-marrow cells called megakaryocytes. During maturation, megakaryocytes undergo
extensive nuclear DNA replication without normal cell division, resulting in very large cells
with multilobed nuclei. Cytoplasmic portions of these cells extend toward marrow blood
vessels and fragment to form platelets. Platelets are essential for primary haemostasis and
contribute to the formation of platelet plugs at sites of vascular injury. Thrombopoietin is the
major hormone regulating platelet production. Abnormal thrombopoiesis can lead to
thrombocytopenia or thrombocytosis, both of which may have important clinical

consequences [14].
1.13. REGULATION OF HAEMATOPOIESIS

Haematopoiesis must be carefully regulated because excessive or inadequate blood-cell
production can be harmful. Regulation occurs through interactions between stem cells,
progenitor cells, stromal cells, cytokines, hormones, and transcriptional mechanisms. The
bone marrow microenvironment provides signals that determine whether cells remain

undifferentiated, proliferate, or undergo lineage-specific differentiation.

The body also adjusts blood-cell production according to physiological needs. Hypoxia
stimulates erythrocyte production, while infection or inflammation can increase leukocyte
production. Blood loss can stimulate both erythropoiesis and platelet production. These
feedback mechanisms help maintain relatively stable blood-cell populations under normal

conditions [15].
1.14. GROWTH FACTORS AND HEMATOPOIETIC CYTOKINES

Hematopoietic growth factors are signalling molecules that regulate the survival,
proliferation, differentiation, and maturation of blood-cell precursors. Examples include stem
cell factor, granulocyte colony-stimulating factor, granulocyte-macrophage colony-
stimulating factor, interleukins, erythropoietin, and thrombopoietin. Different factors act at

different stages of hematopoietic development.
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These regulatory molecules are clinically important because some are used therapeutically.
For example, granulocyte colony-stimulating factor may be used to stimulate neutrophil
production in selected clinical situations. Understanding these factors helps appreciate why
blood counts change during disease and how certain treatments influence haematological

parameters [16].
1.15. ERYTHROPOIETIN AND RED CELL PRODUCTION

Erythropoietin is the principal hormonal regulator of erythropoiesis. It is produced mainly by
specialized cells in the kidneys when oxygen delivery to tissues is reduced. Increased
erythropoietin stimulates erythroid progenitors in the bone marrow, resulting in increased red

blood cell production.

The erythropoietin response is an example of physiological feedback regulation. When tissue
oxygenation improves, the stimulus for erythropoietin production decreases. Reduced
erythropoietin production, particularly in chronic kidney disease, can contribute to anaemia.

Therefore, erythropoietin has both physiological and clinical importance [17].
1.16. THROMBOPOIETIN AND PLATELET PRODUCTION

Thrombopoietin is the major regulator of platelet production and megakaryocyte
development. It is produced primarily by the liver, with additional contributions from other
tissues. It stimulates the proliferation and maturation of megakaryocyte progenitors and

promotes platelet production in the bone marrow.

The regulation of thrombopoietin is closely related to the circulating platelet mass. Platelets
and megakaryocytes bind and remove thrombopoietin from circulation, contributing to
feedback regulation. Disturbances in this regulatory system can contribute to abnormal

platelet counts and disorders of haemostasis [18].
1.17. LIFE SPAN AND DESTRUCTION OF BLOOD CELLS

Blood cells have limited life spans and must therefore be continuously replaced through
haematopoiesis. Mature erythrocytes circulate for approximately 120 days under normal
conditions. Old or damaged red cells are removed primarily by macrophages in the spleen,

liver, and bone marrow, with components such as iron being conserved and reused [19].
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Life span of W.B.C has been measured by many techniques, most of which involved
unphysiological experimental conditions. Using these methods, life span has been estimated

to vary from less then an hour to 3 weeks, depending upon the method used [21].

Platelets survive in the circulation for approximately 7—10 days, while the life span of
leukocytes varies considerably depending on their type and function. Some leukocytes
survive only for hours or days, whereas certain lymphocytes can persist much longer. The
balance between production, circulation, function, and removal is essential for maintaining

normal blood-cell numbers [20].
1.18. ROLE OF THE SPLEEN IN HAEMATOLOGY

The spleen is an important organ involved in blood filtration, immune responses, and removal
of aged or abnormal blood cells. Its red pulp contains macrophages that identify and remove
senescent erythrocytes and platelets. The spleen also contributes to immune surveillance by

interacting with circulating lymphocytes and blood-borne antigens.

Splenic enlargement, known as splenomegaly, may occur in several haematological and
systemic diseases. Increased splenic activity can contribute to the removal of blood cells from
circulation, sometimes causing cytopenias. Therefore, understanding splenic function is

important when interpreting abnormal blood counts [22].
1.19. CLINICAL IMPORTANCE OF HAEMATOPOIESIS

Normal haematopoiesis is essential for maintaining adequate oxygen transport, immune
defense, and haemostasis. Disturbances at any stage of blood-cell production can result in
disease. Reduced erythropoiesis can cause anaemia, while abnormal leukocyte production
may result in leukopenia or leukocytosis. Abnormal platelet production can lead to

thrombocytopenia or thrombocytosis.

Hematopoietic disorders may result from nutritional deficiencies, infections, genetic

abnormalities, bone marrow failure, malignant transformation, or other systemic conditions.
Laboratory investigation helps identify these abnormalities and provides information about
disease severity and progression. Thus, understanding haematopoiesis is fundamental to the

interpretation of haematological laboratory results [23].

1.20. BASIC HAEMATOLOGICAL INVESTIGATIONS

31



The complete blood count (CBC) is one of the most commonly performed haematological
investigations. It provides information about haemoglobin concentration, red blood cell
count, haematocrit, red-cell indices, white blood cell count, differential leukocyte count, and
platelet count. These parameters provide an initial assessment of the haematological status of

a patient.

A peripheral blood smear allows direct examination of blood-cell morphology and can reveal
abnormalities not adequately characterized by numerical counts alone. Other investigations
include reticulocyte count, erythrocyte sedimentation rate, coagulation tests, iron studies,
haemoglobin analysis, and bone marrow examination. The selection of tests depends on the

patient's clinical condition and suspected disorder [24].
1.21. CONCLUSION

Haematology is an important branch of laboratory medicine that focuses on blood, blood-
forming tissues, blood cells, and related disorders. Blood consists of plasma and formed
elements, including erythrocytes, leukocytes, and platelets, each performing specialized
functions essential for life. Understanding their normal structure, number, development, and

function provides the foundation for recognizing pathological changes.

Haematopoiesis is the continuous process responsible for the production of mature blood
cells from hematopoietic stem cells. During development, the principal site of blood
formation changes from the yolk sac to the liver and spleen and ultimately to the bone

marrow. In adults, the bone marrow provides the principal environment for haematopoiesis.

Through controlled differentiation, hematopoietic stem cells generate erythroid, granulocytic,
monocytic, lymphoid, and megakaryocytic lineages. Erythropoietin, thrombopoietin,
cytokines, growth factors, and the bone marrow microenvironment regulate these processes.
Disturbances in haematopoiesis can produce a wide range of diseases, including anemia,

leukaemia, marrow failure, and platelet disorders.

For undergraduate MLT students, a strong understanding of normal haematopoiesis is
particularly important because it provides the scientific basis for performing and interpreting
haematological investigations. Accurate laboratory evaluation ultimately contributes to the

diagnosis, monitoring, and management of patients.
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Overview

Blood is a specialized fluid connective tissue that performs essential functions in transport,
regulation, protection, immunity, and maintenance of homeostasis. It consists of plasma and
formed elements, namely erythrocytes, leukocytes, and platelets. Each cellular component

possesses a characteristic structure that is closely related to its physiological function. [1,2]

The continuous production, maturation, circulation, function, and removal of blood cells
constitute an integrated physiological system known as hematopoiesis and blood-cell
turnover. Understanding the normal anatomy and physiology of erythrocytes, leukocytes, and
platelets provides the foundation for interpreting hematological laboratory investigations and

understanding blood-related disorders. [2,3]

This chapter focuses specifically on the normal anatomy and physiology of blood cells,
including their structure, development, morphology, metabolism, functions, life span, and

physiological regulation. [1,3,4]
2.1 INTRODUCTION TO BLOOD CELLS

Blood cells are specialized cellular components suspended within plasma. They originate
predominantly from hematopoietic tissues and perform highly specific physiological
functions. In adults, normal blood-cell production occurs primarily in the red bone marrow.

[1,2,3]

The three major formed elements are erythrocytes, leukocytes, and platelets. Erythrocytes are

responsible mainly for respiratory gas transport. Leukocytes provide cellular defense and
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participate in innate and adaptive immunity. Platelets are essential for maintaining vascular

integrity and initiating hemostasis. [1,4,5]

Although these cells differ markedly in morphology and function, they are physiologically
interconnected. Their production is regulated according to the body's requirements, while
aged or damaged cells are removed by specialized mechanisms involving the spleen, liver,

bone marrow, and immune system. [2,3,6]
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2.2 GENERAL COMPOSITION OF BLOOD

Whole blood consists of a liquid component called plasma and cellular or cellular-derived
components called formed elements. In an average adult, blood accounts for approximately
7-8% of body weight, although the exact volume varies with body size, age, sex, pregnancy,

hydration, and other physiological conditions. [1,7]

When anticoagulated blood is centrifuged, it separates into plasma, a thin buffy coat
containing leukocytes and platelets, and the packed erythrocyte fraction. The relative

proportion of erythrocytes is expressed as the hematocrit or packed cell volume. [4,7]
2.2.1 Plasma

Plasma is the liquid extracellular matrix of blood. It consists predominantly of water, with

plasma proteins and various dissolved substances forming the remaining fraction. [1,7]
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Plasma provides the medium in which blood cells circulate and transports nutrients,
hormones, electrolytes, gases, proteins, metabolic wastes, and other substances throughout

the body. [1,8]

The major plasma proteins are albumin, globulins, and fibrinogen. Albumin contributes
substantially to colloid osmotic pressure and also transports many substances. Globulins
include transport proteins and immunoglobulins, while fibrinogen participates in coagulation.

[1,7,8]
2.2.2 Formed Elements
The formed elements include erythrocytes, leukocytes, and platelets. [1,4]

Erythrocytes constitute the largest cellular population in normal blood. Leukocytes are
present in much smaller numbers but perform essential immune functions. Platelets are small

cytoplasmic fragments rather than complete cells and are essential for hemostasis. [3,4,5]
2.2.3 Physical Distribution of Blood Components

Approximately 55% of whole blood volume consists of plasma, whereas erythrocytes account
for approximately 45% in a typical adult. Leukocytes and platelets together form less than

1% of blood volume and constitute the buffy coat after centrifugation. [1,7]

The exact proportions are variable and depend particularly on hematocrit and the number of

circulating blood cells. [4,7]
2.3 HEMATOPOIESIS

Hematopoiesis is the physiological process through which blood cells are generated,
differentiated, matured, and released into the circulation. It is a continuous process because

mature blood cells have limited life spans. [2,3,9]

The major processes involved in hematopoiesis are self-renewal, proliferation, lineage

commitment, differentiation, maturation, and release. [3,9,10]
2.3.1 Definition and General Organization

All normal blood-cell lineages originate from hematopoietic stem cells. These cells possess
the ability to maintain themselves through self-renewal while also generating progenitor cells

that progressively become committed to particular blood-cell lineages. [2,3,9]

The simplified developmental organization is:
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Hematopoietic Stem Cell — Multipotent Progenitor — Myeloid/Lymphoid Progenitor
— Precursor Cell -» Mature Blood Cell [3,9]

This hierarchical organization allows the bone marrow to continuously adjust blood-cell

production according to physiological requirements. [2,9]
2.3.2 Developmental Sites of Hematopoiesis

During embryonic development, hematopoiesis occurs sequentially at different anatomical
sites. Primitive hematopoiesis begins in the yolk sac during early embryonic life.
Subsequently, the fetal liver becomes the major site of blood-cell production, with

contributions from the spleen. [2,3,9]

As development progresses, hematopoiesis gradually shifts to the bone marrow. After birth,

bone marrow becomes the principal site of normal hematopoiesis. [2,9]

In adults, active hematopoietic marrow is concentrated mainly in the axial skeleton, including

the vertebrae, ribs, sternum, pelvis, and selected portions of the skull and long bones. [2,3]
2.3.3 Hematopoietic Stem Cells

Hematopoietic stem cells are rare primitive cells capable of producing all major blood-cell

lineages. They possess two fundamental properties: self-renewal and differentiation. [3,9,10]

Stem cells give rise to progenitor populations that progressively lose stem-cell characteristics

and become committed to particular lineages. [9,10]
2.3.4 Myeloid and Lymphoid Lineages

The classical hematopoietic model divides blood-cell development into two major branches.

13,91

The myeloid lineage gives rise to erythrocytes, megakaryocytes and platelets, neutrophils,

eosinophils, basophils, and monocytes. [3,9]

The lymphoid lineage gives rise primarily to B lymphocytes, T lymphocytes, natural killer
cells, and other lymphoid populations. [3,9,11]

2.3.5 Regulation of Hematopoiesis

Hematopoiesis is controlled by growth factors, cytokines, hormones, transcription factors,

cell-cell interactions, and the bone marrow microenvironment. [2,3,9,10]
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Erythropoietin is the major hormonal regulator of erythrocyte production. In adults, it is
produced mainly by specialized cells in the kidney in response to reduced tissue oxygen

availability. [1,2,12]

Thrombopoietin is the principal regulator of megakaryocyte development and platelet

production. [3,5,13]

Granulocyte colony-stimulating factor promotes neutrophil production and mobilization.

[3,9]
2.4 ERYTHROCYTES

Erythrocytes, commonly called red blood cells or RBCs, are highly specialized cells whose
principal function is the transport of oxygen from the lungs to tissues and participation in

carbon dioxide transport from tissues back to the lungs. [1,4,8]

Their structure is exceptionally well adapted to this function. The mature RBC is anucleate,
lacks mitochondria, contains a high concentration of hemoglobin, and possesses a flexible

biconcave shape. [1,4,14]
2.4.1 General Characteristics

Normal mature RBCs are approximately 7-8 um in diameter and have a characteristic

biconcave disc shape. They lack a nucleus and most intracellular organelles. [4,14]

The absence of mitochondria is physiologically advantageous because RBCs do not consume
the oxygen they transport through oxidative phosphorylation. Instead, they obtain energy
mainly through anaerobic glycolysis. [1,8,14]

2.4.2 Morphology and Structure

The biconcave shape produces a high surface-area-to-volume ratio, allowing efficient
diffusion of oxygen and carbon dioxide. It also permits RBCs to undergo substantial

deformation while passing through small blood vessels. [4,14]

The central portion of a normal RBC appears paler than the peripheral region on a stained

peripheral blood smear because of the reduced thickness at the center. [4,14]
2.4.3 RBC Membrane and Cytoskeleton

The RBC membrane consists of a lipid bilayer containing integral and peripheral proteins
associated with a cytoskeletal network. [14,15]
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Important structural proteins include spectrin, ankyrin, actin, and protein 4.1. These proteins
maintain membrane stability and allow the RBC to deform repeatedly without rupturing.

[14,15]

The flexibility of the membrane is essential because RBCs must pass through
microcirculation that can have a diameter smaller than the resting diameter of the RBC.

[14,15]
2.4.4 RBC Metabolism

Mature RBCs lack mitochondria and therefore depend predominantly on anaerobic glycolysis

for ATP production. [1,8,14]

The Embden-Meyerhof pathway provides ATP required for membrane integrity and ion-
pump function. The pentose phosphate pathway generates NADPH, which helps protect

hemoglobin and cellular membrane components from oxidative injury. [8,14]

The 2,3-bisphosphoglycerate pathway produces 2,3-BPG, an important regulator of
hemoglobin oxygen affinity. [1,8]

2.4.5 HEMOGLOBIN

Hemoglobin is the predominant intracellular protein of RBCs and is responsible for most

oxygen transport. [1,8,16]
2.4.5.1 Structure of Hemoglobin

Adult hemoglobin A consists of four globin chains arranged as 02f.. Each globin chain

contains a heme group. [8,16]

Heme contains a porphyrin ring surrounding a central ferrous iron ion, Fe?*. Each hemoglobin

molecule can therefore bind up to four oxygen molecules. [8,16]
2.4.5.2 Types of Hemoglobin
The major physiological hemoglobins include HbA, HbA., and HbF. [8,16]

HbA is the predominant adult hemoglobin and has the structure a-f.. HbAz contains two

alpha and two delta chains and normally represents a small fraction of adult hemoglobin. [16]

HbF contains two alpha and two gamma chains. It predominates during fetal life and has a

higher oxygen affinity than HbA, facilitating oxygen transfer across the placenta. [8,16]
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2.4.5.3 Oxygen Binding

Hemoglobin binds oxygen reversibly. Binding of oxygen to one heme group increases the
affinity of the remaining heme groups for oxygen. This phenomenon is known as positive

cooperativity. [1,8,16]

The ability of hemoglobin to load oxygen efficiently in the lungs and release it in tissues is

fundamental to cellular respiration. [1,8]
2.4.5.4 Oxygen-Hemoglobin Dissociation Curve

The relationship between oxygen partial pressure and hemoglobin saturation produces a

characteristic sigmoid curve. [1,8]

A rightward shift indicates reduced oxygen affinity and facilitates oxygen unloading.
Increased carbon dioxide, increased temperature, increased 2,3-BPG, and decreased pH

generally promote a right shift. [1,8]

A leftward shift indicates increased oxygen affinity. HbF has a higher oxygen affinity than
adult HbA partly because it interacts less strongly with 2,3-BPG. [8,16]

2.4.5.5 Bohr Effect

The Bohr effect refers to the reduction in hemoglobin oxygen affinity associated with

increased carbon dioxide and hydrogen-ion concentration. [1,8]

Metabolically active tissues produce carbon dioxide and acids. These changes favor oxygen
unloading from hemoglobin, thereby improving oxygen delivery to tissues requiring

increased oxygen. [1,8]
2.4.5.6 Carbon Dioxide Transport

Carbon dioxide is transported in blood in three principal forms: dissolved carbon dioxide,

carbamino compounds, and bicarbonate. [1,8]

Most carbon dioxide is transported as bicarbonate. Within RBCs, carbonic anhydrase rapidly
catalyzes the conversion of carbon dioxide and water into carbonic acid, which dissociates

into hydrogen ions and bicarbonate. [1,8,14]

Bicarbonate moves from RBCs into plasma in exchange for chloride ions. This process is

known as the chloride shift. [8,14]
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2.4.6 ERYTHROPOIESIS
Erythropoiesis is the process of RBC production in bone marrow. [2,3,12]
A simplified maturation sequence is:

Hematopoietic Stem Cell — Erythroid Progenitor — Proerythroblast — Basophilic
Erythroblast — Polychromatophilic Erythroblast — Orthochromatic Erythroblast —
Reticulocyte — Mature RBC [3,4,12]

During maturation, the cell becomes progressively smaller, hemoglobin content increases,

chromatin condenses, and the nucleus is ultimately expelled. [3,4]

Reticulocytes retain residual ribosomal RNA and represent the immediate precursor of

mature circulating RBCs. [4,12]
2.4.7 RBC LIFE SPAN AND SENESCENCE
The average life span of a circulating RBC is approximately 120 days. [1,4,14]

Because mature RBCs lack nuclei and protein-synthetic machinery, they cannot effectively
replace damaged proteins. Progressive membrane changes eventually reduce their flexibility.

[14,15]

Senescent RBCs are predominantly removed by macrophages of the spleen, liver, and bone

marrow. [1,6,14]
2.4.8 HEMOGLOBIN CATABOLISM AND IRON RECYCLING

When RBCs are destroyed, globin chains are degraded into amino acids and returned to the

body's amino-acid pool. [1,6,8]

Iron is removed from heme and transported mainly by transferrin. It may be returned to the
bone marrow for new hemoglobin synthesis or stored as ferritin and, under some

circumstances, hemosiderin. [6,8]

The heme ring is converted to biliverdin and subsequently bilirubin. Bilirubin is transported

to the liver, conjugated, and excreted through bile. [1,6]

2.5 LEUKOCYTES
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Leukocytes or white blood cells are nucleated cells responsible primarily for immune
protection. Unlike RBCs, leukocytes are not restricted to the bloodstream. They can migrate

through vascular walls and enter tissues where immune responses occur. [3,11,17]

Leukocytes are traditionally classified into granulocytes and agranulocytes according to their

microscopic appearance. [4,17]
2.5.1 General Characteristics

The normal circulating leukocyte population is considerably smaller than the RBC
population. Leukocytes possess nuclei and specialized cellular organelles that allow them to

perform immune functions. [4,17]
Many leukocytes circulate in blood temporarily and subsequently migrate into tissues. [11,17]
2.5.2 Classification of Leukocytes
Granulocytes:
e Neutrophils
e Eosinophils
e Basophils
Agranulocytes:
e Lymphocytes
e Monocytes [4,17]
Each leukocyte type has a characteristic morphology and physiological function. [4,11,17]

2.5.3 Neutrophils

Neutrophils are normally the most abundant circulating leukocytes. They are particularly

important in acute inflammation and defense against bacterial microorganisms. [11,17]

Their nuclei typically contain multiple lobes connected by thin chromatin strands. Their
cytoplasm contains primary and secondary granules containing antimicrobial substances.

[4,17]
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Neutrophils destroy microorganisms through phagocytosis, degranulation, oxidative killing,

and formation of neutrophil extracellular traps. [11,17]
2.5.4 Eosinophils

Eosinophils generally constitute approximately 1-4% of circulating leukocytes. They possess

a characteristic bilobed nucleus and prominent eosinophilic granules. [4,17]

Their major physiological roles include defense against multicellular parasites and

participation in allergic and inflammatory responses. [11,17]
2.5.5 Basophils

Basophils are the least numerous circulating granulocytes. Their cytoplasm contains large

basophilic granules containing biologically active mediators. [4,17]

Basophils participate particularly in immediate hypersensitivity reactions and IgE-mediated

inflammation. [11,17]
2.5.6 Monocytes

Monocytes are large circulating leukocytes characterized by abundant gray-blue cytoplasm

and an indented or kidney-shaped nucleus. [4,17]

They circulate temporarily before migrating into tissues. After entering tissues, they can
differentiate into macrophage populations and contribute to antigen presentation and

inflammatory regulation. [11,17]
2.5.7 Lymphocytes

Lymphocytes are central to adaptive immunity and also contribute to innate immune defense.

[11]
2.5.7.1 B Lymphocytes

B lymphocytes are primarily responsible for humoral immunity. Following activation, B cells

can differentiate into plasma cells that secrete antibodies. [11]

Some activated B cells become memory cells, allowing a faster and stronger response

following subsequent exposure to the same antigen. [11]
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2.5.7.2 T Lymphocytes
T lymphocytes are primarily involved in cell-mediated immunity. [11]

CD4-positive helper T cells coordinate immune responses through cytokine production. CD8-
positive cytotoxic T cells can directly kill infected or abnormal cells. Regulatory T cells help

maintain immune tolerance and prevent excessive immune responses. [11]
2.5.7.3 Natural Killer Cells

Natural Killer cells are lymphoid cells belonging to the innate immune system. They
recognize and destroy certain infected or abnormal cells without requiring the same antigen-

specific recognition mechanism used by conventional T cells. [11]
They have important roles in antiviral defense and tumor surveillance. [11]
2.5.8 Leukocyte Migration and Diapedesis

During inflammation, leukocytes move from the circulation into tissues through a

coordinated process. [11,17]
The major stages include margination, rolling, adhesion, diapedesis, and chemotaxis. [11]

Selectins contribute mainly to rolling interactions, while integrins participate in firm
adhesion. Leukocytes subsequently pass through the vascular endothelium and migrate

toward areas containing chemical signals. [11,17]
2.6 PLATELETS

Platelets, or thrombocytes, are small anucleate cytoplasmic fragments derived from
megakaryocytes. They are essential for maintaining vascular integrity and initiating primary

hemostasis. [3,5,13]

Normal platelet counts are commonly approximately 150,000—400,000/uL, although

reference intervals vary between laboratories. [4,7]
2.6.1 General Characteristics
Platelets are approximately 2—4 um in diameter and have a discoid shape when resting. [4,5]

They do not contain a nucleus but possess mitochondria, cytoskeletal components, membrane

receptors, and specialized granules. [5,13]
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2.6.2 Platelet Structure

Platelets contain several specialized structures, including the open canalicular system, dense

tubular system, cytoskeleton, and storage granules. [5,13]

The cytoskeleton allows platelets to change shape rapidly after activation. [5]

2.6.3 Thrombopoiesis

Platelets originate from large polyploid bone-marrow cells called megakaryocytes. [3,5,13]
The simplified sequence is:

Hematopoietic Stem Cell - Megakaryocytic Progenitor — Megakaryoblast —
Megakaryocyte — Proplatelets — Platelets [3,5,13]

Megakaryocytes undergo endomitosis, producing cells with increased DNA content without
normal cell division. Cytoplasmic processes extend toward marrow sinusoids and release

platelets into circulation. [5,13]

Thrombopoietin is the principal regulator of this process. [5,13]
2.6.4 Platelet Granules

Platelets contain several types of granules. [5,13]

Alpha granules contain substances such as fibrinogen, von Willebrand factor, platelet-derived

growth factor, factor V, and P-selectin. [5,13]
Dense granules contain ADP, ATP, calcium, and serotonin. [5,13]

Upon platelet activation, these substances are released and promote further platelet

recruitment and activation. [5,13]
2.6.5 Platelet Functions

The major functions of platelets include adhesion to damaged vascular surfaces, activation,
aggregation, granule secretion, formation of the primary platelet plug, support of coagulation

reactions, clot retraction, and contribution to vascular repair. [5,13]
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2.6.6 Platelet Life Span

Circulating platelets normally survive approximately 7-10 days. Aging or damaged platelets
are removed predominantly by macrophage systems, particularly in the spleen and liver.

[5,13]
2.7 PHYSIOLOGY OF HEMOSTASIS

Hemostasis is the physiological mechanism that prevents excessive blood loss following

vascular injury while maintaining blood in a fluid state within intact vessels. [1,5,13]

It involves coordinated interactions between vascular endothelium, platelets, coagulation

proteins, anticoagulant systems, and fibrinolytic mechanisms. [5,13,18]
2.7.1 Vascular Response

Immediately after vascular injury, local vasoconstriction reduces blood flow through the

damaged vessel. [1,5]

Endothelial and neural mechanisms contribute to this response. Activated platelets
subsequently reinforce local vascular constriction through the release of vasoactive

substances. [5,13]
2.7.2 Primary Hemostasis
Primary hemostasis is primarily platelet-dependent. [5,13]

Following endothelial injury, subendothelial collagen becomes exposed. von Willebrand
factor facilitates platelet adhesion through platelet glycoprotein receptors, particularly GPIb.
[5,13]

Platelets then become activated, change shape, release granule contents, and express activated

GPIIb/I11a receptors. [5,13]

Fibrinogen binds activated GPIIb/IIla receptors on adjacent platelets and produces platelet-to-
platelet bridging. A temporary primary platelet plug is formed. [5,13]

2.7.3 Secondary Hemostasis

Secondary hemostasis involves activation of coagulation factors and formation of fibrin.

[S5,18]
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Fibrin forms a mesh around the platelet plug and provides mechanical stability. This converts

the relatively unstable primary plug into a stronger hemostatic clot. [5,18]
2.7.4 Coagulation Pathways

The classical coagulation system is divided into extrinsic, intrinsic, and common pathways.

[5,18]

The extrinsic pathway is initiated mainly by tissue factor and involves factor VII. [18]
The intrinsic pathway involves factors XII, XI, IX, and VIII. [18]

Both pathways converge at factor X and enter the common pathway. [18]

2.7.5 Fibrin Formation

Activated factor X forms factor Xa. Factor Xa, together with factor Va, calcium, and

phospholipid, forms the prothrombinase complex. [5,18]

This complex converts prothrombin into thrombin. Thrombin then converts fibrinogen into

fibrin. [5,18]

Factor XIII subsequently cross-links fibrin and stabilizes the clot. [18]
2.7.6 Fibrinolysis

After tissue repair progresses, the hemostatic clot must be removed. [5,18]

Plasminogen is converted to plasmin, which enzymatically degrades fibrin. Fibrin
degradation produces soluble fragments, including D-dimer when cross-linked fibrin has

been degraded. [18]

Fibrinolysis prevents persistent clot formation and helps restore normal vascular patency.

[5,18]
2.7.7 Natural Anticoagulant Mechanisms

The body contains several natural mechanisms that restrict coagulation to the site of injury.

[5,18]
Antithrombin inhibits thrombin and several activated coagulation factors. [18]

The protein C-protein S system reduces coagulation by inactivating factors Va and VIlla. [18]
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The vascular endothelium also produces substances that inhibit platelet activation and

coagulation under normal conditions. [5,18]
2.8 BLOOD CELL TURNOVER AND PHYSIOLOGICAL REMOVAL
Blood cells have different life spans and therefore require continuous replacement. [2,3,4]

RBCs survive approximately 120 days. Platelets survive approximately 7—10 days.
Neutrophils generally have a relatively short circulating life, while lymphocytes can survive

for much longer periods depending on their subtype and activation state. [4,11,14]

The spleen, liver, and bone marrow are important sites for removal of aged or damaged blood

cells. [1,6,14]

The continuous balance between production, circulation, function, and removal maintains

stable blood-cell populations. [2,3]
2.9 NORMAL MORPHOLOGY OF BLOOD CELLS
Normal blood-cell morphology is an important feature of hematological physiology. [4,17]

RBCs normally appear as uniform biconcave discs with central pallor. Their size and shape

are relatively consistent in healthy individuals. [4,14]

Neutrophils have multilobed nuclei, eosinophils have bilobed nuclei with prominent

eosinophilic granules, and basophils contain coarse basophilic granules. [4,17]

Monocytes are larger cells with abundant gray-blue cytoplasm and irregularly shaped nuclei.
Lymphocytes generally have a large dense nucleus with a relatively small amount of

cytoplasm. [4,17]

Platelets appear as small cytoplasmic fragments, often with a pale peripheral zone and a more

granular central region. [4,5]

2.10 PHYSIOLOGICAL REFERENCE CHARACTERISTICS OF BLOOD CELLS

~4-6 million/pL Oxygen and carbon dioxide

transport
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~50-70% of WBCs Acute innate defense
~20-40% of WBCs Adaptive and innate immunity
~2-8% of WBCs Phagocytosis and antigen

presentation

~1-4% of WBCs Parasite defense and allergy
~0-1% of WBCs Immediate hypersensitivity
~150,000-400,000/pL Primary hemostasis

Source: [4,7,17]

These values are approximate and may vary according to laboratory method, age, sex,

physiological state, and population. [4,7]
2.11 INTEGRATED FUNCTIONS OF BLOOD CELLS
The physiological functions of blood cells are closely interconnected. [1,2]

Erythrocytes transport oxygen to tissues and participate in carbon dioxide transport. Oxygen
availability influences erythropoietin production and therefore regulates future RBC

production. [1,8,12]

Leukocytes continuously monitor the body for microorganisms, damaged cells, and abnormal

tissue. They can rapidly migrate from blood into tissues when required. [11,17]

Platelets continuously circulate in an inactive state but rapidly respond when vascular injury

exposes structures capable of initiating platelet adhesion and activation. [5,13]

The bone marrow continuously produces new cells, while the spleen, liver, and other
reticuloendothelial tissues remove aging or damaged cells. This continuous cycle maintains

blood-cell homeostasis. [2,3,6]
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Overview:

Hemoglobin is a tetrameric conjugated protein present in red blood cells and is primarily
responsible for the transport of oxygen from the lungs to the tissues. A normal adult hemoglobin
molecule (HbA) consists of two a-globin and two B-globin chains (02p2). Each globin chain is
associated with one heme group, which contains a central ferrous iron (Fe**) responsible for
reversible oxygen binding. Hemoglobin also contributes to carbon dioxide transport and

maintenance of blood pH.

Hemoglobin synthesis involves the coordinated production of heme and globin chains within
developing erythroid cells. Heme synthesis occurs through a series of enzymatic reactions
taking place in both the mitochondria and cytoplasm, beginning with glycine and succinyl-CoA
and ending with the insertion of Fe*" into protoporphyrin IX by ferrochelatase. At the same
time, globin chains are synthesized on ribosomes under the control of developmentally
regulated globin genes. The newly formed heme and globin chains combine to produce

functional hemoglobin.

The type of globin chain synthesized changes during development, resulting in different
hemoglobin forms such as HbF (o2y2) during fetal life and HbA (02B:) after birth. Proper
coordination of globin-chain synthesis is essential for normal erythropoiesis, and defects in

these processes can lead to disorders such as thalassemia and structural hemoglobinopathies.
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3.1. Introduction

Hemoglobin (Hb) is the major respiratory pigment of human erythrocytes and is responsible
for the transport of oxygen from the lungs to peripheral tissues and the carriage of a proportion
of carbon dioxide and hydrogen ions back to the lungs. It is a specialized conjugated protein
composed of globin polypeptide chains and iron-containing heme groups. Each hemoglobin
molecule can reversibly bind four molecules of oxygen, allowing erythrocytes to transport a
large amount of oxygen without requiring a corresponding increase in plasma oxygen

solubility. [1, 2]

Hemoglobin is also an important buffer of blood pH and participates in the transport of carbon
dioxide through the formation of carbaminohemoglobin. Its ability to bind oxygen
cooperatively enables efficient oxygen loading in the pulmonary circulation and unloading in
tissues. This sophisticated function is determined by the three-dimensional structure of the
hemoglobin molecule and by allosteric interactions involving oxygen, carbon dioxide,

hydrogen ions, and 2,3-bisphosphoglycerate (2,3-BPG). [1,3]

The normal adult hemoglobin molecule is predominantly hemoglobin A (HbA), consisting of
two a-globin and two B-globin chains (02p2). Each globin chain contains one heme group. Other
physiologically important forms include fetal hemoglobin (HbF; a2y2) and adult hemoglobin
Az (HbA2; 0202). The relative production of these hemoglobins changes during development as

a result of regulated switching of globin gene expression. [4, 5]

Disorders of hemoglobin are among the most important inherited disorders worldwide. They
are broadly divided into structural hemoglobin variants, in which the amino-acid sequence of
a globin chain is altered, and thalassemias, in which the production of one or more globin
chains is reduced or absent. More than 1,000 naturally occurring hemoglobin variants have

been described. [6, 7]
3.2. Structure of Hemoglobin
3.2.1 General Organization

Hemoglobin is a complex tetrameric metalloprotein found in the red blood cells. It has an
approximate molecular weight of 64-66 kDa and is composed of four globin subunits
associated with four heme groups. In normal adult hemoglobin (HbA), the four globin chains

consist of two a-chains and two B-chains, giving the molecular arrangement:
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HbA = dsz

Each globin subunit is structurally associated with a single heme prosthetic group. The heme
contains a centrally located ferrous iron (Fe**), which provides the site for reversible oxygen
binding. Therefore, a complete hemoglobin molecule possesses four heme groups and can bind

up to four oxygen molecules under appropriate physiological conditions.

The four globin chains are organized into a precise quaternary structure. An o-chain
associates with a f-chain to form an af} pair, and two such of pairs interact to produce the
complete hemoglobin tetramer. The contacts between these subunits are not static; they permit
changes in the overall configuration of the molecule when oxygen binds or is released. These
structural transitions are essential for the cooperative transport of oxygen between the lungs

and peripheral tissues [1,6].

Although o- and B-globin chains differ in their amino-acid sequences and contain different
numbers of residues, they possess a closely related three-dimensional configuration. Both
chains are composed mainly of a-helical regions folded into a compact structure surrounding
a relatively hydrophobic internal core. Within this globin framework is a specialized
hydrophobic cavity that accommodates the heme molecule and protects it from the surrounding
aqueous environment. The precise positioning of heme within this pocket is essential for
maintaining the appropriate orientation of iron and enabling efficient, reversible oxygen

binding.
3.2.2 Heme

Heme represents the prosthetic, non-protein component of hemoglobin and is essential for
its oxygen-carrying function. It is composed of a porphyrin structure known as
protoporphyrin IX, within which a ferrous iron ion (Fe?®") is situated at the center. The
arrangement of the porphyrin ring and iron atom provides the molecular site required for

reversible oxygen attachment.

Protoporphyrin IX is formed from four pyrrole rings that are interconnected through methine
bridges. The central Fe*" ion is coordinated with six ligands. Four coordination bonds are
established with the nitrogen atoms of the four pyrrole rings. A fifth coordination bond connects
the iron to a specific histidine residue of the globin chain, known as the proximal histidine.

The remaining sixth coordination position is available for the reversible attachment of oxygen.
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The proximal histidine plays an important structural role by anchoring the heme within the
globin pocket and helping maintain its appropriate orientation. Another amino-acid residue, the
distal histidine, is positioned close to the oxygen-binding site. It assists in stabilizing the bound
oxygen molecule and helps prevent inappropriate interaction of heme iron with other

potentially reactive ligands [8,9].

The oxidation state of the heme iron is essential for normal hemoglobin activity. Under
physiological conditions, iron must remain predominantly in the Fe* (ferrous) form for
effective oxygen binding and transport. When Fe** is oxidized to Fe** (ferric irom),
methemoglobin is produced. Ferric iron has greatly reduced ability to bind oxygen, thereby

interfering with normal oxygen transport [§].
3.2.3 Globin Chains

The protein component of hemoglobin is formed by globin polypeptide chains. Human globins
are classified into two principal groups according to their genetic organization: the a-like
family and the B-like family. Different members of these families are expressed at specific

stages of human development [4,5].

a-like globin family

The a-like group includes:
e ( (zeta) chain — predominantly expressed during early embryonic development
e o (alpha) chain — produced mainly during fetal and adult life

p-like globin family

The B-like group consists of:
e ¢ (epsilon) chain — primarily expressed during embryonic development
e v (gamma) chain — predominantly produced during fetal life
e 0 (delta) chain — contributes to adult hemoglobin A:
e P (beta) chain — the principal pB-like chain of adult hemoglobin

The genes responsible for these globin chains are organized into two distinct chromosomal
clusters. The a-globin gene cluster is located on chromosome 16, whereas the -globin gene

cluster is situated on chromosome 11 [4,5].
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The a-globin cluster mainly contains the functional genes HBA1 and HBA2. The B-globin
cluster includes HBE1, HBG1, HBG2, HBD and HBB, which are expressed in a
developmentally controlled sequence. The activity of these genes changes during erythroid
differentiation, allowing the type of hemoglobin produced to adapt to the requirements of

embryonic, fetal and adult life [4,5].
3.3. Major Types of Normal Hemoglobin

Different forms of hemoglobin are produced during human development as a result of the
regulated expression of different globin genes. In healthy individuals, the principal hemoglobin
fractions found after birth are hemoglobin A (HbA), hemoglobin A: (HbA:), and fetal
hemoglobin (HbF). Their relative proportions change considerably from fetal life to adulthood
[4,5].

3.3.1 Hemoglobin A

Hemoglobin A (HbA) is the major hemoglobin present in the circulation of healthy adults. It

is composed of two a-globin chains and two B-globin chains:
HbA = U.sz

In normal adult blood, HbA generally constitutes approximately 95-98% of the total
hemoglobin, although its proportion may vary depending on age, physiological status and

other biological factors [5,10].

The two a- and two B-globin chains are arranged as a tetramer, with each chain containing one
heme group. The coordinated interaction between these four subunits enables HbA to bind
oxygen efficiently in the lungs and release it in peripheral tissues. HbA therefore represents the

principal molecular form responsible for oxygen transport in postnatal life.
3.3.2 Hemoglobin A:

Hemoglobin A: (HbA:) is a minor adult hemoglobin fraction in which the B-globin chains of

HbA are replaced by 9-globin chains. Its molecular composition is:
HbA: = 0202
HbA: normally contributes approximately 2—-3.5% of total adult hemoglobin [10,11].

Although HbA: represents only a small fraction of circulating hemoglobin, its measurement

has considerable diagnostic importance. An increased HbA: level is a characteristic laboratory
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finding in many individuals with B-thalassemia trait. Therefore, quantitative estimation of
HbA., particularly by techniques such as high-performance liquid chromatography or capillary
electrophoresis, is commonly incorporated into the investigation of suspected B-thalassemia

[10,11].
3.3.3 Hemoglobin F

Hemoglobin F (HbF) is the predominant hemoglobin during fetal development. It contains

two a-globin chains and two y-globin chains:
HbF = a2y2

The high level of y-globin synthesis during gestation makes HbF the principal oxygen-carrying
hemoglobin of the fetus. Following birth, expression of the y-globin genes gradually declines,
while production of B-globin increases. As a result, HbF is progressively replaced by HbA
during early infancy [4,5].

In healthy adults, HbF generally constitutes less than 1% of total hemoglobin, although small
variations may occur among individuals and under certain physiological or pathological

conditions [4,5].

HbF has a greater affinity for oxygen than HbA. This difference is mainly related to its
weaker interaction with 2,3-bisphosphoglycerate (2,3-BPG). The higher oxygen affinity of
HbF is physiologically advantageous because it allows fetal blood to obtain oxygen from

maternal circulation across the placenta, where oxygen tension is relatively low [3,5].
3.4. Oxygen Binding and Allosteric Function

The ability of hemoglobin to transport oxygen depends on its capacity to bind oxygen
reversibly and to modify its affinity according to the physiological requirements of different
tissues. Hemoglobin exhibits a distinctive property known as cooperative oxygen binding.
When an oxygen molecule attaches to one of the four heme groups, it produces a
conformational change in the hemoglobin tetramer. This change increases the oxygen-binding
tendency of the other heme groups. As a consequence, oxygen uptake becomes progressively
easier as additional oxygen molecules bind, producing the characteristic sigmoidal oxygen-

dissociation curve [1,3].

Hemoglobin can adopt two principal conformational states that differ in their affinity for

oxygen:
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T State

The Tense or T state represents the low-affinity configuration of hemoglobin. It is favored
when hemoglobin is in the deoxygenated condition. In this state, the interactions between the
globin subunits maintain a configuration that makes oxygen binding relatively less favorable.

This facilitates the release of oxygen to peripheral tissues [1,8].
R State

The Relaxed or R state is the high-affinity form of hemoglobin. Binding of oxygen promotes
structural rearrangement of the globin subunits and favors conversion toward the R
configuration. In this state, the remaining heme groups have an increased tendency to bind

oxygen [1,8].

The reversible transition between the T and R states enables hemoglobin to load oxygen

efficiently in the lungs while subsequently releasing it according to tissue requirements.
3.4.1 Bohr Effect

The interaction between hemoglobin and oxygen is strongly influenced by the chemical
environment of the blood. An increase in hydrogen ion concentration and carbon dioxide
concentration reduces the affinity of hemoglobin for oxygen. This physiological relationship

is referred to as the Bohr effect [1,3].

In actively metabolizing tissues, cellular respiration produces increased amounts of carbon

dioxide and hydrogen ions. Consequently:

1CO: production
l

T H* concentration

!
| Blood pH

l
Reduced hemoglobin—oxygen affinity

!

Enhanced oxygen release

This mechanism allows oxygen delivery to increase in tissues where metabolic activity and
oxygen demand are high. Therefore, the Bohr effect contributes significantly to the efficient

matching of oxygen supply with tissue requirements [1,3].

3.4.2 Role of 2,3-Bisphosphoglycerate
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2,3-Bisphosphoglycerate (2,3-BPG) is an important intracellular regulator of hemoglobin's
oxygen affinity. It is produced within erythrocytes and preferentially interacts with
deoxygenated hemoglobin. By binding within the central cavity of deoxygenated HbA, 2,3-
BPG helps stabilize the T state and consequently decreases hemoglobin's affinity for oxygen.

This promotes oxygen unloading in peripheral tissues [3].

The interaction between 2,3-BPG and HbF is weaker than its interaction with HbA. As a result,
HbF maintains a relatively higher affinity for oxygen. This property is particularly important
during fetal life because it facilitates the transfer of oxygen from maternal HbA to fetal HbF

across the placenta [4,5].

Thus, cooperative binding, T-R state transitions, the Bohr effect and 2,3-BPG regulation work
together to ensure that hemoglobin can efficiently acquire oxygen in the lungs and release it

where it is most needed.

3.5. Hemoglobin Synthesis

Hemoglobin synthesis requires coordinated production of:
1. Heme
2. Globin chains
3. Iron

Heme synthesis and globin synthesis occur within developing erythroid cells in the bone
marrow. Mature erythrocytes cannot synthesize new hemoglobin because they lack a nucleus

and mitochondria. [9,12]

The synthesis of hemoglobin can therefore be considered in two interconnected pathways:
Heme synthesis + Globin synthesis — Hemoglobin assembly

3.6. Heme Biosynthesis

Heme synthesis occurs partly in the mitochondria and partly in the cytoplasm of erythroid

precursor cells. The pathway consists of several enzymatic reactions. [9,12]
Formation of d-aminolevulinic acid
The first and rate-limiting step occurs in mitochondria.

Glycine + Succinyl-CoA — 6-Aminolevulinic acid (ALA)
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The reaction is catalyzed by ALA synthase (ALAS) and requires pyridoxal phosphate (vitamin

Bes) as a cofactor.

In erythroid cells, ALAS?2 is the major isoform involved in heme production. [12]
Formation of porphobilinogen

ALA moves into the cytoplasm and is converted to porphobilinogen by:

ALA dehydratase

Two molecules of ALA combine to form porphobilinogen.

ALA dehydratase is particularly important clinically because it is inhibited by lead, resulting

in impaired heme synthesis and anemia. [12,13]
Formation of hydroxymethylbilane

Four molecules of porphobilinogen are combined by porphobilinogen deaminase to produce

hydroxymethylbilane.
Formation of uroporphyrinogen II1

Hydroxymethylbilane is cyclized by uroporphyrinogen III synthase to form
uroporphyrinogen III.

Formation of coproporphyrinogen II11

Uroporphyrinogen III is converted to coproporphyrinogen III by uroporphyrinogen

decarboxylase.

Formation of protoporphyrinogen IX

Coproporphyrinogen III enters the mitochondrion and is converted to protoporphyrinogen IX.
Formation of protoporphyrin IX

Protoporphyrinogen IX is oxidized to protoporphyrin IX.

Incorporation of iron

The final step is catalyzed by ferrochelatase, which inserts Fe?* into protoporphyrin IX:
Protoporphyrin IX + Fe?* — Heme

Heme is subsequently incorporated into globin chains to form functional hemoglobin. [9,12]
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Summary of heme synthesis

Glycine+Succinyl-CoA
| ALAS2
ALA
| ALA dehydratase
Porphobilinogen

l
Hydroxymethylbilane

l
Uroporphyrinogen 111

l
Coproporphyrinogen II1

l
Protoporphyrinogen IX

!
Protoporphyrin IX
| Ferrochelatase + Fe*
HEME

Disorders of this pathway can result in sideroblastic anemia and porphyrias. [9,12]
3.7. Globin Synthesis

Globin synthesis occurs on ribosomes in erythroid precursor cells. The globin genes are

transcribed into messenger RNA, which is translated into globin polypeptide chains.

The synthesis of globin chains is tightly regulated to maintain an appropriate balance between
a-like and B-like chains. Excess unpaired globin chains can precipitate and damage developing

erythroid cells. This imbalance is particularly important in thalassemia. [6,14]
3.7.1 a-globin synthesis

Two functional a-globin genes, HBA1 and HBA2, are located on chromosome 16. Each

diploid cell therefore normally possesses four a-globin gene copies:
ao/ao

Loss or dysfunction of these genes results in a-thalassemia. [15]
3.7.2 B-globin synthesis

The B-globin gene, HBB, is located on chromosome 11. Defects affecting HBB can cause [3-

thalassemia or structural hemoglobin variants such as HbS and HbC. [6,14]
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3.8. Disorders of Hemoglobin
Hemoglobin disorders can broadly be classified into:
A. Structural hemoglobin disorders
These occur because of qualitative abnormalities in globin chains.
Examples:
e Sickle hemoglobin (HbS)
e Hemoglobin C (HbC)
e Hemoglobin D
e Hemoglobin E
e Unstable hemoglobins
e High- or low-oxygen-affinity hemoglobins
B. Thalassemias
These are quantitative disorders caused by reduced or absent production of globin chains.
Examples:
e o-thalassemia
e [-thalassemia
e JpB-thalassemia

This distinction between qualitative structural abnormalities and quantitative synthesis defects

is fundamental to understanding hemoglobinopathies. [6,7]

3.9. Structural Hemoglobin Variants

Structural hemoglobin variants are produced by genetic alterations in globin genes that
modify the amino-acid sequence of one of the globin chains. Even a single amino-acid
substitution can influence the physical, chemical or functional properties of the hemoglobin
molecule. However, the clinical consequences vary considerably depending on the position of

the affected amino acid and the type of structural change produced [7,20].
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Some structural variants have little or no effect on normal physiology and may be detected
incidentally during laboratory investigation. In contrast, other variants can interfere with
hemoglobin function and produce clinically significant abnormalities. Depending on the
molecular defect, affected individuals may develop hemolytic anemia, abnormal oxygen
affinity, methemoglobinemia, increased or decreased hemoglobin stability, or vaso-

occlusive complications [7,20].

Structural alterations in hemoglobin may influence several important properties of the

molecule, including:

Molecular stability: Certain substitutions make hemoglobin unstable and promote

denaturation or precipitation within erythrocytes.

e Oxygen affinity: Changes in the globin structure may increase or decrease the ability

of hemoglobin to bind and release oxygen.

e Heme interaction: Mutations close to the heme pocket can interfere with normal

positioning or function of the heme group.

e Solubility: Some variants have reduced solubility, particularly in the deoxygenated

state, which may promote abnormal hemoglobin aggregation.

¢ Globin-chain interactions: Alterations at interfaces between globin subunits may

disturb normal tetramer formation or conformational changes.

e RBC membrane interactions: Certain abnormal hemoglobins can damage the red-cell

membrane, contributing to reduced RBC survival and hemolysis [7,20].

The spectrum of structural hemoglobin variants is extremely diverse, and more than 1,000
naturally occurring variants have been identified. Their clinical significance ranges from
completely asymptomatic forms to disorders associated with severe anemia or other

complications [7,20].

3.10. Sickle Hemoglobin and Sickle-Cell Disease
Sickle-cell disease is one of the best-known structural hemoglobin disorders.
3.10.1 Molecular basis

HbS results from a single nucleotide substitution in the B-globin gene.
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Normal B-globin:
B6 Glutamic acid
HbS:

B6 Valine

Thus, the mutation produces substitution of a negatively charged, hydrophilic glutamic acid by

a hydrophobic valine at position 6 of the B-globin chain. [21,22]
The resulting hemoglobin is:

HbS = a:pS:

The mutation itself is small, but its consequences are profound. [21]
3.10.2 Polymerization of HbS

When HbS becomes deoxygenated, the hydrophobic valine at 6 promotes intermolecular

interactions between HbS molecules.
Deoxygenated HbS molecules polymerize into long rigid fibers.
These polymers:

e Distort red cells

e Reduce red-cell deformability

e Increase cellular rigidity

e Promote dehydration

e Cause hemolysis

e Promote vascular obstruction

The polymerization process is the fundamental molecular event responsible for sickling. [21-

23]
3.10.3 Pathophysiology
Sickle-cell disease involves several interconnected processes:

HbS polymerization
!
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RBC sickling and dehydration
!

Hemolysis + reduced RBC survival

l

Vaso-occlusion and endothelial activation

l

Tissue ischemia and inflammation

l

Acute and chronic organ damage

Modern understanding recognizes that sickle-cell disease is not simply a red-cell disorder.
Hemolysis, endothelial dysfunction, inflammation, leukocyte and platelet activation and

abnormal vascular biology all contribute to disease manifestations. [21,23]
3.11. Thalassemia

Thalassemias are a group of inherited disorders of hemoglobin synthesis in which the
production of one or more globin chains is reduced or completely absent. In contrast to
structural hemoglobin variants, where the amino-acid sequence of a globin chain is abnormal,

thalassemia primarily represents a quantitative defect in globin production [14,15].

The imbalance between globin-chain synthesis is responsible for most of the pathological
changes. Excess unpaired globin chains may accumulate and form unstable precipitates within
erythroid precursor cells and circulating red blood cells. This causes cellular membrane
damage, ineffective erythropoiesis and increased destruction of RBCs, resulting in varying

degrees of anemia [14,15].
The two major forms of thalassemia are:
3.11.1 a-Thalassemia

a-Thalassemia develops when the production of a-globin chains is reduced or absent, usually
because of deletions or mutations involving the o-globin genes on chromosome 16. The
severity depends largely on the number of a-globin genes affected. Clinical forms range from
an asymptomatic carrier state to severe anemia and, when all four a-globin genes are affected,

hydrops fetalis [14,15].
3.11.2 B-Thalassemia

B-Thalassemia results from decreased or absent production of f-globin chains due to mutations

in the B-globin gene on chromosome 11. It may occur as * disease, in which some B-globin is
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produced, or B° disease, in which production is essentially absent. Clinical severity ranges from

mild B-thalassemia trait to severe transfusion-dependent B-thalassemia major [14,15].

Thus, both a- and B-thalassemia cause anemia primarily through globin-chain imbalance,
ineffective erythropoiesis and increased RBC destruction, although their genetic defects

and clinical manifestations differ [14,15].
3.12. Summary

Hemoglobin is a complex tetrameric metalloprotein responsible primarily for oxygen transport.
Its normal structure consists of two a-like and two B-like globin chains, with each chain

containing a heme group containing ferrous iron.

The major adult hemoglobin is HbA (0:2f32), while HbF (a2y2) predominates during fetal life and

HbA: (0202) constitutes a small fraction of adult hemoglobin.

Hemoglobin synthesis requires coordinated synthesis of heme and globin. Heme synthesis
begins with glycine and succinyl-CoA and culminates in insertion of Fe?* into protoporphyrin
IX by ferrochelatase. Globin chains are synthesized under complex transcriptional and

epigenetic control.

Developmental switching of globin gene expression changes embryonic hemoglobins to HbF
and subsequently to HbA. The regulation of this switch is clinically important because

increased HbF can ameliorate severe 3-hemoglobinopathies.

Hemoglobin disorders are broadly divided into structural hemoglobin variants and
thalassemias. Structural variants alter the quality or function of hemoglobin, whereas

thalassemias primarily affect the quantity of globin-chain synthesis.

Sickle-cell disease results from the 6 Glu—Val substitution in HbS. Deoxygenated HbS
polymerizes, producing RBC sickling, hemolysis and vaso-occlusion. Thalassemias result from
reduced production of a- or B-globin chains, leading to ineffective erythropoiesis and

hemolysis.

Laboratory diagnosis involves CBC, peripheral blood smear, hemoglobin electrophoresis,

HPLC, capillary electrophoresis and, when required, molecular genetic testing.

Understanding hemoglobin at the molecular level is essential for accurate diagnosis,
interpretation of laboratory findings, genetic counseling and modern treatment of inherited

blood disorders.

67



3.13 References

1.

10.

11.

12.

13.

14.

Perutz MF. Stereochemistry of cooperative effects in haemoglobin. Nature.

1970;228:726-739.

Bunn HF. The structure and function of hemoglobin. In: Goldman-Cecil Medicine.

Philadelphia: Elsevier; 2020.

Winslow RM. Hemoglobin function and oxygen transport. In: Hemoglobin and

Hematology. Cambridge: Cambridge University Press; 2007.

Sankaran VG, Orkin SH. The switch from fetal to adult hemoglobin. Cold Spring Harb
Perspect Med. 2013;3(1).

Sankaran VG, Nathan DG. Reversing the hemoglobin switch. N Engl J Med.
2010;363(3):225-227.

Forget BG, Bunn HF. Classification of the disorders of hemoglobin. Cold Spring Harb
Perspect Med. 2013;3(2).

Thom CS, Dickson CF, Gell DA, Weiss MJ. Hemoglobin variants: biochemical
properties and clinical correlates. Cold Spring Harb Perspect Med. 2013;3(3).

Marden MC. Redox properties and oxygen binding of hemoglobin. Front Mol Biosci.
2020;7:1-12.

Dailey HA, Meissner PN. Erythroid heme biosynthesis and its disorders. Cold Spring
Harb Perspect Med. 2013;3(4).

Bain BJ. Haemoglobinopathy diagnosis. 2nd ed. Oxford: Blackwell Publishing; 2006.

Hoftbrand AV, Moss PAH. Hoffbrand's Essential Haematology. 8th ed. Hoboken:
Wiley-Blackwell; 2019.

Dailey HA. Heme biosynthesis. In: Molecular Biology of Hemoglobin. London:
Academic Press; 2013.

Kappas A, Sassa S, Galbraith RA, Nordmann Y. The porphyrias. In: The Metabolic and
Molecular Bases of Inherited Disease. New York: McGraw-Hill; 2001.

Fibach E, Rachmilewitz EA. Pathophysiology and treatment of patients with beta-
thalassemia: an update. F1000Res. 2017;6:2156.

68



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Harteveld CL, Higgs DR. a-thalassaemia. Orphanet J Rare Dis. 2010;5:13.

Sankaran VG, Xu J, Orkin SH. Advances in the understanding of haemoglobin
switching. Br J Haematol. 2010;149(2):181-194.

Thein SL. The emerging role of fetal hemoglobin in the treatment of sickle cell disease

and B-thalassemia. Blood. 2008;112(7):2899-2907.

Bae HT, Schrier SL. Fetal hemoglobin regulation and the treatment of
hemoglobinopathies. Hematology. 2010;15(1):1-8.

Orkin SH, Bauer DE. Emerging genetic therapy for sickle cell disease. Annu Rev Med.
2019;70:119-133.

Thom CS, Dickson CF, Gell DA, Weiss MJ. Hemoglobin variants: biochemical
properties and clinical correlates. Cold Spring Harb Perspect Med. 2013;3(3).

Pauling L, Itano HA, Singer SJ, Wells IC. Sickle cell anemia, a molecular disease.

Science. 1949;110(2865):543-548.

Ingram VM. A specific chemical difference between the globins of normal human and

sickle-cell anaemia haemoglobin. Nature. 1956;178:792-794.

Sundd P, Gladwin MT, Novelli EM. Pathophysiology of sickle cell disease. Annu Rev
Pathol. 2019;14:263-292.

World Health Organization. Sickle-cell disease [Internet]. Geneva: World Health
Organization; 2025 [cited 2026 Aug 8].

Harteveld CL, Higgs DR. a-thalassaemia. Orphanet J Rare Dis. 2010;5:13.

Taher AT, Musallam KM, Cappellini MD. p-Thalassemias. N Engl J Med.
2021;384(8):727-743.

Taher AT, Bou-Fakhredin R, Kattamis A, Viprakasit V, Cappellini MD. Improving
outcomes and quality of life for patients with transfusion-dependent B-thalassemia:

recommendations for best clinical practice and the use of novel treatment strategies.

Expert Rev Hematol. 2021;14(10):897-909.

Weatherall DJ, Clegg JB. Inherited haemoglobin disorders: an increasing global health
problem. Bull World Health Organ. 2001;79(8):704-712.

69



29. Piel FB, Steinberg MH, Rees DC. Sickle cell disease. N Engl J Med.
2017;376(16):1561-1573.

30. Steinberg MH. Sickle cell disease: pathophysiology. In: Disorders of Hemoglobin:
Genetics, Pathophysiology, and Clinical Management. Cambridge: Cambridge
University Press; 2009.

70



CHAPTER 4
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4.1 Introduction to Hematology Laboratory

The hematology laboratory is one of the most important divisions of a clinical diagnostic
laboratory because it deals with the study of blood and blood-forming tissues. Blood is a vital
connective tissue that transports oxygen, nutrients, hormones, and metabolic wastes, while also
playing a major role in immunity, hemostasis, and body homeostasis. Any abnormal change in
the number, size, shape, or function of blood cells may indicate disease. For this reason,
hematology testing is widely used in the diagnosis, monitoring, and follow-up of many medical

conditions.

The main function of a hematology laboratory is to examine the cellular components of blood,
namely red blood cells, white blood cells, and platelets, along with hemoglobin, hematocrit,
and coagulation factors. These investigations help detect a wide range of disorders such as
anemia, leukemia, infections, inflammation, bleeding disorders, clotting abnormalities, and
bone marrow failure. Hematology is also essential in evaluating patients before surgery,
monitoring chemotherapy, assessing blood loss, and screening blood donors. In emergency

medicine, hematology results often guide immediate clinical decisions [1].

A hematology laboratory performs both routine and specialized tests. Routine tests include
complete blood count, peripheral blood smear examination, hemoglobin estimation, packed
cell volume, erythrocyte sedimentation rate, and platelet count. Specialized investigations may
include reticulocyte count, coagulation studies, sickling test, erythrocyte indices, and analysis
of abnormal cells [2]. These tests are performed using both manual and automated methods,
depending on the availability of instruments, the nature of the sample, and the purpose of

testing.
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In modern laboratories, automation has greatly improved the speed and accuracy of hematology
testing. Automated analyzers can process large numbers of specimens in a short time, generate
multiple parameters from a single sample, and reduce human error. However, manual
techniques remain important for confirmation of abnormal results, peripheral smear review,
and low-resource settings. Therefore, a hematology laboratory must maintain a balance

between traditional methods and advanced technology.

The hematology laboratory also has an important role in quality assurance and patient safety.
Because blood samples are highly sensitive and potentially infectious, proper sample handling,
biosafety practices, correct labeling, and standardized procedures are essential. Errors at any
stage, from collection to reporting, can affect diagnosis and treatment. For this reason, the
laboratory must follow strict quality control measures, maintain equipment properly, and

ensure that all results are accurate, reliable, and timely.

Thus, the hematology laboratory is not only a testing facility but also a critical support system
for patient care. It contributes to diagnosis, prognosis, treatment monitoring, and disease
prevention. With the advancement of automation, laboratory information systems, and artificial
intelligence, hematology laboratories are becoming more efficient, precise, and patient-

centered.

4.2 Organization and Layout of Hematology Laboratory

A hematology laboratory should be organized to ensure smooth workflow, accurate testing,
and safe handling of blood samples. Its layout must separate collection, processing, analysis,
quality control, storage, and waste disposal areas. Proper organization improves efficiency,

reduces errors, and supports reliable diagnostic reporting.

Sample collection and reception area

This is the first point where blood specimens are received, checked, and registered. Proper
patient identification, labeling, and request verification are essential to avoid sample mix-up.

The area should be clean, organized, and close to the collection point for smooth workflow.
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Specimen processing area

In this area, samples are inspected for clotting, hemolysis, volume, and adequacy before testing.
Specimens are mixed, separated, or centrifuged according to the test requirement. Standard

procedures must be followed to prevent pre-analytical errors.

Manual testing section

This section is used for tests that require direct observation or manual methods. Common work
includes hemoglobin estimation, cell counting, peripheral smear preparation, staining, and
ESR. It should be equipped with a microscope, pipettes, hemocytometer, and staining

materials.

Automated analyzer section

This section houses the hematology analyzers used for CBC and differential counts. It should
have proper power supply, ventilation, and space for maintenance. Only trained personnel

should operate the instruments and monitor quality control.

Coagulation laboratory section

This area is reserved for PT, APTT, fibrinogen, and D-dimer testing. Since coagulation tests
are sensitive to time and temperature, the section should maintain proper reagent storage and

sample handling. A separate area helps prevent contamination and workflow interference.

Quality control area

This area is used to maintain control records, calibration charts, Levey-Jennings graphs, and
QC documents. It helps staff monitor instrument performance and identify analytical errors

early. Regular review of QC data improves accuracy and reliability.

Reagent and consumable storage area

This section stores stains, controls, reagents, anticoagulants, tubes, and laboratory
consumables. Items should be kept under recommended temperature and humidity conditions.

Proper stock management prevents expiry, shortage, and wastage.
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Reporting and documentation area

This area is used for result verification, report generation, and record keeping. Reports must be
checked carefully before release to prevent transcription and reporting errors. Documentation

also ensures traceability, confidentiality, and legal safety.
e Biomedical waste disposal area

This area is used for segregation and temporary storage of laboratory waste before final
disposal. Waste should be separated into color-coded containers according to type. Proper

waste handling reduces infection risk and protects the environment.
4.3 Laboratory Design and Workflow

A hematology laboratory should be designed for smooth movement of specimens, staff, and
materials. The layout must reduce contamination, prevent sample mix-up, and support
biosafety.

Adequate space, ventilation, lighting, power backup, and easy access to utilities are important.
e Sample flow in the laboratory

Sample flow should follow a one-way path from collection to reporting. Each specimen must
be properly labeled, received, processed, analyzed, and documented. A clear workflow

reduces delay, confusion, and the risk of pre-analytical and post-analytical errors.
e Pre-analytical stage

The pre-analytical stage includes patient identification, sample collection, labeling, transport,
and acceptance. This stage is the most error-prone because mistakes can occur before the test
begins.

Proper collection tubes, correct volume, and timely delivery are essential for valid results.
e Analytical stage
The analytical stage begins when the specimen is tested by manual or automated methods.

It includes instrument operation, calibration, quality control, and result generation.
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Accuracy at this stage depends on correct technique, functioning equipment, and trained

personnel.

e Post-analytical stage

The post-analytical stage includes result verification, interpretation, reporting, and record
keeping.
Abnormal or doubtful results may need repeat testing or smear review before release.

Careful documentation and timely communication are essential for patient safety.

e Turnaround time and workflow efficiency

Turnaround time is the period from specimen receipt to report delivery. Efficient workflow,
automation, and good communication help reduce delays. Short turnaround time improves

clinical decision-making and overall laboratory service quality [3].

4.4 Hematology Laboratory Equipment

e Compound microscope
A compound microscope is used to magnify blood cells and other tiny structures. In
hematology, it helps examine stained blood smears and cell morphology. It is
essential for manual blood cell observation and differential counts.

e Hemocytometer
A hemocytometer is a counting chamber used for manual cell counting. It has a ruled
grid that helps calculate the number of cells in a known volume. It is commonly used
for RBC, WBC, and platelet counting.

e Pipettes and micropipettes
Pipettes and micropipettes are used to measure and transfer small volumes of liquids
accurately. In hematology, they are used for blood dilution and reagent handling.
Micropipettes are especially useful for very small volumes in microliters.

e Centrifuge
A centrifuge separates blood components by rapid spinning. It helps separate plasma
or serum from cells based on density differences. It is widely used in sample

preparation and hematological testing.
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ESR apparatus

An ESR apparatus is used to measure erythrocyte sedimentation rate. It shows how
fast red blood cells settle in a vertical tube. It is a useful test in inflammation and
some disease conditions.

Refrigerator

A refrigerator is used to store blood samples, reagents, and controls at low temperature.
It helps maintain the stability and quality of laboratory materials. Proper refrigeration
is important for accurate hematology testing.

Incubator

An incubator provides controlled temperature conditions for laboratory work.
In hematology, it is used for sample incubation and some reaction-based tests.
It ensures consistent and reliable test conditions.

Biosafety cabinet

A biosafety cabinet is a protective workspace for handling blood and infectious
materials safely. It reduces exposure to aerosols and protects the user and sample. It is
important for safe handling of biohazardous specimens.

Hemoglobin meter

A hemoglobin meter is used to estimate hemoglobin concentration in blood.It gives
quick results for diagnosing anemia and related disorders.It is often used in clinics,
labs, and field settings.

Coagulation analyzer

A coagulation analyzer measures the clotting ability of blood.It is used for tests like
PT, aPTT, and INR.It helps diagnose bleeding and clotting disorders.

Blood mixer / tube rotator

A blood mixer or tube rotator gently mixes blood with anticoagulants or reagents. It
prevents clotting and keeps the sample uniform before analysis. It helps maintain

sample quality for accurate results.

4.5 Manual Hematology Techniques

An automated hematology analyzer performs rapid blood cell counts and related
measurements.
It can report RBC, WBC, platelet count, hemoglobin, and indices automatically.

It improves speed, accuracy, and efficiency in hematology laboratories.
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Manual CBC

Manual CBC means estimating the main blood parameters by individual manual
methods instead of an automatic analyzer. It usually includes manual RBC count,
WBC count, platelet count, hemoglobin estimation, PCV, and ESR. It is slower than
automated CBC but useful where instruments are unavailable.

Manual RBC count

Manual RBC count is the direct counting of red blood cells using a hemocytometer
under a microscope. The blood is diluted with an RBC diluting fluid and cells are
counted in the ruled chamber. Normal adult range is about 4.5 to 6.0 million cells per
microliter.

Manual WBC count

Manual WBC count is the counting of white blood cells using a hemocytometer after
proper dilution. It helps estimate total leukocyte number in blood when an automated
analyzer is not used. Normal adult range is about 4,000 to 11,000 cells per microliter.
Manual platelet count

Manual platelet count is done by microscopic counting in a counting chamber or by
smear methods. It is used to estimate platelet number when automated counting is not
available. Normal adult range is about 150,000 to 400,000 platelets per microliter.
Manual hemoglobin estimation

Manual hemoglobin estimation means measuring hemoglobin concentration by simple
laboratory methods. It is commonly done by Sahli’s method or cyanmethemoglobin
method. Normal adult hemoglobin is about 13 to 17 g/dL in males and 12 to 15 g/dL
in females.

Sahli’s method

Sahli’s method is a simple manual method for hemoglobin estimation based on acid
hematin formation. Blood is mixed with acid and the color is matched with a standard
comparator. It is easy to perform, but less accurate than modern methods.
Cyanmethemoglobin method

The cyanmethemoglobin method is a standard method for hemoglobin estimation.
Blood hemoglobin is converted into cyanmethemoglobin and measured
colorimetrically at 540 nm. It is accurate and widely accepted in laboratory practice.
Packed cell volume (PCV)

Packed cell volume, or hematocrit, is the percentage of blood volume occupied by red
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blood cells after centrifugation. It reflects the concentration of RBCs in blood and
helps assess anemia or polycythemia. Normal PCV is about 40 to 50% in males and
36 to 46% in females.

e Erythrocyte sedimentation rate (ESR)
ESR is the rate at which red blood cells settle in a vertical tube in one hour. It is a
nonspecific test that increases in inflammation, infection, and some chronic diseases.
Normal ESR is about 0 to 15 mm/hr in men and 0 to 20 mm/hr in women, though it

may vary with age.

4.6 Automated Hematology

Automated hematology refers to the use of instruments to count and analyze blood cells
quickly and accurately. It reduces manual work and gives standardized results for CBC
and related tests It is widely used in modern clinical laboratories. The principle is based
on measuring physical or optical properties of blood cells. Instruments identify cells by
size, internal complexity, light scatter, or fluorescence. The system then calculates blood

counts and cell indices automatically [4].

e Electrical impedance method
This method works by detecting changes in electrical resistance when cells pass
through a small aperture. Each blood cell causes a pulse, and the number and size of
pulses are measured. It is commonly used for counting RBCs, WBCs, and platelets.

e Optical detection method
Optical detection uses light to analyze cells as they pass through a beam. The amount
of light blocked or scattered helps identify cell size and structure. It improves
accuracy and helps classify different blood cells.

e Flow cytometry
Flow cytometry analyzes cells one by one as they move in a fluid stream. Cells pass
through lasers, and the scattered light is recorded for measurement and classification.
It is highly useful for detailed cell analysis and immunophenotyping [5].

e Fluorescence technology
Fluorescence technology uses special dyes that bind to cell components and emit light
when excited. The emitted fluorescence helps detect cell type, maturity, and internal

features. It increases sensitivity and is useful for detecting abnormal cells.
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e Advantages of automation
Automation gives fast results with high precision and less human error. It can process
many samples in a short time, which saves labor and time. It also provides
standardized and reproducible test results.

e Limitations of automation
Automated analyzers are expensive to buy and maintain .They may give inaccurate
results in abnormal samples such as clotted or fragmented blood. Manual review is

still needed in some cases for confirmation.
4.6 Automated Hematology

Automated hematology analyzers measure blood cells by passing diluted samples through
sensing zones that detect physical and optical properties. They combine electrical impedance,
light scatter, and fluorescence signals to count and classify red cells, white cells, and platelets.
The system converts these signals into a complete blood count with differential and various
cell indices. Built-in algorithms generate histograms, scattergrams, and flags to highlight

abnormal or suspicious results.
e FElectrical impedance method

Cells suspended in conductive fluid pass one-by-one through a small aperture between two
electrodes. Each cell momentarily increases electrical resistance, producing a voltage pulse
whose number indicates count and height indicates volume. This method reliably enumerates
RBCs, platelets, and total WBCs and generates size distribution histograms. Limitations
include coincidence errors, size overlap between large platelets and small RBCs, and

interference from clumps or debris.
e Optical detection method

A focused stream of cells intersects a laser beam and scatters light in different directions.
Forward scatter correlates with cell size while side scatter reflects internal complexity,
granularity, and nuclear structure. Distinct scatter patterns allow separation of major white cell
populations and improve discrimination of overlapping cell sizes. Optical data complement
impedance by resolving ambiguities such as nucleated RBCs, giant platelets, and abnormal
leukocytes [6].
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e Flow cytometry

Flow cytometry measures multiple characteristics of individual cells as they flow in single file
through a laser interrogation point. Hematology analyzers apply simplified flow-cytometric
principles to obtain size, complexity, and sometimes fluorescence from each cell. Detectors
collect forward scatter, side scatter, and fluorescence signals to build multidimensional cell
profiles. These profiles support accurate differential counts, reticulocyte analysis, and detection

of immature or abnormal cell populations.

e Fluorescence technology

Fluorescent dyes bind to nucleic acids so that cells with more RNA or DNA emit stronger
signals when excited by laser. Reticulocytes, immature platelets, and nucleated white cells
show characteristic fluorescence that distinguishes them from mature cells. Fluorescence
channels improve reticulocyte counts, immature platelet fraction, and white cell differential
with better flagging of blasts and abnormal cells. This technology enhances sensitivity in

thrombocytopenia, anemia, and suspected hematologic malignancies.

e Advantages of automation

Automation provides rapid, high-throughput complete blood counts with excellent precision
and reproducibility. It generates numerous parameters and graphical displays that aid in
detecting subtle abnormalities and guiding smear review. Standardized methods reduce
operator variability and minimize direct exposure to blood specimens. Integrated flags and

rules help prioritize manual microscopy and improve overall diagnostic efficiency.

e Limitations of automation

Automated analyzers cannot fully replace manual peripheral smear examination for detailed
morphological assessment. Certain conditions like cold agglutinins, platelet clumps, giant
platelets, and extreme leukocytosis can cause inaccurate counts or misclassification.
Algorithm-based differentials may misidentify rare or abnormal cells, making flags screening
tools rather than definitive diagnoses. High costs, maintenance needs, and strict quality

requirements add to the operational burden.
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4.7 Automated Hematology Analyzers

e Sysmex hematology analyzer

Sysmex analyzers use a combination of electrical impedance, optical scatter, and fluorescence
flow cytometry for cell counting and differential. They provide advanced parameters like
NRBC, immature granulocytes, reticulocyte hemoglobin, and immature platelet fraction with
every CBC. Fluorescence channels enhance detection of reticulocytes, nucleated cells, and
abnormal leukocytes for better flagging performance [7]. The systems support high throughput,

body fluid analysis, and integration with slide makers and digital morphology units.

e Beckman Coulter hematology analyzer

Beckman Coulter instruments are based on the Coulter Principle of electrical impedance for
accurate cell counting and volume measurement. They employ VCS technology combining
Volume (impedance), Conductivity (radiofrequency), and Scatter (laser light) to characterize
white cell populations. This triaxial analysis improves differential accuracy and detection of
abnormal cells with enhanced data fusion algorithms. The analyzers offer high reliability,

sweep-flow technology to reduce recirculation, and comprehensive flagging for smear review.

e Horiba hematology analyzer

HORIBA hematology analyzers combine impedance, optical absorbance, and cytochemical
methods in compact benchtop designs suitable for small to medium laboratories. Models like
Yumizen and ABX Pentra provide CBC, differential, and optional CRP measurement with
minimal sample volume requirements. They feature touchscreen interfaces, Linux-based
operating systems, and support for multiple QC levels with Levey-Jennings and radar graphs.
These analyzers emphasize ease of use, low reagent consumption, and connectivity through

standard communication protocols.

e Daily operation of analyzer

Begin each day by powering on the instrument, running startup diagnostics, and verifying
reagent and waste levels. Perform internal quality control using at least two levels of control
material and review results on Levey-Jennings charts before patient testing [8]. Load properly

labeled patient samples in racks or open-tube mode, ensuring adequate mixing and correct tube
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types for each test. After completing runs, review flags and histograms, perform required clean

cycles, and document daily activities in the logbook.

e Maintenance of analyzer

Daily maintenance includes running blank counts, probe cleaning, and checking for leaks,
clogs, or error messages on the display. Weekly or monthly tasks involve deep cleaning of
optical components, replacing filters, and verifying pipetting accuracy with gravimetric checks.
Schedule preventive maintenance with the service engineer for aperture replacement, lamp
changes, and comprehensive performance verification. Maintain detailed records of all

maintenance activities, corrective actions, and parts replaced as required by quality standards.

e C(Calibration of analyzer

Calibration is performed during installation, after major repairs, or when QC trends indicate
systematic shifts beyond acceptable limits. Use manufacturer-provided calibrators with
assigned target values to adjust measurement channels for RBC, WBC, hemoglobin, and
platelets. After calibration, run independent verification materials to confirm accuracy before
releasing patient results and document all calibration data. Recalibrate only when necessary

and follow strict acceptance criteria to maintain traceability and measurement reliability.

e Troubleshooting common analyzer problems

High background or blank counts usually indicate contaminated diluent, dirty apertures, or
carryover requiring cleaning cycles and fresh reagents. Platelet clumping or falsely low counts
may result from EDTA-induced aggregation, requiring sample recollection in citrate and
histogram review. Persistent QC failures or drift suggest calibration issues, reagent
degradation, or optical problems needing investigation and possible recalibration. Reagent
errors, air bubbles, or line blockages are resolved by checking levels, priming lines, and

ensuring proper connections throughout the fluidic system.
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4.8 Coagulation Laboratory

e Introduction to coagulation testing

Coagulation testing evaluates the hemostatic system including platelets, clotting factors, and
fibrinolytic pathways for bleeding or thrombotic disorders. Common screening tests include
PT, APTT, fibrinogen, and D-dimer to assess extrinsic, intrinsic, and common pathways. These
tests guide diagnosis, anticoagulant monitoring, and preoperative evaluation in clinical

practice.
e Sample collection for coagulation studies

Blood is collected in light blue-top tubes containing 3.2% sodium citrate at a 9:1 blood-to-
anticoagulant ratio. Tubes must be properly filled, gently mixed, and centrifuged to obtain
platelet-poor plasma for testing. Underfilled tubes, clots, or hemolysis can significantly alter

results and must be rejected.
e Prothrombin time (PT)

PT measures the extrinsic and common pathways by adding tissue factor and calcium to plasma
and timing clot formation. It is prolonged in warfarin therapy, vitamin K deficiency, liver
disease, and factor VII deficiency. Results are reported in seconds and INR for standardized

warfarin monitoring.
e Activated partial thromboplastin time (APTT)

APTT evaluates the intrinsic and common pathways using a contact activator, phospholipid,
and calcium to initiate clotting. It is prolonged by unfractionated heparin, hemopbhilia, lupus
anticoagulant, and severe factor deficiencies. APTT is used to monitor heparin therapy and

investigate unexplained bleeding.
e Fibrinogen estimation

Fibrinogen is commonly measured by the Clauss method where excess thrombin is added to
diluted plasma and clot time is inversely proportional to concentration. Low levels occur in
DIC, severe liver disease, and massive bleeding while elevated levels indicate inflammation or

acute-phase response. It serves as both a clotting factor and acute-phase reactant.
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e D-dimer testing

D-dimer is a fibrin degradation product formed during breakdown of cross-linked fibrin clots
by plasmin. Elevated levels indicate active clotting and fibrinolysis as seen in DVT, PE, DIC,
or recent surgery but lack specificity [9]. It is primarily used to rule out venous

thromboembolism in low to intermediate risk patients when negative.

e Automated coagulation analyzers

Automated coagulation analyzers perform PT, APTT, fibrinogen, and D-dimer using photo-
optical, electromechanical, or electrochemical detection methods. They offer high precision,
small sample volumes, automatic dilutions, and built-in quality control with LIS connectivity.
Modern systems use multi-wavelength detection to correct for icterus, lipemia, and hemolysis

interference.

4.9 Laboratory Safety

Laboratory safety is essential for protecting laboratory personnel, patients, and the environment
from infectious agents, chemicals, and accidental injuries. Appropriate PPE, such as laboratory
coats, gloves, and eye protection, should be used whenever handling specimens or hazardous
materials, while proper hand hygiene must be performed before and after sample handling and
after glove removal. All blood and body-fluid specimens should be considered potentially
infectious and transported in properly labeled, leak-proof containers with secondary
containment to prevent spills and aerosol generation. Sharps, including needles and blades,
must never be recapped and should be discarded immediately into puncture-resistant
containers. Laboratory work surfaces and equipment should be regularly cleaned, disinfected,
and decontaminated, and blood spills should be managed promptly using an appropriate
disinfectant such as sodium hypochlorite with adequate contact time. In case of accidental
exposure, the affected area should be washed or flushed immediately, and the incident must be
reported promptly for medical assessment, possible post-exposure prophylaxis (PEP),

documentation, and corrective action.

4.10 Biosafety and Biomedical Waste Management

Biosafety principles protect laboratory personnel, patients, and the environment from

biological hazards. They include safe specimen handling, proper PPE use, disinfection, and
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infection-control practices. These measures reduce occupational exposure, contamination, and

laboratory-acquired infection

e Universal Precautions

Universal precautions require all blood and body-fluid specimens to be treated as potentially
infectious. Gloves, lab coats, masks, and eye protection should be used when required. Hand

hygiene and safe handling of sharps are essential to prevent exposure and infection.

e Use of Biosafety Cabinet

A biosafety cabinet provides a controlled environment for handling potentially infectious
specimens. It protects the worker, specimen, and surrounding environment from biological

aerosols. Proper airflow, disinfection, and correct working procedures must be maintained.
e Aecrosol Prevention

Aerosols can be generated during centrifugation, pipetting, vortexing, and opening specimen
containers. Use sealed containers, safety cups, and appropriate PPE to minimize aerosol
formation.

Centrifuge tubes should be opened carefully, preferably inside a biosafety cabinet when

appropriate.
e Biomedical Waste Segregation

Biomedical waste must be segregated at the point where it is generated. Waste should be
separated according to its type and placed in the appropriate designated container. Proper

segregation prevents infection, injury, contamination, and improper disposal.
e Color-Coded Waste Containers

Biomedical waste is collected in designated color-coded bags or containers according to waste
category. Yellow, red, white, and blue categories are used for different types of biomedical
waste under Indian regulations. Correct color coding ensures safe treatment, transportation, and

final disposal.
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e Safe Disposal Methods

Biomedical waste should be treated and disposed of using approved methods such as
autoclaving, incineration, or authorized recycling. Sharps must be collected in puncture-proof
containers to prevent needle-stick injuries. Waste should be handled only by trained personnel

following applicable biomedical waste management rules.
4.11 Quality Control

Quality Control (QC) is a set of procedures used to monitor and maintain the accuracy and
precision of laboratory test results. It helps identify errors and variations during laboratory
testing.

QC ensures that test results are reliable, reproducible, and clinically useful. It is an essential

part of routine laboratory practice.

e Internal Quality Control (IQC)

Internal Quality Control involves testing control materials along with patient samples on a
regular basis. The obtained values are compared with established acceptable ranges. It helps
detect random and systematic errors within the laboratory. 1QC allows corrective action before

reporting patient results.

e External Quality Assessment (EQA)

External Quality Assessment evaluates laboratory performance by comparing results with an
external reference or other participating laboratories [10]. Unknown samples are provided by
an authorized EQA or proficiency-testing provider. The laboratory analyzes the samples and
submits the results for evaluation. EQA helps identify performance problems and improve

overall laboratory quality.

e Levey-Jennings Chart

A Levey-Jennings chart is used to graphically monitor QC results over time. The chart shows
the mean value and standard deviation limits, usually +1, +2, and £3 SD. It helps identify
trends, shifts, and random variations in analytical performance. It is commonly used together

with Westgard rules.
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e Westgard Rules

Westgard rules are statistical rules used to interpret internal quality-control results. They help
detect random and systematic errors in laboratory testing. Common rules include 12s, 1ss, 228,
Rus, and 41s.When a rejection rule is violated, the cause should be investigated before reporting

results.

e (alibration and Verification

Calibration establishes the relationship between instrument measurements and known
reference values. Verification confirms that an instrument or method performs according to
specified requirements. Calibration should be performed at defined intervals and after major
maintenance or reagent changes when required. Proper calibration and verification ensure

accurate and reliable results.

¢ (Quality Control in Manual Methods

Manual methods require careful control of reagents, equipment, procedures, and environmental
conditions. Known positive and negative controls should be tested along with patient samples
when applicable. Pipetting accuracy, incubation time, temperature, and reagent quality must be

monitored. Proper documentation helps detect and prevent analytical errors.

¢ Quality Control in Automated Methods

Automated analyzers use control materials to continuously monitor analytical performance.
QC results are evaluated using predefined ranges and statistical rules. Instrument calibration,
maintenance, reagent stability, and error flags should be monitored regularly. Automation

improves consistency but still requires proper QC and technical supervision.
4.12 Quality Assurance

Quality Assurance (QA) is a systematic approach used to ensure the overall quality of
laboratory services. It covers all stages of testing, including pre-analytical, analytical, and post-
analytical processes.QA focuses on preventing errors rather than only detecting them. It

promotes reliable results, patient safety, and continuous improvement.
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e Difference Between QA and QC

Quality Assurance is a broad system that ensures quality throughout the entire laboratory
process.

Quality Control is a specific component of QA that monitors analytical performance.
QA is mainly preventive, whereas QC focuses on detecting and controlling errors.
Both are essential for accurate and reliable laboratory services.

e Standard Operating Procedures (SOPs)

SOPs are written instructions describing the correct and standardized method for performing
laboratory procedures. They include specimen handling, testing procedures, equipment
operation, QC, safety, and reporting requirements. SOPs reduce variation between operators
and help prevent procedural errors. They should be regularly reviewed, updated, and followed
by trained personnel.

e Pre-analytical Quality Assurance

Pre-analytical QA covers all activities before the actual testing of a specimen. It includes
patient identification, proper specimen collection, labeling, transportation, and storage. Correct
specimen type and adequate sample volume are also important. Proper control of this phase

reduces specimen rejection and testing errors.

e Analytical Quality Assurance

Analytical QA ensures that testing procedures produce accurate, precise, and reproducible
results.

It includes validated methods, appropriate reagents, calibration, equipment maintenance, and
internal QC. Staff competency and adherence to SOPs are also essential. Regular monitoring

helps identify and correct analytical problems.

e Post-analytical Quality Assurance

Post-analytical QA includes result validation, interpretation, reporting, and communication of

laboratory findings. Results should be reviewed for analytical errors, critical values, and
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unusual findings when applicable. Reports must be accurate, complete, confidential, and issued

to the appropriate recipient. Timely reporting is important for effective patient management.

e ISO 15189 and Laboratory Quality Standards

ISO 15189 is an international standard specifying requirements for quality and competence in
medical laboratories. It covers personnel, equipment, processes, documentation, quality
management, and risk management. Compliance supports reliable laboratory services and
continuous quality improvement. Accreditation against the standard demonstrates that a

laboratory meets recognized quality and competency requirements.
4.13 Laboratory Information System (LIS)

A Laboratory Information System (LIS) is a computerized system used to manage laboratory
information and processes. It records patient details, test requests, specimen information,
results, and reports. LIS connects different stages of laboratory workflow electronically. It

improves efficiency, accuracy, traceability, and data management [11].

e Functions of LIS

LIS manages patient registration, test ordering, sample processing, result entry, validation, and
report generation. It can interface with laboratory instruments and automatically transfer test
results. It also supports quality control, billing, inventory, and statistical reporting in many

laboratories. These functions improve workflow and reduce manual documentation.

e Sample Tracking

LIS assigns identification numbers or barcodes to specimens for accurate tracking. The
movement of samples can be monitored from collection through processing and reporting. It
helps identify the status and location of specimens within the laboratory. This improves

traceability and reduces the risk of lost or mislabeled samples.

e Report Generation

LIS generates laboratory reports using validated patient and test information.

Results from automated instruments can often be transferred directly into the system.
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Reports may include patient details, test results, reference ranges, and relevant comments.

Electronic reporting improves speed, accuracy, and accessibility of laboratory results.
e Data Storage and Retrieval

LIS stores laboratory records -electronically in a structured and secure database.
Patient results and previous laboratory reports can be retrieved when required.
Proper access controls help maintain  confidentiality —and data security.
Electronic storage also facilitates auditing, statistical analysis, and long-term record

management.
e Role of LIS in Error Reduction

LIS reduces errors by using barcode identification, automated data transfer, and standardized
reporting processes [12]. It minimizes manual transcription and helps prevent incorrect patient
or specimen identification. Automatic reference ranges, result checks, and alerts can support
accurate reporting. Overall, LIS improves traceability, efficiency, data accuracy, and patient

safety.
4.14 Summary

Hematology laboratories play an important role in the diagnosis, monitoring, and management
of various hematological disorders. Proper use and maintenance of equipment such as
automated hematology analyzers, microscopes, centrifuges, and coagulation analyzers are
essential for accurate results. Laboratory safety practices, including PPE, biosafety, safe
specimen handling, and biomedical waste management, protect personnel and the environment.
Quality Control (QC) and Quality Assurance (QA) ensure the accuracy, precision, reliability,
and reproducibility of laboratory results. The use of SOPs, calibration, internal and external
quality assessment, Levey-Jennings charts, Westgard rules, and Laboratory Information
Systems further improves laboratory performance. Overall, effective equipment management,
safety practices, and quality systems are essential for providing reliable and clinically useful

hematology results.
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5.1 Introduction

Hematology is an essential branch of laboratory medicine that involves the examination of
blood, blood-forming tissues, and related disorders. Hematological investigations such as
complete blood count (CBC), hemoglobin estimation, erythrocyte count, leukocyte count,
platelet count, hematocrit, erythrocyte indices, erythrocyte sedimentation rate (ESR), and
peripheral blood smear examination play an important role in the diagnosis, monitoring, and
management of various diseases. The accuracy and reliability of these investigations depend
not only on the analytical performance of laboratory instruments but also on the quality of the
specimen submitted for testing. The laboratory testing process can broadly be divided into three
major phases: pre-analytical, analytical, and post-analytical phases. The pre-analytical phase
includes all activities performed before the actual laboratory analysis, beginning with test
requisition and patient preparation and continuing through specimen collection, identification,
labeling, transportation, processing, and storage. Errors occurring during this phase can
significantly affect the quality and reliability of laboratory results. Specimen collection is one
of the most important components of the pre-analytical phase in hematology. Appropriate
patient identification, selection of the correct collection tube, proper venipuncture technique,
adequate sample volume, and appropriate blood-to-anticoagulant ratio are essential for
obtaining a suitable specimen. For example, ethylenediaminetetraacetic acid (EDTA) is
commonly used for complete blood count testing, while sodium citrate is generally used for
coagulation investigations and ESR-related procedures. Incorrect selection or use of
anticoagulants may produce inaccurate or misleading laboratory findings. Several patient-
related, specimen-related, and procedure-related variables can influence hematological test
results. These include the patient's posture, prolonged tourniquet application, physical activity

before collection, timing of collection, difficult venipuncture, hemolysis, clot formation,
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inadequate specimen volume, improper mixing, and contamination. In addition, delays in
transportation or analysis and inappropriate storage conditions may result in changes in blood
cell morphology and numerical parameters. Improper specimen handling can have a
considerable effect on commonly performed hematological investigations. Changes in
temperature and prolonged storage may affect parameters such as red blood cell count, white
blood cell count, platelet count, mean corpuscular volume, and hematocrit. Similarly, clotted
or insufficient specimens may make certain investigations unreliable or unsuitable for analysis.
Therefore, recognition and prevention of pre-analytical variables are essential for maintaining
the accuracy and reproducibility of hematology laboratory results. Pre-analytical errors are also
an important cause of specimen rejection in clinical laboratories. Common reasons for rejection
include mislabeled or unidentified specimens, clotted blood, inadequate sample volume, use of
an inappropriate collection tube, hemolysis, leakage, and excessive delay in transportation or
processing. Frequent specimen rejection can increase laboratory workload, delay reporting,
require repeat specimen collection, and potentially affect patient care. Medical Laboratory
Technologists have an important role in controlling pre-analytical variables. Following
standardized specimen collection procedures, correctly identifying patients, using appropriate
collection containers, maintaining proper blood-to-anticoagulant ratios, adequately mixing
specimens, and ensuring appropriate transportation and storage can substantially improve
specimen quality. Continuous staff training, adherence to standard operating procedures
(SOPs), internal quality control, and documentation of specimen rejection are also important
components of quality assurance. Therefore, systematic assessment of specimen collection
practices and pre-analytical variables is essential for improving the quality of hematology
laboratory services. Studying the frequency and types of pre-analytical errors can help identify
common sources of error and provide opportunities for corrective and preventive measures.
The present study focuses on specimen collection and pre-analytical variables in hematology,
with particular emphasis on factors that may influence specimen quality and the reliability of

hematological test results.
5.2. Types of Hematological Specimens

Hematological investigations require appropriately collected and preserved biological
specimens for accurate laboratory analysis. The type of specimen selected depends on the test
being performed and may include whole blood, plasma, serum, bone marrow, and peripheral

blood preparations. Proper specimen selection, collection, handling, transportation, and storage
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are essential because inappropriate specimens can produce inaccurate results or require repeat

collection.
5.2.1 Whole Blood

Whole blood contains red blood cells, white blood cells, platelets, plasma, and clotting factors.
It is one of the most commonly used specimens in hematology. Whole blood collected into an
appropriate anticoagulant is used for investigations such as complete blood count (CBC),
hemoglobin estimation, hematocrit/packed cell volume (PCV), red blood cell indices, white
blood cell count, platelet count, and peripheral blood smear examination [1,2]. EDTA-
anticoagulated whole blood is the preferred specimen for most routine hematological
investigations because EDTA preserves cellular morphology and prevents coagulation by
chelating calcium ions. The recommended blood-to-anticoagulant ratio and adequate mixing

are important for obtaining reliable results [1,3].
5.2.2 Plasma

Plasma is the liquid component of anticoagulated blood and contains water, electrolytes,
proteins, clotting factors, hormones, and other dissolved substances. It is obtained by
centrifuging blood collected in an appropriate anticoagulant tube. Plasma is particularly
important for coagulation investigations such as prothrombin time (PT), activated partial
thromboplastin time (APTT), and fibrinogen estimation [2,4]. For coagulation testing, sodium
citrate is commonly used as the anticoagulant. An appropriate blood-to-citrate ratio is essential
because excess citrate or inadequate filling of the collection tube can alter coagulation test

results [4].
5.2.3 Serum

Serum is the fluid remaining after blood has been allowed to clot and the clot has been removed.
Unlike plasma, serum does not contain fibrinogen and most other clotting factors consumed
during coagulation. Although serum is not the routine specimen for most cellular hematology
investigations, it may be required for certain hematology-related biochemical, immunological,

and serological investigations [2,5].
5.2.4 Bone Marrow Specimen

Bone marrow is the primary site of hematopoiesis and is an important specimen for

investigating disorders affecting blood-cell production. Bone marrow aspiration provides
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cellular material that can be examined cytologically, while a bone marrow biopsy provides a
tissue specimen for evaluation of marrow architecture and cellularity. Bone marrow
examination may be performed in the investigation of conditions such as unexplained
cytopenias, leukemia, myelodysplastic disorders, plasma-cell disorders, and other
hematological abnormalities [6]. Proper collection, preparation, labeling, and rapid processing

are important for maintaining specimen quality.
5.2.5 Peripheral Blood Smear

A peripheral blood smear is a thin film of blood spread on a glass slide and appropriately stained
for microscopic examination. It allows assessment of red blood cell morphology, white blood
cell morphology and differential count, and platelet appearance. Peripheral blood smear
examination can provide important information in the evaluation of anemia, leukocyte
abnormalities, thrombocytopenia, leukemia, parasitic infections, and other hematological
conditions [1,7]. The quality of a peripheral smear depends on specimen quality, time between
collection and smear preparation, slide preparation technique, staining procedure, and proper
microscopic examination. Delayed preparation or poorly prepared specimens may cause

morphological changes that can interfere with interpretation.

5.2.6 Capillary Blood

Capillary blood is obtained by skin puncture, usually from the fingertip in adults and older
children or from an appropriate heel site in infants. It may be used when only a small volume
of blood is required, particularly for hemoglobin estimation, hematocrit, blood cell counts, and
certain point-of-care investigations [1,8]. Proper skin-puncture technique is important because
excessive squeezing of the puncture site can cause tissue-fluid contamination and may affect
the quality of the specimen. The first drop may also be removed when required by the specific

collection procedure [8].
5.3. Patient Preparation Before Specimen Collection

Proper patient preparation is an important component of the pre-analytical phase of
hematological testing. Factors related to the patient before blood collection can influence
laboratory results and may contribute to biological variation or pre-analytical errors.
Appropriate preparation helps ensure that the specimen collected is suitable for analysis and

that the laboratory results accurately reflect the patient's physiological condition [9].
5.3.1 Patient Identification
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Correct patient identification is the first and most important step before specimen collection.
The patient's identity should be confirmed using appropriate identifiers, such as the patient's
full name and another approved identifier, and these details should be matched with the
laboratory request. Proper identification helps prevent specimen mix-ups and incorrect

reporting of results [9,10].
5.3.2 Verification of Test Request

Before collecting the specimen, the healthcare professional should verify the requested
hematological investigations and determine the appropriate specimen type, collection tube,
anticoagulant, and required specimen volume. Any relevant clinical information should also be
reviewed when necessary because it may influence specimen collection and interpretation

[9,11].
5.3.3 Patient Information and Communication

The patient should be informed about the blood collection procedure in a clear and
understandable manner. Explaining the procedure can reduce anxiety and help the patient
remain relaxed during specimen collection. The patient's questions should be addressed, and

consent should be obtained according to institutional policy and applicable requirements [9].
5.4. Blood Collection Procedures

Blood collection is an important part of the pre-analytical phase because improper collection

can cause hemolysis, clot formation, contamination, and inaccurate laboratory results [12,13].

> Patient identification: Verify the patient's identity using appropriate identifiers and

match the information with the laboratory request [12].

> Prepare equipment: Arrange the appropriate needle, collection tubes, tourniquet,

antiseptic, gloves, gauze, labels, and sharps container before collection [12,13].

> Select the site: The median cubital vein is generally preferred for routine venipuncture.
Avoid sites with hematoma, infection, edema, or intravenous infusion where possible

[12].

> Apply tourniquet: Apply the tourniquet appropriately and avoid prolonged venous
stasis [12,13].
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» Disinfect the site: Clean the selected site with an appropriate antiseptic and allow it to

dry before venipuncture [12].

» Perform venipuncture: Insert the needle into the selected vein and collect the required

amount of blood using the appropriate collection tube [12,13].

» Use the correct tube: EDTA is commonly used for CBC and other routine

hematological investigations, while sodium citrate is used for coagulation tests [13,14].

» Maintain correct blood volume: Fill anticoagulant tubes to the recommended volume

to maintain the correct blood-to-anticoagulant ratio [13,14].

» Mix gently: Immediately after collection, gently invert anticoagulated tubes according
to the manufacturer's recommendations. Avoid vigorous shaking to prevent hemolysis

[12,13].
5.5. Anticoagulants Used in Hematology

Anticoagulants are substances that prevent blood from clotting by interfering with the
coagulation process. They are essential for preserving blood specimens for hematological
investigations. The choice of anticoagulant depends on the type of laboratory test being

performed.
5.5.1 EDTA (Ethylenediaminetetraacetic Acid)

EDTA is the most commonly used anticoagulant in hematology. It prevents coagulation by
binding calcium ions. It is mainly used for complete blood count (CBC), hemoglobin
estimation, RBC, WBC and platelet counts, RBC indices, and peripheral blood smear
examination. KzEDTA and KsEDTA are commonly used forms.

5.5.2 Sodium Citrate

Sodium citrate prevents coagulation by reversibly binding calcium ions. It is mainly used for
coagulation studies, including prothrombin time (PT) and activated partial thromboplastin time
(APTT). It is also used for certain ESR methods. Correct blood-to-anticoagulant ratio is

particularly important for coagulation testing.
5.5.3 Heparin

Heparin enhances the activity of antithrombin, thereby inhibiting thrombin and other clotting

factors. Lithium or sodium heparin is commonly used for plasma-based biochemical
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investigations and some specialized laboratory procedures. It is not routinely preferred for CBC

because it may interfere with leukocyte and platelet morphology.
5.5.4 Oxalates

Oxalates prevent coagulation by precipitating calcium ions. Potassium oxalate has been used
in combination with sodium fluoride for glucose estimation, although other anticoagulant
systems are commonly preferred in modern laboratory practice. Excess oxalate may cause

cellular changes and therefore has limited application in routine hematology.

5.6. Specimen Storage

Proper storage of hematological specimens is an important part of the pre-analytical phase.
Incorrect temperature, excessive storage time, or inappropriate storage conditions can produce

changes in blood-cell morphology and affect laboratory results.

> EDTA whole blood: Specimens for CBC should preferably be analyzed as soon as
possible after collection. If analysis is delayed, the specimen should be stored under

conditions recommended by the laboratory and test manufacturer.

> Temperature: EDTA blood is generally maintained at controlled room temperature for
short-term storage. Refrigeration may cause changes in cellular morphology and should

not be used indiscriminately for routine hematology specimens.

> Coagulation specimens: Citrated plasma specimens require prompt processing. After
separation, plasma may be refrigerated or frozen according to the specific coagulation

test requirements.

> Avoid repeated temperature changes: Repeated cooling and warming can affect

specimen integrity and may contribute to inaccurate results.

> Avoid prolonged storage: Extended storage can produce changes in RBC, WBC, and

platelet morphology and may affect parameters such as MCV and platelet counts.

> Proper labeling: Stored specimens must remain correctly labeled and traceable to the

patient.
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>

Storage duration: The acceptable storage period depends on the specific test,
specimen type, analyzer, and laboratory SOP. Therefore, manufacturer and laboratory

guidelines should be followed.

5.7. Quality Control and Quality Assurance

Quality Control (QC) and Quality Assurance (QA) are essential for maintaining the

accuracy, reliability, and consistency of hematology laboratory results. They help identify and

prevent errors throughout the pre-analytical, analytical, and post-analytical phases.

Quality Control (QC)

Quality control refers to the procedures used to monitor the performance of laboratory tests

and instruments. In hematology, QC includes:

>

>

>

>

>

>

Use of appropriate control materials for hematology analyzers.
Running normal and abnormal control samples at defined intervals.
Monitoring parameters such as CBC results and analyzer performance.
Maintaining calibration and preventive maintenance of instruments.
Recording and reviewing QC results.

Investigating and correcting results when QC is outside acceptable limits.

Quality Assurance (QA)

Quality assurance is a broader system of planned activities designed to ensure that laboratory

services consistently meet established quality standards. It includes:

»

»

>

Standard Operating Procedures (SOPs).

Proper patient identification and specimen collection.
Appropriate specimen labeling, transportation, and storage.
Staff training and competency assessment.

Monitoring specimen rejection and pre-analytical errors.
Regular equipment maintenance and calibration.

Internal and external quality assessment.
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> Documentation and corrective/preventive actions.
5.8. Conclusion

Specimen collection and pre-analytical variables play a crucial role in maintaining the accuracy
and reliability of hematological investigations. Proper patient identification, preparation, blood
collection, selection of appropriate anticoagulants, correct specimen handling, transportation,
and storage are essential for obtaining high-quality specimens. Pre-analytical errors such as
hemolysis, clot formation, inadequate sample volume, incorrect anticoagulant ratio, improper
mixing, mislabeling, and delayed processing can significantly affect hematological results and
may lead to specimen rejection or repeat collection. Therefore, strict adherence to standard
operating procedures and established laboratory guidelines is necessary. Effective quality
control and quality assurance programs, regular staff training, proper documentation, and
continuous monitoring of specimen-related errors can help reduce pre-analytical problems.
Medical Laboratory Technologists have an important responsibility in ensuring proper
specimen collection and handling. Overall, effective management of the pre-analytical phase
contributes to accurate laboratory reporting, improved patient safety, and better quality of

hematology laboratory services.
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OVERVIEW

Routine haematology represents a fundamental component of clinical laboratory medicine,
providing essential information for the assessment, diagnosis, monitoring, and management of
a wide range of haematological and systemic disorders. Laboratory investigation of blood
enables evaluation of cellular components, haemoglobin status, erythrocyte morphology,
leukocyte patterns, platelet abnormalities, and selected aspects of haemostasis. These
investigations are frequently used as first-line diagnostic tools because they are relatively
accessible, rapid, and capable of providing valuable information about the patient’s overall

health.

This chapter, “Routine Haematology: Laboratory Investigation in Clinical Practice,” presents
the major routine investigations performed in a clinical haematology laboratory, with emphasis
on their principles, specimen requirements, methodologies, interpretation, and clinical
applications. Important investigations include haemoglobin estimation, packed cell volume,
erythrocyte count, total and differential leukocyte counts, platelet count, erythrocyte indices,
peripheral blood smear examination, erythrocyte sedimentation rate, reticulocyte count, and
basic coagulation screening tests such as prothrombin time and activated partial thromboplastin

time.

Particular emphasis is placed on the relationship between laboratory findings and clinical
conditions. Variations in red cell parameters may assist in the classification of anaemias, while
changes in leukocyte count and differential distribution can provide important clues to

infections, inflammatory disorders, marrow diseases, and haematological malignancies.
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Platelet counts and coagulation screening tests are useful in evaluating bleeding and thrombotic

disorders and in monitoring selected therapeutic interventions.

The chapter also highlights the importance of proper patient preparation, specimen collection,
anticoagulant selection, sample handling, quality control, and recognition of pre-analytical and
analytical errors. Understanding these factors is essential for generating reliable and clinically
meaningful results. Overall, routine haematological investigations form an indispensable
bridge between laboratory science and clinical decision-making, making their accurate

performance and interpretation essential skills for medical laboratory professionals.
6.1 Introduction

Routine hematological investigation forms the foundation of laboratory medicine and plays a
vital role in the diagnosis, prognosis, and monitoring of a wide range of diseases. Hematology
is the branch of medical science concerned with the study of blood, blood-forming organs, and
disorders affecting blood cells and coagulation. Because blood reflects physiological and
pathological changes occurring throughout the body, routine hematological tests are among the

most frequently requested laboratory investigations in both outpatient and inpatient settings.

A routine hematological investigation typically includes a complete blood count (CBC),
hemoglobin estimation, hematocrit or packed cell volume (PCV), erythrocyte sedimentation
rate (ESR), peripheral blood smear examination, reticulocyte count, and platelet evaluation.
These tests provide valuable information about the number, morphology, and function of red
blood cells, white blood cells, and platelets, thereby aiding in the detection of conditions such
as anemia, infections, inflammatory disorders, hematological malignancies, bleeding disorders,

and other systemic diseases. [1]

Advancements in laboratory technology have significantly enhanced the accuracy, speed, and
reliability of hematological investigations. Automated hematology analyzers now provide
comprehensive cell counts, red cell indices, histograms, scattergrams, and diagnostic flags
within minutes, while microscopic examination of peripheral blood smears remains
indispensable for confirming abnormal findings and identifying morphological changes that

automated systems may not detect.

The accuracy of hematological investigations depends not only on analytical methods but also
on proper specimen collection, appropriate anticoagulant use, meticulous sample handling,

stringent quality control measures, and accurate interpretation of laboratory findings.
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Therefore, understanding the principles, methodologies, and clinical significance of routine

hematological investigations is essential for medical laboratory professionals. [1,2]
6.2 Definition of Routine Haematology

Routine haematology is the branch of laboratory medicine concerned with the examination and
analysis of blood and its cellular components using standardized laboratory techniques to
assess normal physiological status and detect haematological and systemic disorders. It
encompasses a range of commonly performed investigations that evaluate erythrocytes,
leukocytes, platelets, and selected haemostatic parameters. Routine haematological tests,
including the complete blood count (CBC), peripheral blood smear examination, erythrocyte
sedimentation rate (ESR), reticulocyte count, and basic coagulation screening tests, provide
essential information for the diagnosis, prognosis, and monitoring of a wide variety of clinical

conditions.

Routine haematology forms the cornerstone of clinical laboratory practice due to its pivotal
role in the early detection and management of diseases such as anaemia, infections,
inflammatory disorders, bleeding abnormalities, haematological malignancies, and bone
marrow disorders. Advances in automated haematology analyzers have significantly improved
the speed, precision, and reliability of routine investigations; however, microscopic
examination and expert interpretation remain indispensable for confirming abnormal findings
and correlating laboratory results with the patient's clinical condition. Accurate specimen
collection, standardized analytical procedures, and stringent quality assurance measures are

essential to ensure reliable and clinically meaningful results. [3]
6.3 Essential Instruments and Equipment

A well-equipped routine haematology laboratory is fundamental for the accurate analysis of
blood specimens and the reliable diagnosis of haematological disorders. The selection of
appropriate instruments depends on the laboratory's workload, level of automation, and
diagnostic services offered. Basic laboratory equipment includes an automated haematology
analyzer for complete blood count (CBC) and differential leukocyte count, a binocular or
trinocular light microscope for peripheral blood smear examination and cell morphology
assessment, and a microhematocrit centrifuge for determining packed cell volume (PCV).
Additional essential instruments include an ESR analyzer or Westergren ESR stand, laboratory
centrifuge for specimen preparation, haemoglobinometer (where automated analyzers are

unavailable), adjustable micropipettes, vortex mixer, analytical balance, and water bath for
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specific laboratory procedures. Refrigerators (2—8°C) and deep freezers are required for the

proper storage of reagents, quality control materials, and selected specimens.

Supporting equipment is equally important for maintaining laboratory efficiency, safety, and
quality assurance. These include biosafety cabinets for handling potentially infectious
specimens, automated slide makers and stainers (in high-throughput laboratories), barcode
label printers, laboratory information systems (LIS), uninterrupted power supply (UPS), and
calibrated timers. Standard laboratory consumables such as Neubauer haemocytometers, glass
slides, cover slips, staining racks, test tubes, specimen racks, lancets, syringes, vacutainer
systems, personal protective equipment (PPE), and biomedical waste disposal containers are
indispensable for routine operations. Regular instrument calibration, preventive maintenance,
and adherence to quality control protocols are essential to ensure analytical accuracy,

reproducibility, and compliance with laboratory accreditation standards. [4]
6.4 Types of Blood Specimens

The accuracy of routine haematological investigations largely depends on the selection of an
appropriate blood specimen. In routine clinical practice, blood specimens are broadly classified
into whole blood, plasma, and serum, each serving specific diagnostic purposes. Whole blood
is the most commonly used specimen in haematology and consists of all cellular components
suspended in plasma. It is collected in tubes containing an appropriate anticoagulant, most
commonly ethylenediaminetetraacetic acid (EDTA), and is used for complete blood count
(CBC), peripheral blood smear examination, erythrocyte sedimentation rate (ESR),
reticulocyte count, and other cellular analyses. Plasma is obtained by centrifuging
anticoagulated blood and contains clotting factors, making it suitable for coagulation studies
and selected biochemical investigations. Serum is the fluid remaining after blood has been
allowed to clot and centrifuged; although it is primarily used for biochemical, serological, and

immunological investigations, it has limited applications in routine haematology.

Based on the method of collection, blood specimens may also be classified as venous, capillary,
and arterial blood. Venous blood is the specimen of choice for most routine haematological
investigations due to its ease of collection, adequate volume, and consistent composition.
Capillary blood, obtained by skin puncture of the fingertip or heel, is commonly used when
only a small volume of blood is required, particularly in neonates, infants, and point-of-care
testing. Arterial blood is rarely used in routine haematology but is primarily collected for

arterial blood gas analysis and specialized investigations. Appropriate specimen selection,
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correct collection techniques, and timely processing are essential to maintain specimen

integrity and ensure accurate laboratory results. [3,5]
6.5 Venous and Capillary Blood Collection

Accurate blood collection is a critical pre-analytical step that directly influences the reliability
of haematological investigations. Venous blood collection (venipuncture) is the preferred
method for most routine haematology tests because it provides an adequate volume of blood
with minimal contamination and allows multiple investigations to be performed from a single
specimen. Venous blood is commonly collected from the median cubital, cephalic, or basilic
vein of the antecubital fossa using a sterile needle and evacuated tube (Vacutainer) system or
syringe. Proper patient identification, aseptic technique, appropriate order of draw, gentle
mixing with the anticoagulant, and prompt labeling of the specimen are essential to prevent

haemolysis, clot formation, and pre-analytical errors. [6]

Capillary blood collection is performed by skin puncture using a sterile lancet and is
indicated when only a small volume of blood is required, such as in neonates, infants, patients
with difficult venous access, and point-of-care testing. In adults and older children, the lateral
surface of the fingertip is the preferred puncture site, whereas the medial or lateral plantar
surface of the heel is recommended for infants. The first drop of blood is generally wiped away
to remove tissue fluid contamination, and subsequent drops are collected without excessive
squeezing, which may cause haemodilution and affect test results. Although capillary sampling
is convenient and minimally invasive, venous blood remains the specimen of choice for most
routine haematological investigations because it provides greater analytical accuracy,

consistency, and sufficient sample volume. [6,7]
6.6 Specimen Handling, Transportation, and Storage

Proper specimen handling, transportation, and storage are essential to preserve the integrity of
blood samples and ensure accurate haematological test results. Immediately after collection,
blood specimens should be gently inverted 8-10 times to ensure complete mixing with the
anticoagulant and prevent clot formation; vigorous shaking should be avoided to minimize
haemolysis. Each specimen must be accurately labelled with the patient's identification details,
date and time of collection, and specimen type. Blood samples should be transported to the
laboratory as soon as possible, preferably within 2 hours of collection, using leak-proof
containers while avoiding excessive agitation, extreme temperatures, and prolonged delays that

may alter cellular morphology and analytical parameters.
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When immediate analysis is not possible, specimens should be stored under appropriate
conditions according to the type of investigation. EDTA-anticoagulated blood for routine
haematological analysis is ideally examined within 4-6 hours of collection; however, it may
be stored at 2—-8°C for up to 24 hours with minimal changes in most parameters. Peripheral
blood smears should be prepared promptly after collection to preserve cellular morphology.
Specimens requiring coagulation studies should be transported and processed without delay to
maintain clotting factor activity. Adherence to standard operating procedures (SOPs), proper
biosafety practices, and recommended storage conditions minimizes pre-analytical errors and

ensures the generation of reliable, reproducible, and clinically meaningful laboratory results.

Table 1. Recommended Storage Conditions & Anticoagulants for Common Haematology

Specimens
Specimen Primary Use Recommended Storage
EDTA whole blood CBC, DLC, platelet count 2-8°C if delayed
Peripheral blood ' o o
Morphological examination Air-dried at room temperature
smear
Process promptly; if delayed,
Citrated plasma Coagulation tests (PT, APTT) separate plasma and store
appropriately
Room temperature; perform
ESR specimen ESR determination
promptly

6.7 Complete Blood Count (CBC)
6.7.1 Principle and Clinical Importance

The Complete Blood Count (CBC) is one of the most fundamental and frequently requested
laboratory investigations in clinical practice. It provides a comprehensive quantitative and
qualitative assessment of the cellular components of peripheral blood, including red blood cells
(RBCs), white blood cells (WBCs), and platelets. The CBC is primarily performed using
automated haematology analyzers that employ principles such as electrical impedance (Coulter

principle), optical light scattering, flow cytometry, and fluorescence-based detection to
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enumerate and characterize blood cells with high accuracy and precision. These automated
systems rapidly generate multiple haematological parameters while simultaneously producing
histograms, scattergrams, and abnormal cell flags that assist in identifying potential

pathological conditions.

The CBC measures several essential parameters, including haemoglobin concentration, total
RBC count, total WBC count, platelet count, packed cell volume (PCV or haematocrit), red
blood cell indices, and differential leukocyte count. Together, these parameters provide
valuable information regarding erythropoiesis, immune status, inflammatory responses,
haemostasis, and bone marrow function. Because the accuracy of CBC results depends heavily
on specimen quality, appropriate blood collection, anticoagulant selection, timely analysis, and

stringent quality control measures are integral components of the testing process.

The Complete Blood Count serves as the cornerstone of routine haematological evaluation and
is indispensable in the diagnosis, monitoring, and prognosis of a wide range of clinical
conditions. It is commonly used as a screening investigation during routine health
examinations, preoperative assessments, hospital admissions, and emergency evaluations.
Variations in CBC parameters often represent the earliest laboratory evidence of underlying

disease, enabling timely diagnosis and appropriate clinical intervention.

Assessment of haemoglobin concentration, RBC count, and red cell indices facilitates the
diagnosis and classification of anaemia, polycythaemia, nutritional deficiencies, and disorders
affecting erythropoiesis. Evaluation of the total and differential leukocyte counts provides
important information regarding bacterial, viral, parasitic, and fungal infections, inflammatory
disorders, allergic conditions, autoimmune diseases, and haematological malignancies such as
leukaemia and lymphoma. Similarly, platelet count and related indices aid in the assessment of

bleeding disorders, thrombocytopenia, thrombocytosis, and thrombotic conditions.

Beyond diagnosis, the CBC plays a vital role in monitoring disease progression and therapeutic
response. Serial CBC measurements are routinely employed to evaluate patients undergoing
chemotherapy, radiotherapy, bone marrow transplantation, immunosuppressive therapy, and
haematinic supplementation, as well as to monitor recovery following acute illness or major
surgery. When interpreted alongside the patient's clinical history, physical examination, and
complementary laboratory investigations, the CBC provides a reliable and cost-effective

assessment of haematological status. [8]

6.7.2 Components of CBC
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The Complete Blood Count (CBC) comprises a group of quantitative and calculated
haematological parameters that collectively evaluate the cellular components of peripheral
blood. These parameters provide valuable information regarding erythropoiesis, immune
function, haemostasis, and bone marrow activity. Modern automated haematology analyzers
simultaneously measure or calculate these parameters from a single EDTA-anticoagulated

blood specimen, allowing rapid and accurate assessment of a patient's haematological status.
6.7.3 Haemoglobin (Hb)

Haemoglobin (Hb) is an iron-containing conjugated protein present within red blood cells that
is responsible for the transport of oxygen from the lungs to peripheral tissues and the return of
carbon dioxide from tissues to the lungs. It consists of four globin chains, each containing a

haem group with a central ferrous (Fe?*) iron atom capable of reversibly binding oxygen.

Haemoglobin concentration is one of the most important parameters of the CBC and serves as
the primary indicator for assessing the oxygen-carrying capacity of blood. In automated
haematology analyzers, haemoglobin is commonly measured using spectrophotometric

methods after controlled lysis of erythrocytes.

Reduced haemoglobin concentration is characteristic of various forms of anaemia resulting
from blood loss, nutritional deficiencies, chronic diseases, haemolysis, or bone marrow
disorders. Conversely, increased haemoglobin levels may occur in polycythaemia, chronic
hypoxia, congenital heart disease, and dehydration. Because haemoglobin concentration is
influenced by age, sex, pregnancy, and altitude, interpretation should always consider

appropriate reference intervals and the patient's clinical condition. [8,9]
6.7.4 Red Blood Cell (RBC) Count

The Red Blood Cell (RBC) count represents the total number of erythrocytes present in a
specified volume of whole blood. Erythrocytes are biconcave, anucleate cells specialized for

respiratory gas transport through their haemoglobin content.

Automated analyzers determine RBC count using electrical impedance or optical flow
cytometric techniques, ensuring rapid and reproducible enumeration. The RBC count provides
valuable information regarding bone marrow erythropoietic activity and circulating red cell

mass.
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A decreased RBC count is observed in anaemias caused by haemorrhage, haemolysis,
nutritional deficiencies, chronic kidney disease, bone marrow failure, and malignancies. An
increased RBC count is commonly associated with primary or secondary polycythaemia,
chronic pulmonary disease, prolonged residence at high altitude, dehydration, and excessive
erythropoietin production. Since the RBC count alone does not reflect cell size or haemoglobin
content, it should always be interpreted in conjunction with haemoglobin concentration, packed

cell volume, and red cell indices.
6.7.5 White Blood Cell (WBC) Count

The White Blood Cell (WBC) count measures the total number of leukocytes circulating in
peripheral blood. Leukocytes are essential components of the immune system and play a central
role in host defence against infectious agents, inflammatory processes, allergic reactions, and

immune-mediated disorders.

Automated haematology analyzers enumerate leukocytes following selective red cell lysis
using impedance, optical light scatter, or fluorescence-based technology. The total WBC count
is frequently accompanied by a differential leukocyte count, which identifies individual

leukocyte populations.

An elevated WBC count (leukocytosis) commonly occurs in bacterial infections, acute
inflammation, tissue injury, physiological stress, corticosteroid therapy, and certain
haematological malignancies such as leukaemia. Conversely, a decreased WBC count
(leukopenia) may result from viral infections, bone marrow suppression, autoimmune diseases,
severe bacterial infections, chemotherapy, radiotherapy, or certain medications. Because
numerous physiological and pathological conditions influence leukocyte numbers,

interpretation requires correlation with the differential count and clinical findings. [9]
6.7.6 Platelet Count

Platelets, also known as thrombocytes, are small, anucleate cytoplasmic fragments derived
from bone marrow megakaryocytes. Their principal function is the maintenance of primary

haemostasis through adhesion, activation, aggregation, and participation in clot formation.

Platelet enumeration is routinely performed by automated haematology analyzers using
impedance or optical methods. In addition to platelet count, modern analyzers may provide
platelet indices such as mean platelet volume (MPV) and platelet distribution width (PDW),

which offer further information regarding platelet production and morphology.
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Thrombocytopenia, defined by a reduced platelet count, may occur due to decreased
production, increased peripheral destruction, splenic sequestration, disseminated intravascular
coagulation, autoimmune disorders, infections, or drug-induced suppression. Patients with
severe thrombocytopenia are at increased risk of spontaneous bleeding. Conversely,
thrombocytosis may be reactive, as seen in infections, inflammatory disorders, iron deficiency,
and postsplenectomy states, or primary, resulting from myeloproliferative neoplasms. Accurate
platelet counting is therefore essential in evaluating bleeding disorders, monitoring

chemotherapy, and guiding platelet transfusion therapy.
6.7.7 Packed Cell Volume (PCV) or Haematocrit

Packed Cell Volume (PCV), also referred to as haematocrit (Hct), represents the proportion of
whole blood occupied by erythrocytes and is expressed as either a percentage or decimal

fraction. It provides an estimate of total red cell mass relative to plasma volume.

Traditionally, PCV is determined using the microhaematocrit centrifugation method; however,
in modern laboratories it is generally calculated automatically from the measured RBC count

and mean corpuscular volume. PCV is influenced by both erythrocyte number and cell size.

Reduced PCV values are observed in anaemia, acute or chronic blood loss, overhydration, and
bone marrow failure, whereas elevated values occur in polycythaemia, dehydration, burns, and
chronic hypoxic conditions. Since plasma volume changes can affect PCV independently of
red cell mass, results should always be interpreted together with haemoglobin concentration

and RBC count for accurate clinical assessment. [10]
6.7.8 Red Blood Cell Indices (MCV, MCH, MCHC, RDW)

Red blood cell indices are calculated parameters that describe the size and haemoglobin content
of'erythrocytes. They are indispensable for the laboratory classification of anaemia and provide

important clues regarding the underlying pathophysiological process.

Mean Corpuscular Volume (MCYV) represents the average volume of individual erythrocytes
and is expressed in femtolitres (fL). It classifies anaemia as microcytic, normocytic, or

macrocytic, thereby facilitating differential diagnosis.

Mean Corpuscular Haemoglobin (MCH) indicates the average amount of haemoglobin
present in a single erythrocyte and is expressed in picograms (pg). It reflects the haemoglobin

content of individual red cells.
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Mean Corpuscular Haemoglobin Concentration (MCHC) measures the average
concentration of haemoglobin within packed red blood cells and is expressed in grams per
decilitre (g/dL). Reduced MCHC is characteristic of hypochromic anaemia, whereas increased

values are uncommon but may occur in hereditary spherocytosis or analytical artefacts.

Red Cell Distribution Width (RDW) measures the wvariation in erythrocyte size
(anisocytosis). Increased RDW is frequently observed in iron deficiency anaemia, mixed
nutritional deficiencies, and conditions associated with marked variation in red cell
morphology. When interpreted alongside MCV, RDW significantly improves the laboratory

evaluation of anaemia.
6.7.9 Differential Leukocyte Count (DLC)

The Differential Leukocyte Count (DLC) determines the relative and absolute proportions of
the five major leukocyte populations—neutrophils, lymphocytes, monocytes, eosinophils, and
basophils—in peripheral blood. The differential count may be performed manually by
microscopic examination of a stained peripheral blood smear or automatically using multi-
parameter haematology analyzers based on optical, fluorescence, or flow cytometric

technologies.

The DLC provides valuable diagnostic information regarding infectious diseases,
inflammatory conditions, allergic disorders, parasitic infestations, autoimmune diseases, and
haematological malignancies. Neutrophilia commonly indicates acute bacterial infection or
inflammation, whereas lymphocytosis is frequently associated with viral infections and certain
lymphoproliferative disorders. Eosinophilia is characteristic of allergic diseases and parasitic
infections, while monocytosis is observed in chronic infections and inflammatory disorders.
Basophilia, although relatively uncommon, may occur in myeloproliferative neoplasms and
hypersensitivity reactions. Interpretation of the differential count, together with the total WBC
count and peripheral blood smear findings, provides essential information for accurate clinical

diagnosis and patient management. [11]
6.7.10 Clinical Interpretation of CBC

The Complete Blood Count (CBC) is one of the most valuable diagnostic investigations in
clinical medicine, providing essential information about the quantity and characteristics of
blood cells. However, individual CBC parameters should not be interpreted in isolation.

Accurate clinical interpretation requires a systematic evaluation of all CBC components in
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conjunction with the patient's age, sex, clinical history, physical examination, and other
laboratory findings. A comprehensive interpretation enables clinicians to identify underlying
pathological processes, monitor disease progression, evaluate treatment response, and guide

further diagnostic investigations. [11, 12]
Interpretation of White Blood Cell Parameters

The total WBC count and Differential Leukocyte Count (DLC) provide valuable information

regarding immune function and inflammatory responses.

Leukocytosis, an increase in total WBC count, commonly occurs in bacterial infections, acute
inflammation, tissue injury, corticosteroid therapy, stress, and haematological malignancies. In
contrast, leukopenia may result from viral infections, bone marrow suppression, autoimmune

disorders, severe sepsis, chemotherapy, radiotherapy, or certain medications.
Interpretation of the differential count further refines the diagnosis:

e Neutrophilia is commonly associated with acute bacterial infections, inflammation,

trauma, and corticosteroid administration.

o Lymphocytosis is frequently observed in viral infections, pertussis, chronic

lymphocytic leukaemia, and certain autoimmune disorders.

e Monocytosis occurs in chronic infections such as tuberculosis, inflammatory bowel

disease, and recovery from acute infections.

o Eosinophilia is characteristic of allergic diseases, asthma, parasitic infestations, and

certain dermatological disorders.

e Basophilia, although uncommon, is associated with myeloproliferative neoplasms,

particularly chronic myeloid leukaemia, and hypersensitivity reactions.

These findings should always be interpreted in conjunction with the patient's symptoms and

peripheral blood smear examination.
6.8 Peripheral Blood Smear Examination

Peripheral blood smear (PBS) examination is one of the most fundamental and informative
investigations in routine haematology. It involves the microscopic evaluation of a thin film of
peripheral blood spread uniformly over a clean glass slide and stained with an appropriate

Romanowsky stain. Although automated haematology analyzers provide rapid and accurate
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quantitative measurements, microscopic examination of the peripheral blood smear remains
indispensable for assessing blood cell morphology, verifying automated results, identifying
abnormal or immature cells, and detecting haemoparasites. It serves as an essential adjunct to
the Complete Blood Count (CBC) and provides valuable diagnostic information that cannot

always be obtained through automated analysis alone.

Peripheral blood smear examination has significant clinical importance in the diagnosis and
monitoring of anaemias, infections, inflammatory conditions, haematological malignancies,
platelet disorders, and parasitic infections. It facilitates the evaluation of red blood cell
abnormalities such as anisocytosis, poikilocytosis, hypochromia, target cells, spherocytes,
schistocytes, and sickle cells. Similarly, it assists in identifying leukocyte abnormalities
including toxic changes, immature granulocytes, blast cells, atypical lymphocytes, and
dysplastic features. Platelet estimation, platelet morphology, and the detection of platelet
clumping are also important components of smear examination. In addition, the peripheral
blood smear remains the gold standard for the laboratory diagnosis of several blood-borne

parasites, including Plasmodium species and microfilariae. [13]
6.8.1 Preparation of Blood Smear

A high-quality blood smear is essential for accurate microscopic evaluation. The smear should
be prepared as soon as possible after specimen collection, preferably using fresh capillary blood
or well-mixed EDTA-anticoagulated venous blood. A small drop of blood is placed near one
end of a clean, grease-free glass slide, and a second smooth-edged spreader slide is held at an
angle of approximately 30—45°. The spreader is drawn backward to contact the blood drop,
allowing it to spread evenly along its edge, and is then pushed forward with a smooth,

continuous motion to produce a thin, tongue-shaped smear with a well-defined feathered edge.

The prepared smear should be air-dried immediately and protected from dust, moisture, and
excessive heat. Before staining, the smear is inspected to ensure uniform thickness, adequate
length, and the absence of streaks, ridges, holes, or excessive cell overlap. Proper smear
preparation is a critical pre-analytical step, as poorly prepared smears may lead to inaccurate
morphological assessment and diagnostic errors. Therefore, adherence to standardized
preparation techniques and quality control practices is essential for obtaining reliable and

clinically meaningful results.

6.8.2 Staining Techniques (Leishman and Wright—Giemsa)
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Peripheral blood smears are routinely stained using Romanowsky-type stains, which provide
excellent differentiation of blood cell morphology and facilitate the identification of abnormal
cells and blood parasites. Among these, Leishman stain and Wright—Giemsa stain are the most
widely employed in routine haematology laboratories due to their reliability, simplicity, and
ability to produce consistent morphological detail. These stains contain a combination of acidic
and basic dyes, primarily eosin Y and methylene blue derivatives (azure dyes). The acidic dye
stains basic cellular components such as haemoglobin and eosinophilic granules in varying
shades of pink to orange, whereas the basic dyes stain acidic structures, including nuclei, RNA,
and basophilic granules, in shades of blue to purple. This differential staining enables clear

visualization of erythrocytes, leukocytes, platelets, and intracellular inclusions.

Leishman stain is a methanolic Romanowsky stain that combines fixation and staining in a
single reagent. After air-drying, the blood smear is flooded with Leishman stain for fixation,
followed by dilution with buffered water (pH 6.8) to allow proper staining. The stained smear
is then gently washed, air-dried, and examined under the microscope. Leishman staining
produces pink erythrocytes, dark purple nuclei, blue cytoplasm of lymphocytes, and distinct
cytoplasmic granules of granulocytes, making it highly suitable for routine differential

leukocyte counts and morphological evaluation.

Wright—Giemsa stain combines the staining characteristics of Wright and Giemsa stains,
providing enhanced nuclear and cytoplasmic detail with superior demonstration of cellular
inclusions and haemoparasites. It is particularly useful for evaluating abnormal blood cell
morphology, immature leukocytes, and blood-borne parasites such as Plasmodium species and
microfilariae. Regardless of the staining method used, optimal staining quality depends on
proper smear preparation, accurate buffer pH, appropriate staining time, clean glass slides, and
freshly prepared reagents. Poor staining techniques may result in altered cell morphology,
inadequate colour differentiation, and diagnostic inaccuracies. Therefore, adherence to
standardized staining protocols and routine quality control measures is essential to ensure

reliable microscopic examination and accurate laboratory diagnosis. [14]
6.8.3 Morphological Evaluation of Red Blood Cells (RBCs)

Microscopic examination of a peripheral blood smear should follow a systematic approach to
ensure accurate interpretation and minimize the risk of overlooking significant abnormalities.
Initially, the smear is assessed under low-power magnification (10x objective) to evaluate its

overall quality, staining characteristics, cell distribution, and the presence of rouleaux
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formation, platelet clumps, or large abnormal cells. The monolayer or optimal examination
zone, located just behind the feathered edge where red blood cells are evenly distributed with
minimal overlap, is selected for detailed evaluation. Higher magnifications (40x and 100x oil
immersion objectives) are subsequently used to assess cellular morphology and perform

differential leukocyte counts.

Red blood cell (RBC) evaluation includes assessment of size, shape, colour, distribution,
inclusions, and arrangement. Normal erythrocytes are uniform, biconcave discs measuring
approximately 7-8 um in diameter with a central area of pallor occupying about one-third of
the cell diameter. Variations in cell size (anisocytosis) are commonly observed in nutritional
anaemias and mixed red cell disorders, whereas abnormalities in cell shape (poikilocytosis)
may indicate hereditary or acquired haematological diseases. Common abnormal forms include
spherocytes, elliptocytes, target cells, schistocytes, tear-drop cells (dacrocytes), sickle cells,

and acanthocytes, each providing important diagnostic clues.

The staining characteristics of erythrocytes are equally important. Hypochromia, characterized
by an increased central pallor, is typically associated with iron deficiency anaemia and
thalassaemia, whereas polychromasia, indicating the presence of immature reticulocytes,
reflects increased bone marrow activity following haemolysis or acute blood loss. Examination
should also include identification of RBC inclusions, such as Howell-Jolly bodies, basophilic
stippling, Pappenheimer bodies, Cabot rings, and Heinz bodies (demonstrated using supravital
stains), which may suggest specific haematological disorders or splenic dysfunction.
Additionally, abnormal RBC arrangements such as rouleaux formation and agglutination
should be noted, as they are associated with plasma protein abnormalities and autoimmune
haemolytic conditions, respectively. A systematic evaluation of RBC morphology, combined
with CBC parameters and clinical findings, provides invaluable information for the diagnosis,

classification, and monitoring of numerous haematological and systemic diseases. [13,14,15]
6.9 Erythrocyte Sedimentation Rate (ESR)
6.9.1 Introduction

The erythrocyte sedimentation rate (ESR) is a nonspecific laboratory test that measures the rate
at which erythrocytes settle through anticoagulated blood under standardized conditions. It is
primarily influenced by changes in plasma proteins, particularly fibrinogen, which alter the
tendency of red cells to aggregate and form rouleaux. ESR is not a disease-specific

investigation; rather, it serves as an adjunctive marker of systemic inflammation and may be
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useful for assessing disease activity and monitoring response to treatment when interpreted

together with clinical findings and other laboratory investigations.
6.9.2 Principle of ESR

When anticoagulated whole blood is maintained vertically in a calibrated tube, erythrocytes
gradually settle under the influence of gravity. The sedimentation process occurs through three
general phases: rouleaux formation, settling, and packing of erythrocytes. Increased
concentrations of acute-phase proteins, particularly fibrinogen, reduce the repulsive forces
between erythrocytes and promote rouleaux formation. Aggregated red cells have a greater
effective mass and settle more rapidly, resulting in an increased ESR. The result is reported as

the height of the clear plasma column in millimetres after one hour (mm/h).

The ESR is influenced by both plasma and erythrocyte characteristics. Consequently, an
elevated or reduced ESR should not automatically be interpreted as evidence of inflammation

without considering associated haematological and clinical findings. [15]
6.9.3 Westergren Method

The Westergren method is the internationally established reference method for ESR
measurement and is widely used in clinical laboratories. It uses a long, narrow, graduated tube
approximately 200 mm in length, with an internal diameter of about 2.5 mm, calibrated from

0 to 200 mm.

For the conventional method, venous blood is collected into an appropriate anticoagulant
system, traditionally sodium citrate, and mixed thoroughly. The blood is transferred into the
Westergren tube up to the designated zero mark. The tube is positioned vertically and
undisturbed at room temperature, away from vibration, direct sunlight, and temperature
extremes. After 60 minutes, the distance between the upper level of the plasma and the top of

the erythrocyte column is measured in millimetres and reported as mm/h.

Modern modified Westergren systems may use EDTA-anticoagulated blood with appropriate
dilution or standardized commercial collection systems. Laboratories should follow the

validated procedure and manufacturer's instructions applicable to their system.
Advantages
o High sensitivity for detecting changes associated with inflammatory conditions.

o Suitable for a wide range of ESR values.
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o Internationally recognized and standardized.
6.9.4 Wintrobe Method

The Wintrobe method uses a shorter, narrow, graduated glass tube approximately 100 mm in
length and is performed using anticoagulated whole blood without the dilution required by the
conventional Westergren technique. The tube is filled carefully to the zero mark and maintained
vertically at room temperature for one hour. Following sedimentation, the height of the

erythrocyte column is read directly from the graduated scale and expressed in mm/h.

The Wintrobe tube can also be used for determination of packed cell volume (PCV) when
appropriate procedures are followed. Compared with the Westergren method, the Wintrobe
method is less sensitive at markedly elevated ESR values because the shorter column limits the
measurable sedimentation distance. For this reason, the Westergren method is generally

preferred for routine ESR determination and standardization. [16]
6.9.5 Clinical Significance of ESR

ESR is primarily useful as a nonspecific indicator of inflammation. Increased values may occur
in acute and chronic inflammatory disorders because increased plasma fibrinogen and other
acute-phase proteins enhance erythrocyte aggregation. Elevated ESR may be observed in
conditions such as rheumatoid arthritis, systemic autoimmune disorders, chronic infections,
tuberculosis, connective tissue diseases, inflammatory disorders, and some malignancies. It

may also increase in tissue injury, pregnancy, anaemia, and certain renal disorders.

ESR can be particularly useful for monitoring disease activity or therapeutic response in
selected chronic inflammatory conditions. A decreasing ESR may accompany clinical
improvement, whereas persistent elevation may suggest ongoing inflammation. However, ESR
should not be used as an isolated diagnostic test because a normal result does not necessarily

exclude significant disease, particularly during early or localized inflammation.

A low ESR may occur in conditions associated with altered erythrocyte morphology or
increased red cell concentration, including polycythaemia, marked leukocytosis, hereditary
spherocytosis, and some haemoglobinopathies. It may also be reduced when plasma proteins

are abnormally low.
6.9.6 Factors Affecting ESR

ESR is influenced by numerous physiological, pathological, and technical variables.
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1. Plasma Factors
o Increased fibrinogen and other acute-phase proteins generally increase ESR.

e Increased immunoglobulins may enhance rouleaux formation and increase

sedimentation.
e Markedly reduced plasma protein concentrations may decrease ESR.
2. Red Cell Factors

e Anaemia generally increases ESR because reduced red cell concentration facilitates

aggregation and sedimentation.
e Polycythaemia tends to decrease ESR because of increased cellular concentration.

e Abnormal RBC shapes, including sickle cells and marked poikilocytosis, may reduce

rouleaux formation and lower ESR.

e Macrocytosis may increase sedimentation, whereas marked microcytosis may have a

variable or opposing effect.
3. Physiological Factors

ESR may vary with age and sex and is generally higher in females and older individuals.
Pregnancy, particularly in the later stages, may produce a physiological increase. Menstrual

status and certain hormonal influences may also contribute to variation.
4. Disease-Related Factors

Infections, autoimmune and inflammatory disorders, malignancies, anaemia, renal disease, and
tissue injury may increase ESR. Conditions producing abnormal erythrocyte morphology or

increased red cell mass may decrease it.
5. Technical Factors

Accurate ESR measurement requires strict control of pre-analytical and analytical conditions.

Important variables include:
e Incorrect blood-to-anticoagulant ratio.
e Inadequate specimen mixing.

e Delayed testing.
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e Tube inclination from the vertical position.
e Vibration or mechanical disturbance.

o Extreme room temperature.

e Dirty or damaged ESR tubes.

e Air bubbles within the column.

Incorrect filling or reading of the tube.

The ESR should therefore be performed using a standardized method with appropriate quality
control. Results should always be interpreted in conjunction with the CBC, peripheral blood
smear, CRP or other inflammatory markers, and relevant clinical findings rather than being

considered independently. [16,17]
6.10 Reticulocyte Count
6.10.1 Introduction

Reticulocytes are immature erythrocytes that have recently been released from the bone
marrow into the peripheral circulation. They retain residual ribosomal ribonucleic acid (RNA),
which can be demonstrated by supravital staining. Under normal conditions, reticulocytes
mature into fully developed erythrocytes within approximately 1-2 days in peripheral blood.
The reticulocyte count therefore provides an indirect assessment of the rate of effective
erythropoiesis and is particularly useful for determining whether the bone marrow is

responding appropriately to anaemia.

The reticulocyte count may be reported as a percentage of circulating red blood cells or as an
absolute reticulocyte count (ARC). Because the percentage may appear falsely increased when
the total RBC count is markedly reduced, the absolute count and corrected reticulocyte

measures provide more clinically meaningful information in anaemic patients. [ 18]
6.10.2 Principle of Reticulocyte Counting

The conventional principle of reticulocyte estimation is based on the demonstration of residual
intracellular RNA within immature erythrocytes. When fresh blood is mixed with a supravital
stain, such as new methylene blue or brilliant cresyl blue, the residual RNA precipitates within
the reticulocyte and forms a characteristic reticular or granular network. These stained cells

can be differentiated from mature erythrocytes by microscopic examination.
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In automated systems, reticulocytes are identified using fluorescent dyes that bind to
intracellular RNA. The analyzer detects the fluorescence and light-scattering characteristics of
individual cells, allowing reticulocytes to be distinguished from mature erythrocytes and, in

many systems, classified according to their degree of maturation.
The basic reticulocyte percentage may be expressed as:
Reticulocyte % = (Number of reticulocytes / Total RBCs counted) x 100

For patients with significant anaemia, the corrected reticulocyte percentage may be calculated

to compensate for the reduced RBC concentration:
Corrected reticulocyte % = Reticulocyte % x (Patient's Hct / Normal Hct)

The reticulocyte production index (RPI) further adjusts for the premature release of
reticulocytes into circulation during anaemia and provides a more clinically useful estimate of

effective marrow response.
6.10.3 Manual Reticulocyte Count
Specimen

The preferred specimen is freshly collected EDTA-anticoagulated venous blood. The sample
should be adequately mixed before testing and should be analyzed without unnecessary delay

because prolonged storage may affect cellular morphology and staining characteristics.
Method

In the manual method, an appropriate volume of anticoagulated blood is mixed with a
supravital stain, commonly new methylene blue or brilliant cresyl blue. The mixture is
incubated for a standardized period to allow the residual RNA within immature erythrocytes to
precipitate. A blood film is then prepared from the stained suspension, allowed to dry, and

examined microscopically using the 100x oil immersion objective.

A suitable number of erythrocytes, commonly 1,000 cells, are examined systematically.
Reticulocytes are identified by the presence of a characteristic blue reticular network or
multiple dark-blue granules within the erythrocyte. The number of reticulocytes is expressed

as a percentage of the total erythrocytes counted.
Advantages

e Simple and inexpensive.

121



e Requires basic laboratory equipment.

e Useful where automated analyzers are unavailable.

e Provides direct microscopic assessment of reticulocyte morphology. [17,18]
6.10.4 Automated Reticulocyte Count

Modern automated haematology analyzers provide rapid and standardized reticulocyte
enumeration. These systems generally use fluorescent nucleic-acid-binding dyes that penetrate
erythrocytes and bind to residual RNA. The stained cells are then analyzed according to

fluorescence intensity, light scatter, and other optical characteristics.

Automated analyzers can provide both reticulocyte percentage and absolute reticulocyte count,
and many advanced systems also report parameters related to reticulocyte maturation. The
immature reticulocyte fraction (IRF) reflects the proportion of younger reticulocytes containing
relatively greater amounts of residual RN A and may provide an early indication of changes in

erythropoietic activity.
Advantages
o High analytical precision and reproducibility.
e Rapid processing of large numbers of specimens.
e Reduced observer-dependent variation.
e Simultaneous measurement of other CBC parameters.
e Provides absolute reticulocyte counts and additional reticulocyte indices.
o Useful for monitoring dynamic changes in erythropoiesis.
6.10.5 Clinical Applications of Reticulocyte Count

The principal clinical value of the reticulocyte count is the assessment of bone marrow
erythropoietic response, particularly in patients with anaemia. A high reticulocyte count
generally indicates an appropriate marrow response to increased peripheral RBC loss or
destruction, whereas a low or inadequately increased count suggests impaired erythrocyte

production. [19]

1. Evaluation of Anaemia

122



Reticulocyte assessment helps differentiate anaemia caused predominantly by decreased RBC

production from anaemia resulting from increased RBC loss or destruction.

o Increased reticulocyte response: commonly observed in haemolytic anaemia and

following significant blood loss, provided that the bone marrow is functional.

e Reduced or inadequate reticulocyte response: may occur in iron deficiency, vitamin
B12 or folate deficiency, aplastic anaemia, bone marrow failure, chronic kidney disease,

and other disorders associated with impaired erythropoiesis.

Interpretation should consider the degree of anaemia because a reticulocyte percentage that

appears normal may represent an inadequate marrow response in a severely anaemic patient.
2. Assessment of Haemolytic Anaemia

In haemolytic disorders, accelerated destruction of circulating RBCs stimulates erythropoietin
production and increases marrow erythropoiesis. An elevated reticulocyte count therefore
provides supportive evidence of increased RBC turnover. However, a markedly severe
haemolytic process may initially produce an inadequate response if marrow compensation is

insufficient.
3. Monitoring Response to Therapy

Serial reticulocyte measurements are useful for assessing marrow response following treatment
of nutritional anaemias. An appropriate rise following iron, vitamin B12, or folate therapy
indicates restoration of effective erythropoiesis. Reticulocyte monitoring is also useful after

treatment of certain marrow disorders and following erythropoietin therapy.
4. Bone Marrow Function

A persistently low reticulocyte count in the presence of anaemia may indicate inadequate
erythropoietic activity and can support further investigation for bone marrow failure,

infiltration, suppression, or ineffective erythropoiesis.
5. Evaluation of Chronic Kidney Disease

Patients with chronic kidney disease may develop anaemia due to inadequate erythropoietin
production. Reticulocyte assessment helps determine whether erythropoietic activity is
appropriately increased and can be useful in monitoring response to erythropoiesis-stimulating

agents.
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The absolute reticulocyte count is generally preferable to reticulocyte percentage when
assessing marrow response because it is less influenced by changes in the total RBC population.
In significant anaemia, the corrected reticulocyte percentage and reticulocyte production index

can provide additional interpretive value.
6.11 Basic Coagulation Screening Tests
6.11.1 Introduction

Basic coagulation screening tests are laboratory investigations used to assess the integrity of
the haemostatic system and to identify abnormalities of coagulation pathways. They are
particularly useful in the initial evaluation of patients presenting with abnormal bleeding,
suspected coagulation factor deficiencies, liver disease, anticoagulant therapy, disseminated
intravascular coagulation (DIC), and selected thrombotic or systemic disorders. The principal
screening tests include bleeding time (BT), clotting time (CT), prothrombin time (PT),
activated partial thromboplastin time (APTT), and the International Normalized Ratio (INR).

Haemostasis involves a coordinated interaction between vascular responses, platelets,
coagulation factors, natural anticoagulant mechanisms, and fibrinolysis. Consequently, no
single screening test assesses all components of haemostasis. PT primarily evaluates the
extrinsic and common coagulation pathways, whereas APTT evaluates the intrinsic and
common pathways. BT, where historically performed, provides limited information about
primary haemostasis and platelet function, while CT is a nonspecific historical test of the
overall clotting process. Correct specimen collection, appropriate anticoagulation, standardized
testing conditions, and correlation with clinical findings are essential for meaningful

interpretation. [16, 18]
6.11.2 Bleeding Time (BT)
Principle

Bleeding time is a traditional test designed to assess the time required for bleeding to cease
following a standardized skin incision or puncture. It primarily reflects aspects of primary
haemostasis, particularly platelet function and the interaction between platelets and the

vascular endothelium.

Historically, bleeding time was performed using methods such as the Duke method and the Ivy

method, with the Ivy technique providing greater standardization through controlled

124



application of a blood pressure cuff. The time from skin puncture to complete cessation of

bleeding was recorded.
Clinical Significance

A prolonged bleeding time may occur in disorders associated with impaired platelet number or

function and certain abnormalities of von Willebrand factor. It may be prolonged in:

Significant thrombocytopenia

Qualitative platelet disorders

von Willebrand disease

Certain inherited platelet function defects

Some acquired platelet dysfunctions

Bleeding time is not a specific test and can be influenced by skin thickness, vascular factors,

platelet count, technical procedure, and medications.
6.11.3 Clotting Time (CT)
Principle

Clotting time measures the interval required for a sample of whole blood to form a visible clot
under specified experimental conditions. Traditional techniques include the capillary tube
method and Lee—White method. The test provides a crude assessment of the overall coagulation

process but does not identify the specific coagulation factor responsible for an abnormal result.
Clinical Significance

A markedly prolonged clotting time may occur in severe deficiencies of coagulation factors,
significant anticoagulant effects, or advanced coagulation disorders. However, the test has

relatively low sensitivity for many clinically important abnormalities. [19]
6.11.4 Prothrombin Time (PT)
Principle

The Prothrombin Time measures the time required for citrated plasma to form a fibrin clot after
addition of an excess of tissue factor (thromboplastin), phospholipid, and calcium. The test

primarily evaluates the extrinsic and common coagulation pathways.
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The principal factors assessed by PT include:
o Factor VII

Factor X

Factor V

Factor II (prothrombin)

Fibrinogen

Because the test uses an excess of tissue factor and phospholipid, platelet function and most

intrinsic pathway factors do not significantly influence the PT.
Specimen

PT is performed using platelet-poor plasma obtained from sodium citrate-anticoagulated
venous blood. The recommended blood-to-anticoagulant ratio is generally 9:1, making

accurate tube filling particularly important.
Method

Citrated plasma is incubated at the appropriate temperature, followed by addition of
thromboplastin reagent containing tissue factor and phospholipid together with calcium. The
interval between reagent addition and formation of a fibrin clot is measured and reported in

seconds.

Modern coagulation analyzers detect clot formation mechanically, electromagnetically, or

optically, thereby reducing observer-dependent variation.
Clinical Significance

PT is particularly important for:

Monitoring vitamin K antagonist therapy, especially warfarin
o Evaluating suspected factor VII deficiency

o Investigating deficiencies of common pathway factors

e Assessing acquired coagulation abnormalities

o Evaluating liver synthetic function in an appropriate clinical context
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e Supporting investigation of disseminated intravascular coagulation

A prolonged PT may result from vitamin K deficiency, warfarin therapy, severe liver
dysfunction, disseminated intravascular coagulation, or deficiencies/inhibitors affecting factors

VII, X, V, 11, or fibrinogen.
6.11.5 Activated Partial Thromboplastin Time (APTT)
Principle

The Activated Partial Thromboplastin Time measures the time required for citrated plasma to
clot after activation of the intrinsic coagulation pathway in the presence of a surface activator,

phospholipid, and calcium.
APTT primarily evaluates the intrinsic and common coagulation pathways, including:

Factor XII

Factor XI

e Factor IX

o Factor VIII

e Factor X
e FactorV
e FactorII

o Fibrinogen
The test does not directly assess platelet function and is not designed to evaluate factor VIL
Method

Patient plasma is incubated with an appropriate reagent containing a contact activator and
phospholipid. Calcium is subsequently added to initiate coagulation, and the time required for

fibrin clot formation is measured.

APTT is commonly performed using automated coagulation analyzers with optical or

mechanical clot detection.

Clinical Significance
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APTT is useful for:

Investigation of unexplained bleeding
e Detection of intrinsic pathway factor deficiencies
e Evaluation of haemophilia A and haemophilia B

o Investigation of some cases of von Willebrand disease through associated factor VIII

reduction
e Detection and monitoring of unfractionated heparin therapy

o Investigation of specific coagulation inhibitors

Evaluation of disseminated intravascular coagulation

A prolonged APTT may result from deficiencies or inhibitors involving factors VIII, IX, XI, or
XII; heparin exposure; lupus anticoagulant; specific factor inhibitors; or abnormalities

affecting the common pathway.

An isolated prolonged APTT should be interpreted carefully. Where clinically appropriate, a
mixing study can help distinguish a coagulation factor deficiency from an inhibitor. Correction
after mixing generally supports a factor deficiency, whereas persistent prolongation suggests

the presence of an inhibitor or anticoagulant effect.
6.11.6 International Normalized Ratio (INR)
Principle

The International Normalized Ratio (INR) is a standardized expression of the prothrombin time
that compensates, to a degree, for differences in thromboplastin reagent sensitivity between

laboratories.

It is calculated from the patient's PT and the laboratory's mean normal PT using the

International Sensitivity Index (ISI) of the thromboplastin reagent:
INR = (Patient PT / Mean Normal PT)"ISI

The INR allows PT results obtained using different thromboplastin reagents and instruments to

be compared more consistently. [20]
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Clinical Relevance

The principal clinical application of INR is the monitoring of vitamin K antagonist therapy,
particularly warfarin. The therapeutic target depends on the clinical indication and must be
determined according to the patient's treatment protocol. Excessively elevated INR indicates
increased anticoagulant effect and may be associated with an increased risk of bleeding,
whereas an INR below the intended therapeutic range may indicate inadequate anticoagulation

for the relevant clinical indication.

INR should not be interpreted as a universal measure of bleeding risk in patients who are not
receiving vitamin K antagonists. Liver disease, vitamin K deficiency, anticoagulant exposure,
and other acquired conditions can prolong PT and increase INR without representing

therapeutic anticoagulation.
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Overview

Peripheral blood smear examination is an invaluable investigation for the diagnosis of various
clinical diseases, it includes cellular description of various blood cells seen on slide. The
identification of various morphological abnormalities may lead to a definitive or differential
diagnosis and provide clue for further investigations(1). For diagnosis of any pathology, there
must be the triad of clinical history, physical examination and laboratory investigations.
Approximately 70% of clinical diagnosis and treatment decisions are assisted by laboratory
medicine.1 To ensure accurate and reliable results of peripheral blood smear pre-analytical
aspects must be taken care and followed, this includes patient identification, preparation, blood
drawn in specific order, sample transport and its preservation. Blood for peripheral smear is
obtained from peripheral veins in Ethylene diamine tetra-acetic Acid [EDTA] vacutainer in
majority cases. EDTA is considered as the anticoagulant of choice for peripheral blood smear
because it preserves cellular components and blood cells morphology .Proportion of
anticoagulant to blood should also be maintained as excess of EDTA causes shrinkage and
degenerative changes in red and white blood cells. It also causes swelling and fragmentation
of platelets(2). Capillary blood is rarely used for peripheral smear as it contains tissue fluid
thus as compared to venous blood hemoglobin, hematocrit and red cell count are slightly
higher. Formation of rouleaux on smear is seen by blood taken from skin puncture also platelets
adhere to the puncture site, thus platelets count is low. The peripheral blood film must be
prepared from a freshly collected blood sample, well prepared and well stained. Samples should
be transported to the laboratory as soon as possible and must be analyzed within two hours of
blood collection(3) .Blood stored for more than four hours in anticoagulant before the
preparation of blood smear can result in artifacts as red cell crenation and refractile border, also

it may lead to degeneration of cellular elements of blood and may result in a pseudo-
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thrombocytopenia. Peripheral blood smear (PBS) examination remains a fundamental yet
evolving diagnostic tool in hematological research and clinical practice. It involves
microscopic evaluation of stained blood films to assess the morphology, distribution, and
integrity of red blood cells, white blood cells, and platelets. From a research perspective, PBS
extends beyond routine diagnostics into a platform for integrating computational image
analysis, machine learning, and quantitative morphometry. Novel approaches now utilize
digital pathology and artificial intelligence to automate cell classification, detect subtle
morphological abnormalities, and correlate phenotypic patterns with molecular and genetic
profiles(4).

Recent advancements highlight the role of PBS in identifying early biomarkers of systemic
diseases, including autoimmune disorders, malignancies, and infectious conditions. High-
resolution imaging combined with deep learning algorithms enables detection of rare cell
populations and abnormal morphological signatures that are often missed in conventional
analysis. Furthermore, integration with omics data (genomics, proteomics, metabolomics)
provides a systems-level understanding of disease pathophysiology. The novelty in modern
PBS lies in its transformation from a qualitative observational method to a quantitative, Al-
driven diagnostic and prognostic tool. This shift enhances precision medicine by enabling
personalized disease characterization, risk stratification, and treatment monitoring, thereby

bridging traditional hematology with cutting-edge biomedical innovation (5).
7. Introduction:-

Peripheral blood smear (PBS) examination remains one of the most fundamental yet powerful
diagnostic tools in hematology, offering direct visualization of blood cell morphology and
enabling early detection of a wide spectrum of hematological and systemic disorders. Despite
the rapid evolution of automated hematology analyzers and high-throughput diagnostic
technologies, PBS continues to provide indispensable qualitative insights that cannot be fully
captured by numerical parameters alone. This technique involves the microscopic evaluation
of a thin film of peripheral blood, typically stained using Romanowsky stains such as Wright—
Giemsa, allowing detailed assessment of red blood cells (RBCs), white blood cells (WBCs),
and platelets (6).

From a research standpoint, peripheral blood smear examination plays a critical role in bridging

classical hematology with modern diagnostic advancements. Morphological alterations
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observed in PBS often reflect underlying pathophysiological processes, including anemia,
infections, inflammatory disorders, hematological malignancies, and metabolic abnormalities.
For instance, anisocytosis and poikilocytosis provide clues to nutritional deficiencies, while
abnormal leukocyte morphology may indicate leukemias or reactive conditions. Platelet
abnormalities can signal bleeding disorders or bone marrow dysfunction(7). Thus, PBS serves
as a real-time cellular “biopsy” of circulating blood, offering dynamic insights into systemic
health.The novelty of PBS examination in contemporary research lies in its integration with
emerging technologies such as digital pathology, artificial intelligence (Al), and machine
learning. Advanced image analysis systems are now being developed to automate the
identification and classification of blood cells with high precision, reducing observer variability
and improving diagnostic accuracy(8). Al-driven algorithms can analyze thousands of cells
within seconds, detecting subtle morphological changes that may be overlooked by manual
examination. This convergence of traditional microscopy with computational tools is

transforming PBS into a high-impact, data-rich diagnostic modality(9).

Furthermore, PBS is gaining renewed importance in translational and personalized medicine.
Morphological patterns identified in blood smears can be correlated with genomic, proteomic,
and metabolomic data to better understand disease mechanisms and patient-specific variations.
In infectious diseases, for example, PBS remains essential for diagnosing malaria, where
visualization of parasites within erythrocytes is definitive(10). Similarly, in autoimmune and
inflammatory conditions, characteristic cellular changes can guide early diagnosis and
therapeutic decisions.Recent research also emphasizes the role of PBS in resource-limited
settings, where access to advanced diagnostic tools may be restricted. Its cost-effectiveness,
simplicity, and rapid turnaround make it a valuable tool for primary healthcare and
epidemiological studies. Additionally, innovations such as smartphone-based microscopy and
portable digital imaging systems are expanding the accessibility of PBS examination, enabling
remote diagnostics and telehematology.peripheral blood smear examination is not merely a
traditional laboratory technique but a continuously evolving diagnostic platform. Its integration
with cutting-edge technologies and its relevance in both advanced and resource-constrained
settings underscore its enduring significance. As research advances, PBS is poised to play an
even greater role in precision diagnostics, disease monitoring, and the development of novel
therapeutic strategies, reaffirming its position as a cornerstone of modern hematological

investigation (11).
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Figl:- Microscopic Evaluation of Peripheral Blood Smear Showing Morphological
Characteristics of Erythrocytes, Leukocyte and Platelets (6,10).

7.1 Specimen Collection and Preparation:-

Peripheral blood smear examination begins with proper specimen collection, which is critical
for accurate morphological evaluation. Fresh capillary blood obtained by finger prick or
anticoagulated venous blood (EDTA) is used(12). Delay in smear preparation may cause
cellular distortion such as RBC crenation or WBC degeneration. A clean, grease-free glass slide
is essential to ensure even spreading of blood. The quality of the smear depends on drop size,
angle of spreader slide (30—45°), and speed of spreading. An ideal smear shows a gradual
transition from thick to thin regions, ending in a feathered edge where cells are well separated
for examination. Specimen collection, preparation, and examination of a peripheral blood
smear is a fundamental hematological practical that enables detailed morphological assessment
of'blood cells for diagnostic purposes(13). Blood is typically collected using aseptic technique
either by capillary puncture (finger prick) or venipuncture; capillary blood is preferred for
immediate smear preparation to preserve cell morphology, whereas venous blood is collected
in an EDTA anticoagulant tube to prevent clotting, ensuring the sample is well-mixed and free
of hemolysis or clot formation. For smear preparation, a clean, grease-free glass slide is used,

and a small drop of blood is placed near one end; using another slide as a spreader at a 30—45°
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angle, the blood is smoothly pushed forward to create a thin, uniform “feather-edged” smear,
which is then air-dried rapidly to prevent artefacts such as cell distortion or crenation(14). The
smear is subsequently stained using a Romanowsky-type stain such as Leishman, Giemsa, or
Wright stain, which differentially colors cellular components—erythrocytes appear pink due to
hemoglobin affinity for eosin, leukocyte nuclei stain purple-blue due to basic dyes, and
cytoplasmic granules exhibit characteristic colors depending on cell type. After staining and
drying, microscopic examination is carried out under low power (10x) to assess smear quality
and distribution, followed by high power (40%) and oil immersion (100%) for detailed cellular
evaluation(15). The examination focuses on red blood cell morphology (size, shape, color, and
inclusions such as anisocytosis, poikilocytosis, hypochromia, or target cells), white blood cell
differential count (neutrophils, lymphocytes, monocytes, eosinophils, basophils) including
identification of abnormal or immature forms like blasts, and platelet estimation (number, size,
and clumping). The ideal area for examination is the monolayer region just behind the feathered
edge where cells are evenly distributed without overlap. Proper technique is critical, as poor
smear preparation, delayed staining, or improper anticoagulant use can lead to artefacts that
mimic pathological changes, such as platelet clumping or distorted erythrocytes. This practical
is widely used in diagnosing conditions such as anemia, infections, leukemia, and other
hematological disorders, making it an essential skill in clinical laboratory practice, as it
combines technical precision with interpretative expertise to provide rapid and cost-effective

diagnostic insights(16).
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Fig2:-Blood collection procedure through venipuncture process(14,15) .

7.2 Smear Making Technique:

The wedge or push technique is most commonly used. A small drop of blood is placed near
one end of the slide, and another slide (spreader) is used to spread it smoothly. Proper technique
ensures uniform distribution of cells without streaks or holes. Poor smears (too thick, too thin,
or uneven) can lead to misinterpretation. Automated smear preparation systems exist but
manual technique remains essential in practical examinations. The peripheral blood smear
(PBS) is a fundamental hematological laboratory technique used for the qualitative and
quantitative evaluation of blood cells, aiding in the diagnosis of anemia, infections,
hematological malignancies, and various systemic disorders. The smear-making technique
begins with proper sample collection, preferably fresh capillary blood or well-mixed
anticoagulated venous blood (EDTA). A clean, grease-free glass slide is essential to ensure
uniform spreading (17). A small drop of blood is placed about 1 cm from one end of the slide,
and a second slide (spreader) is held at a 30—45° angle, drawn back to touch the drop allowing
blood to spread along its edge, and then pushed forward smoothly and rapidly to create a thin,
even film with a feathered edge. The quality of the smear depends on angle, speed, and drop
size; an ideal smear occupies two-thirds of the slide without streaks or clumps. The smear is
then air-dried quickly to preserve cellular morphology and prevent artifacts. Fixation is usually
done using methanol, followed by staining with Romanowsky stains such as Leishman, Wright,
or Giemsa stain, which differentially highlight cellular components. In the examination phase,
the stained smear is first observed under low power (10x%) to assess overall distribution, smear
quality, and to locate the optimal examination area (monolayer region where cells are evenly
spaced without overlapping)(18). Under high power (40x), leukocyte distribution and
abnormalities are screened, and finally, oil immersion (100x) is used for detailed
morphological analysis. Red blood cells (RBCs) are evaluated for size (microcytic,
macrocytic), shape (poikilocytosis), color (hypochromia, normochromia), and inclusions
(Howell-Jolly bodies, basophilic stippling), which help diagnose conditions like iron
deficiency anemia or hemolytic disorders. White blood cells (WBCs) are assessed for total
count estimation, differential count (neutrophils, lymphocytes, monocytes, eosinophils,
basophils), and morphological abnormalities such as toxic granulation, blasts, or atypical

lymphocytes, which may indicate infections or leukemia. Platelets are examined for number,
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size, and clumping to evaluate thrombocytopenia or platelet disorders. Proper interpretation

requires correlation with clinical findings and automated hematology analyzer results (19).
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Fig2: Steps for Preparation and Examination of a Peripheral Blood Smear (18,19).

This figure illustrates the sequential procedure for preparing a peripheral blood smear for
microscopic analysis. It includes six key steps: (1) placing a drop of blood on a clean glass
slide, (2) spreading the sample using a spreader slide at an appropriate angle to form a thin
smear, (3) allowing the smear to air dry, (4) staining the slide using appropriate stains such as
Leishman or Giemsa, (5) rinsing and drying the stained smear, and (6) examining the
prepared slide under a microscope for cellular morphology assessment. The diagram

emphasizes proper technique and safety precautions during the procedure (19).
7.3 Staining Methods:

Romanowsky stains such as Leishman, Wright, or Giemsa are widely used. These stains
contain eosin (acidic dye) and methylene blue (basic dye), allowing differentiation of cellular

components. RBCs appear pink, nuclei stain purple-blue, and cytoplasmic granules exhibit
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characteristic colors depending on cell type. Proper staining requires correct timing, pH (6.8
buffer), and washing technique. Overstaining or understaining can obscure cellular
morphology, making interpretation difficult. Among staining methods, Romanowsky-type
stains such as Leishman, Giemsa, and Wright stains are most commonly used due to their
ability to differentiate cellular components effectively. Leishman stain, widely used in routine
practice, contains methylene blue (basic dye) and eosin (acidic dye) dissolved in methanol,
serving both as fixative and stain. The staining procedure involves covering the smear with
stain for 1-2 minutes for fixation, followed by dilution with buffered water (pH 6.8) and
allowing staining for 8-10 minutes. The slide is then gently washed, air-dried, and examined
under a microscope. Giemsa stain, often used for parasite detection, requires prior fixation and
longer staining time, providing excellent nuclear and cytoplasmic detail. During examination,
the smear is first scanned under low power (10%) to assess smear quality and distribution,
followed by high power (40%) for general morphology, and oil immersion (100x) for detailed
cellular evaluation. The ideal examination area is the monolayer region where red blood cells
(RBCs) are evenly distributed without overlap. RBC morphology is assessed for size
(anisocytosis), shape (poikilocytosis), color (hypochromia, polychromasia), and inclusions
(Howell-Jolly bodies, basophilic stippling). White blood cells (WBCs) are evaluated for total
count estimation, differential count (neutrophils, lymphocytes, monocytes, eosinophils,
basophils), and abnormal forms such as blasts or atypical lymphocytes, which may indicate
infections, leukemias, or inflammatory conditions. Platelets are assessed for number, size, and
clumping, aiding in diagnosing thrombocytopenia or platelet disorders. The PBS examination
is highly valuable in diagnosing anemia, infections like malaria (Plasmodium species),
hematological malignancies, and systemic diseases. Proper technique, staining accuracy, and
systematic examination are critical to avoid artifacts such as crenation, stain precipitates, or
uneven distribution, which may lead to misinterpretation. Thus, peripheral blood smear
staining and examination remain indispensable, cost-effective, and reliable tools in clinical
pathology, integrating morphological insights with clinical findings for accurate diagnosis and

patient management(20).
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Romanowsky stain (Leishman stain) — Most commonly used for routine hematological examination
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Fig 3 :- Schematic Representation of Staining Methods and Examination Technique of

Peripheral Blood Smear Using Romanowsky (Leishman) Stain (19).

7.4 Microscopic Examination:

The smear is first scanned under low power (10x) to assess distribution and identify suitable
areas (monolayer region). High power (40x) is used for general morphology, while oil
immersion (100x) is essential for detailed examination of RBCs, WBCs, and platelets.
Systematic examination includes RBC morphology, WBC differential count, and platelet
estimation. The feathered edge is particularly useful for detecting abnormal cells such as blasts

or parasites.
7.5 Red Blood Cell (RBC) Morphology:

Evaluation of RBCs includes size, shape, color, and inclusions. Anisocytosis (variation in size)
and poikilocytosis (variation in shape) are key diagnostic features. Hypochromia indicates iron
deficiency, while macrocytosis suggests vitamin B12 or folate deficiency. Abnormal forms
include spherocytes, target cells, sickle cells, and schistocytes, which help in diagnosing
hemolytic anemia, liver disease, or thalassemia. Inclusion bodies such as Howell-Jolly bodies

and basophilic stippling provide further diagnostic clues (21).
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7.6 White Blood Cell (WBC) Evaluation:

WBC examination involves total and differential count along with morphological assessment.
Neutrophils, lymphocytes, monocytes, eosinophils, and basophils are identified based on
nuclear shape and cytoplasmic features. Abnormal findings include left shift (increased
immature neutrophils), toxic granulation, and presence of blasts. These are important in
infections, inflammation, and hematological malignancies such as leukemia. Morphological

changes often correlate with disease severity and progression.

7.7 Platelet Assessment:

Platelets are evaluated for number, size, and morphology. A rough estimate is made by
counting platelets per oil immersion field. Thrombocytopenia or thrombocytosis can be
detected. Giant platelets may indicate bone marrow disorders, while platelet clumping may
falsely lower counts. Platelet morphology is important in diagnosing bleeding disorders and

myeloproliferative diseases.

Practical Significance of Peripheral Blood Smear Examination

Peripheral smear examination is a rapid, cost-effective diagnostic tool providing vital
information about hematological status. It aids in diagnosing anemia, infections (including
malaria parasites), leukemias, and platelet disorders. It also complements automated
hematology analyzers by confirming abnormal flags and detecting morphological
abnormalities that machines may miss. Thus, it remains a cornerstone in clinical pathology and

laboratory medicine.

7.8 Summary:

Peripheral blood smear (PBS) examination is a fundamental diagnostic tool in hematology used
to evaluate the morphology and characteristics of blood cells. It provides valuable information
about red blood cells (RBCs), white blood cells (WBCs), and platelets, aiding in the diagnosis
of a wide range of hematological and systemic disorders.The procedure involves spreading a
drop of blood thinly onto a glass slide, followed by staining—commonly with Romanowsky
stains such as Wright or Giemsa stain. This staining enhances cellular details, allowing for

microscopic evaluation under oil immersion.
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The examination begins with an overall assessment of the smear quality, distribution of cells,
and staining characteristics. RBC evaluation includes size (normocytic, microcytic,
macrocytic), shape (poikilocytosis), and color (normochromic, hypochromic). Abnormal RBC
morphologies such as sickle cells, target cells, spherocytes, and schistocytes provide clues to
conditions like anemia, hemolysis, and hereditary disorders. The presence of inclusions like
Howell-Jolly bodies or basophilic stippling can indicate specific pathological states.WBC
analysis focuses on differential count and morphology. The relative proportions of neutrophils,
lymphocytes, monocytes, eosinophils, and basophils are evaluated. Morphological
abnormalities such as toxic granulation, Dohle bodies, or hypersegmented neutrophils may
indicate infections, inflammation, or megaloblastic anemia. The presence of immature or
abnormal cells such as blasts is critical in diagnosing leukemias and other bone marrow

disorders.

Platelet evaluation includes estimating platelet count and assessing morphology. Platelets may
appear decreased (thrombocytopenia), increased (thrombocytosis), or morphologically
abnormal (giant platelets), which can suggest bleeding disorders, bone marrow diseases, or
reactive conditions.Peripheral smear examination also helps detect blood parasites such as
Plasmodium species in malaria and microfilariae. Additionally, it provides supportive evidence

in systemic diseases like liver disorders, kidney diseases, and infections.

Despite advancements in automated hematology analyzers, PBS examination remains
indispensable due to its ability to reveal morphological abnormalities that machines may miss.
It is especially useful as a confirmatory test and in cases with abnormal automated results.In
conclusion, peripheral blood smear examination is a simple, cost-effective, and highly
informative technique that plays a crucial role in clinical diagnosis. Its ability to provide
detailed cellular insights makes it an essential component of routine laboratory investigations

and disease diagnosis (20,21).

7.9 Conclusion -

The peripheral blood smear (PBS) examination remains a fundamental and indispensable tool
in hematological diagnostics, bridging the gap between automated analysis and clinical
interpretation. Despite advances in automated cell counters and molecular diagnostics, the
microscopic evaluation of a well-prepared blood smear provides critical qualitative and

morphological insights that cannot be entirely replaced by machine-based methods.
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A key strength of PBS lies in its ability to reveal detailed cellular morphology, including
variations in red blood cells (RBCs), white blood cells (WBCs), and platelets. It allows for the
identification of abnormalities such as anisocytosis, poikilocytosis, hemolytic features,
immature leukocytes, and platelet disorders. These observations are essential in diagnosing a
wide spectrum of conditions, including anemias, leukemias, infections, inflammatory states,
and hematological malignancies. Furthermore, PBS plays a vital role in detecting blood

parasites such as Plasmodium species, making it highly relevant in endemic regions.

Another important aspect is its role as a confirmatory and complementary technique. While
automated analyzers provide rapid quantitative data, they may miss atypical cells or flag
inaccuracies. Peripheral smear examination validates these findings and provides context
through visual assessment, thereby improving diagnostic accuracy. It also aids in monitoring
disease progression and treatment response, especially in conditions like leukemia and severe

infections.

From a research and innovation perspective, PBS continues to evolve with digital pathology
and artificial intelligence integration. Advanced image analysis systems are being developed
to enhance pattern recognition, reduce observer variability, and improve efficiency. However,
expert interpretation remains crucial, emphasizing the need for skilled hematologists and

laboratory professionals.

In conclusion, peripheral blood smear examination is a cost-effective, reliable, and highly
informative diagnostic method. Its ability to provide direct visualization of blood cell
morphology ensures its continued relevance in both clinical practice and research. When
combined with modern technologies, PBS not only enhances diagnostic precision but also

contributes significantly to personalized medicine and improved patient outcomes (22).
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OVERVIEW

Disorders of red blood cells (RBCs) represent a diverse group of hematological conditions
that affect the production, structure, function, metabolism, survival, or number of
erythrocytes. Since RBCs are primarily responsible for transporting oxygen to tissues and
carbon dioxide to the lungs, abnormalities in their quantity or function can significantly
impair tissue oxygenation and overall health. This chapter provides a comprehensive
overview of the major disorders affecting red blood cells, with emphasis on their
classification, pathophysiology, clinical manifestations, laboratory diagnosis, and

management.

The chapter begins with a discussion of the normal structure and physiological functions of
RBCs, followed by an overview of the major mechanisms responsible for RBC disorders.
Anemia is discussed in detail, including iron deficiency anemia, megaloblastic anemia,
anemia of chronic disease, hemolytic anemia, aplastic anemia, and sideroblastic anemia.
Important inherited hemoglobin disorders, particularly sickle cell disease and thalassemia, are
also described along with their clinical and laboratory characteristics. In addition, hereditary
RBC membrane disorders such as hereditary spherocytosis and hereditary elliptocytosis, as
well as enzyme deficiencies including glucose-6-phosphate dehydrogenase and pyruvate

kinase deficiency, are reviewed.

The chapter further addresses polycythemia, erythrocytosis, and important morphological
abnormalities observed during peripheral blood examination. Major laboratory investigations,
including complete blood count, RBC indices, peripheral blood smear, reticulocyte count,
iron studies, hemoglobin analysis, and specialized diagnostic tests, are discussed. Finally,
principles of treatment, prevention, screening, genetic counseling, and public health

approaches are highlighted. Overall, the chapter emphasizes the importance of early
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recognition, accurate laboratory diagnosis, appropriate management, and preventive

strategies in reducing complications associated with RBC disorders.

Keywords

Red blood cells; Erythrocytes; Anemia; Hemoglobin disorders; Sickle cell disease;
8.1. INTRODUCTION

Red blood cells (RBCs), also known as erythrocytes, are highly specialized blood cells
responsible primarily for the transportation of oxygen from the lungs to tissues and carbon
dioxide from tissues back to the lungs. Their unique biconcave shape, flexible membrane,
absence of a nucleus, and high concentration of hemoglobin allow them to perform their
functions efficiently within the circulation. In healthy adults, erythrocytes constitute a major
proportion of the cellular components of blood and normally survive for approximately 120
days before being removed predominantly by macrophages in the spleen, liver, and bone

marrow [1,2].

Disorders of red blood cells constitute a broad group of hematological conditions involving
abnormalities in erythrocyte production, structure, hemoglobin synthesis, metabolism,
survival, or number. These disorders range from common nutritional anemias to inherited
diseases such as sickle cell disease and thalassemia. Some conditions are mild and easily
corrected, whereas others are chronic, potentially life-threatening, and associated with

substantial morbidity.

Anemia is the most common clinical manifestation of RBC disorders. It develops when the
blood has an inadequate capacity to transport oxygen because of a reduction in hemoglobin
concentration, hematocrit, or circulating red cell mass. Anemia may result from blood loss,
decreased erythrocyte production, increased destruction of erythrocytes, or a combination of

these mechanisms [2,3].

Inherited abnormalities of hemoglobin, RBC membranes, and erythrocyte enzymes represent
another important group of RBC disorders. Sickle cell disease results from a structural
abnormality of hemoglobin, whereas thalassemias result from reduced synthesis of globin
chains. Membrane disorders such as hereditary spherocytosis affect the shape and mechanical
stability of erythrocytes. Enzyme deficiencies, particularly glucose-6-phosphate
dehydrogenase (G6PD) deficiency, impair the ability of RBCs to withstand oxidative stress
[4-6].
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Understanding the pathophysiology, classification, clinical manifestations, laboratory
findings, and management of RBC disorders is essential for students and healthcare
professionals because these conditions are frequently encountered in clinical and laboratory

practice.
8.2. NORMAL STRUCTURE AND FUNCTIONS OF RED BLOOD CELLS

Mature human erythrocytes are approximately 7-8 um in diameter and have a characteristic
biconcave disc shape. They lack a nucleus, mitochondria, and other major intracellular
organelles. This structural specialization provides a large surface area-to-volume ratio and

shortens the diffusion distance for respiratory gases [1].

The RBC membrane consists of a lipid bilayer supported by an extensive cytoskeletal
network. Important membrane proteins include spectrin, ankyrin, band 3, and protein 4.2.
These proteins maintain erythrocyte shape and flexibility. Abnormalities in these components
can result in hereditary membrane disorders such as hereditary spherocytosis and hereditary

elliptocytosis [5].

Hemoglobin is the major intracellular protein of the erythrocyte. It is composed of four
globin chains, each associated with a heme group containing iron. Adult hemoglobin (HbA)
normally consists of two alpha and two beta chains (a2B2). Hemoglobin binds oxygen

reversibly in the lungs and releases it in peripheral tissues [2].
The major functions of RBCs include:
e Transport of oxygen from the lungs to tissues.
e Transport of carbon dioxide from tissues to the lungs.
e Participation in acid-base regulation.
e Contribution to blood viscosity and rheological properties.
o Transport and buffering of hydrogen ions through hemoglobin.

Erythropoiesis is the process by which RBCs are produced in the bone marrow. It is regulated
primarily by erythropoietin, a hormone produced mainly by the kidneys in response to tissue
hypoxia. Erythropoietin stimulates erythroid progenitor cells and promotes their proliferation

and differentiation [1,7].
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Adequate production of RBCs requires iron, vitamin B12, folate, amino acids, and several
trace elements and vitamins. Disturbance of any of these components may impair

erythropoiesis and result in anemia.

8.3. CLASSIFICATION OF RED BLOOD CELL DISORDERS

RBC disorders can be classified according to their underlying mechanism.
A. Disorders of RBC production

These occur when the bone marrow cannot produce an adequate number of functional RBCs.
Important examples include: Iron deficiency anemia, Vitamin B12 deficiency anemia, Folate

deficiency anemia, Aplastic anemia, Anemia of chronic disease, Sideroblastic anemia
B. Disorders caused by increased RBC destruction
These are generally referred to as hemolytic anemias. They may be inherited or acquired.

Inherited causes include: Hereditary spherocytosis, G6PD deficiency, Pyruvate kinase

deficiency, Sickle cell disease, Thalassemia

Acquired causes include: Autoimmune hemolytic anemia, Mechanical hemolysis, Infections,

Certain drugs and toxins
C. Disorders caused by blood loss

Blood loss may be acute or chronic. Acute hemorrhage can result from trauma or surgery,
whereas chronic blood loss may occur due to gastrointestinal bleeding, heavy menstrual

bleeding, or parasitic infections [3].
D. Disorders of hemoglobin

These include structural hemoglobin variants and quantitative defects in globin synthesis. The

major clinical examples are sickle cell disease and thalassemia [4].
E. Disorders characterized by increased RBC mass

Polycythemia or erythrocytosis is characterized by an increase in circulating RBC mass. It
may be primary, as in polycythemia vera, or secondary to conditions associated with

increased erythropoietin production [8].
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8.4. ANEMIA
8.4.1 Definition and General Features

Anemia is a condition in which the hemoglobin concentration or red cell mass is below the
normal range for age, sex, and physiological status. Because hemoglobin carries oxygen,

significant anemia reduces tissue oxygen delivery [3].

Common symptoms include: Fatigue, Weakness, Shortness of breath, Dizziness, Headache,

Palpitations, Reduced exercise tolerance, Pallor

The severity of symptoms depends not only on the degree of anemia but also on the speed of

its development and the patient's cardiovascular and respiratory reserve.
8.4.2 Classification of Anemia

Anemia can be classified morphologically according to the mean corpuscular volume

(MCV):
Microcytic anemia

MCV is decreased. Common causes include: Iron deficiency anemia, Thalassemia, Anemia of

chronic disease, Sideroblastic anemia

Normocytic anemia

MCYV is generally within the normal range. Causes include: Acute blood loss, Hemolytic

anemia, Anemia of chronic disease, Renal disease, Aplastic anemia
Macrocytic anemia

MCYV is increased. Causes include: Vitamin B12 deficiency, Folate deficiency, Liver disease,

Alcohol use Hypothyroidism, Myelodysplastic disorders, Certain medications [2,3].

Anemia can also be classified physiologically into decreased production, increased

destruction, and blood loss.
8.4.3 IRON DEFICIENCY ANEMIA

Iron deficiency anemia is the most common nutritional anemia worldwide. Iron is essential
for hemoglobin synthesis, and inadequate iron availability results in impaired hemoglobin

production and production of small, hypochromic RBCs [9].
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Causes

Important causes include: Inadequate dietary iron intake, Increased physiological
requirements, Pregnancy, Chronic gastrointestinal blood loss, Menstrual blood loss,

Malabsorption, Parasitic infections
Pathophysiology

Iron deficiency initially causes depletion of body iron stores. Serum ferritin decreases,
followed by reduced availability of iron for erythropoiesis. As deficiency progresses,

hemoglobin synthesis becomes impaired, resulting in microcytic and hypochromic RBCs [9].
Clinical features

Patients may develop: Pallor, Fatigue, Weakness, Dyspnea, Headache, Brittle nails, Glossitis,

Angular cheilitis, Pica
Laboratory findings

Typical findings include: Low hemoglobin, Low MCV, Low MCH, Low serum ferritin, Low
serum iron, Increased total iron-binding capacity, Increased transferrin, Increased red cell

distribution width (RDW)

Peripheral blood smear generally demonstrates microcytic, hypochromic erythrocytes with

anisopoikilocytosis [2,9].
Management

Treatment involves identifying and correcting the underlying cause and replacing iron. Oral
iron is commonly used, while intravenous iron may be required when oral treatment is
ineffective, poorly tolerated, or inappropriate. The underlying source of blood loss should

always be investigated.
8.4.4 MEGALOBLASTIC ANEMIA

Megaloblastic anemia is characterized by impaired DNA synthesis resulting in abnormal
maturation of erythroid and other hematopoietic cells. Vitamin B12 and folate deficiencies

are the most common causes [10].

Vitamin B12 deficiency
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Vitamin B12 is essential for DNA synthesis and normal neurological function. Deficiency
may result from inadequate intake, malabsorption, pernicious anemia, gastrointestinal

disease, or certain medications.

Clinical manifestations include: Fatigue, Pallor, Glossitis, Weakness, Peripheral neuropathy,

Paresthesia, Impaired balance, Cognitive changes in severe cases

Neurological manifestations are particularly important because prolonged B12 deficiency

may result in irreversible neurological injury [10].
Folate deficiency

Folate is required for nucleotide synthesis and normal cellular division. Deficiency may occur
because of inadequate dietary intake, malabsorption, increased requirements, alcoholism, or

certain medications.

Folate deficiency causes megaloblastic anemia but generally does not cause the characteristic

neurological manifestations associated with vitamin B12 deficiency [10].
Laboratory findings

Typical findings include: Increased MCV, Macro-ovalocytes, Hypersegmented neutrophils,
Reduced serum vitamin B12 or folate, Increased lactate dehydrogenase, Increased indirect
bilirubin

Bone marrow examination, when performed, demonstrates megaloblastic erythropoiesis

[2,10].

Treatment consists of appropriate vitamin replacement and correction of the underlying

cause.
8.4.5 ANEMIA OF CHRONIC DISEASE

Anemia of chronic disease, also called anemia of inflammation, occurs in association with
chronic infections, inflammatory diseases, malignancies, and other persistent inflammatory

states [11].

Inflammation increases production of hepcidin, a regulatory hormone that decreases intestinal
iron absorption and traps iron within macrophages. Consequently, iron becomes unavailable

for erythropoiesis despite adequate or increased total body iron stores [11].

The anemia is usually normocytic but may become mildly microcytic.
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Typical laboratory findings include: Low serum iron, Low or normal transferrin, Normal or

increased ferritin, Reduced transferrin saturation, Normal or mildly decreased MCV

Management focuses primarily on treatment of the underlying inflammatory or chronic
disease. Iron supplementation may be useful in selected patients with concomitant iron

deficiency.
8.4.6 HEMOLYTIC ANEMIA

Hemolytic anemia results from premature destruction of RBCs. Normally, erythrocytes

survive approximately 120 days, but in hemolytic disorders their lifespan is shortened [2].

Hemolysis may occur within blood vessels or predominantly within macrophages of the

spleen and liver.

Causes of hemolysis

Intrinsic causes:

Hemoglobin abnormalities, RBC membrane defects, RBC enzyme deficiencies

Extrinsic causes:

Autoimmune destruction, Mechanical trauma, Infections, Drugs, Toxins, Hypersplenism
Clinical manifestations

Patients may present with: Pallor, Jaundice, Dark urine, Splenomegaly, Fatigue, Tachycardia
Laboratory findings

Important indicators of hemolysis include: Increased reticulocyte count, Increased indirect
bilirubin, Increased lactate dehydrogenase, Reduced haptoglobin, Peripheral blood
abnormalities. The reticulocyte count is generally elevated because the bone marrow attempts

to compensate for increased RBC destruction [2].
8.4.7 APLASTIC ANEMIA

Aplastic anemia is characterized by failure of hematopoietic stem cells resulting in reduced
production of RBCs, white blood cells, and platelets. Consequently, patients develop
pancytopenia [12].

Causes
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Aplastic anemia may be: Idiopathic, Drug-induced, Chemical-induced, Radiation-induced,

Virus-associated, Immune-mediated, Inherited,
Clinical manifestations
The symptoms reflect deficiency of different blood cell lines:
e Anemia — fatigue and pallor
e Neutropenia — recurrent infections
e Thrombocytopenia — bleeding and bruising
Unlike many hemolytic disorders, splenomegaly is generally absent.
Laboratory findings

Common findings include: Pancytopenia, Low reticulocyte count, Hypocellular bone marrow,

Increased fatty replacement of marrow

Treatment depends on age, severity, donor availability, and underlying cause. Options include

hematopoietic stem cell transplantation and immunosuppressive therapy [12].
8.4.8 SIDEROBLASTIC ANEMIA

Sideroblastic anemias are characterized by defective incorporation of iron into heme despite
the presence of adequate or increased intracellular iron. Iron accumulates in erythroid

precursor cells and produces ring sideroblasts in the bone marrow [13].

Causes include: Congenital genetic abnormalities, Myelodysplastic syndromes, Alcohol

exposure Vitamin B6 deficiency, Certain medications, Heavy metal exposure

The anemia may be microcytic, normocytic, or occasionally macrocytic. Laboratory findings
may include increased serum iron and ferritin. Bone marrow examination demonstrates ring

sideroblasts.

Treatment depends on the underlying cause. Removal of an offending agent, treatment of an

associated disorder, and selected vitamin supplementation may be beneficial [13].
8.5. HEMOGLOBIN DISORDERS

Hemoglobin disorders are inherited conditions affecting the structure or synthesis of

hemoglobin. They are among the most common genetic diseases worldwide [4].
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Two major groups are:
1. Structural hemoglobin variants
2. Disorders of globin-chain synthesis

Sickle cell disease is the best-known structural hemoglobin disorder, whereas thalassemias

are the major quantitative disorders of globin synthesis.
8.5.1 SICKLE CELL DISEASE

Sickle cell disease is an inherited hemoglobinopathy caused by production of abnormal
hemoglobin S (HbS). A single amino acid substitution in the beta-globin chain results in the

formation of HbS [4].

Under conditions of low oxygen tension, HbS can polymerize, causing RBCs to become rigid
and assume a characteristic sickle shape. These abnormal cells can obstruct small blood

vessels and undergo premature destruction [14].
Clinical manifestations

Sickle cell disease can cause: Chronic hemolytic anemia, Painful vaso-occlusive episodes,
Acute chest syndrome, Stroke, Splenic dysfunction, Renal complications, Leg ulcers,

Increased susceptibility to certain infections
Vaso-occlusion is a major mechanism responsible for tissue ischemia and pain [14].
Diagnosis

Diagnosis can involve: Complete blood count, Peripheral smear, Hemoglobin electrophoresis,

High-performance liquid chromatography, Molecular genetic testing
The peripheral smear may show sickled cells, target cells, and other abnormal erythrocytes.
Management

Management includes prevention and treatment of complications, adequate hydration, pain
management, infection prevention, and disease-modifying therapy. Hydroxyurea can increase

fetal hemoglobin and reduce the frequency of some complications [14].

Blood transfusion and hematopoietic stem cell transplantation have important roles in

selected patients.
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8.5.2 THALASSEMIA

Thalassemias are inherited disorders characterized by reduced synthesis of alpha or beta

globin chains [15].
Alpha thalassemia

Alpha thalassemia results from decreased production of alpha-globin chains. Clinical severity

depends on the number of affected alpha-globin genes.
The major forms range from silent carrier states to severe fetal disease.
Beta thalassemia

Beta thalassemia results from reduced or absent beta-globin production. It may be classified

as:
o Beta-thalassemia trait
o Beta-thalassemia intermedia
o Beta-thalassemia major

Severe beta-thalassemia can present during infancy or early childhood with profound anemia

and requires regular transfusion therapy [15].
Laboratory features

Characteristic findings include: Severe microcytosis, Hypochromia, Target cells,

Anisopoikilocytosis, Increased RBC count in trait states
Hemoglobin analysis is useful for diagnosis, particularly in beta-thalassemia.
Complications

Patients requiring chronic transfusion therapy may develop iron overload, which can damage
the heart, liver, and endocrine organs. Iron chelation therapy is therefore an important

component of long-term management [15].

Genetic counseling and prenatal or preconception screening are important components of

prevention programs.

8.5.3 OTHER HEMOGLOBIN VARIANTS
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Several other hemoglobin variants can occur because of inherited changes in globin genes.

Examples include HbC, HbE, and HbD.

Hemoglobin E is particularly prevalent in parts of South and Southeast Asia. HbE results
from a beta-globin variant that also has characteristics of a mild beta-thalassemia allele.
Individuals who inherit HbE with another abnormal beta-globin allele may develop clinically

significant disease [4].

Laboratory diagnosis of hemoglobin variants generally involves hemoglobin electrophoresis,
high-performance liquid chromatography, capillary electrophoresis, and, when necessary,

molecular testing.
8.6. HEREDITARY RED BLOOD CELL MEMBRANE DISORDERS

RBC membrane disorders result from defects in proteins responsible for maintaining the

structure and flexibility of the erythrocyte membrane [5].
8.6.1 HEREDITARY SPHEROCYTOSIS

Hereditary spherocytosis is a genetic disorder characterized by the presence of spherical
RBCs rather than normal biconcave cells. Defects commonly involve spectrin, ankyrin, band

3, or protein 4.2 [5].

Spherocytes have reduced membrane surface area and are less deformable. They are therefore

selectively removed by splenic macrophages, resulting in extravascular hemolysis.
Clinical features

Anemia, Jaundice, Splenomegaly, Gallstones, Hemolytic crises

Severity varies considerably between patients.

Laboratory diagnosis

Findings may include: Spherocytes on peripheral smear, Increased reticulocyte count,
Increased bilirubin, Reduced haptoglobin, Increased mean corpuscular hemoglobin

concentration in some patients

Specialized tests such as eosin-5-maleimide binding by flow cytometry can support the

diagnosis [5].
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Treatment depends on disease severity. Folic acid supplementation and, in selected patients,

splenectomy may be considered.
8.6.2 HEREDITARY ELLIPTOCYTOSIS

Hereditary elliptocytosis is caused by defects in RBC cytoskeletal proteins, particularly
spectrin and protein 4.1. RBCs become elongated or elliptical [5].

Most affected individuals have mild or no symptoms, although some develop significant

hemolytic anemia.

Peripheral blood smear is an important diagnostic tool and demonstrates numerous

elliptocytes.
8.7. RED BLOOD CELL ENZYME DISORDERS

RBCs depend heavily on metabolic pathways to generate ATP and protect themselves against

oxidative damage. Enzyme abnormalities can therefore shorten erythrocyte survival [6].
8.7.1 GLUCOSE-6-PHOSPHATE DEHYDROGENASE DEFICIENCY

G6PD deficiency is one of the most common inherited enzyme disorders worldwide. It is an
X-linked condition that impairs the ability of RBCs to generate sufficient reduced glutathione
through the pentose phosphate pathway [6].

Reduced glutathione protects RBCs from oxidative injury. When individuals with G6PD
deficiency are exposed to oxidative stress, hemoglobin and RBC membranes can become

damaged.
Triggers

Common triggers include: Certain medications, Infections, Oxidative chemicals, Some foods,

particularly fava beans
Clinical manifestations

Episodes of acute hemolysis may cause: Sudden fatigue, Pallor, Jaundice, Dark urine, Back

or abdominal pain

Peripheral smear may demonstrate bite cells and blister cells. Heinz bodies may be detected

with special staining [6].
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Diagnosis is usually confirmed by measuring G6PD enzyme activity. Testing immediately
during an acute hemolytic episode may occasionally produce a misleadingly normal result

because young reticulocytes have relatively higher enzyme activity.

Management involves avoiding known triggers and treating acute hemolytic episodes

appropriately.
8.7.2 PYRUVATE KINASE DEFICIENCY

Pyruvate kinase deficiency is an inherited RBC enzyme disorder affecting glycolysis.

Because mature erythrocytes lack mitochondria, glycolysis is their primary source of ATP [6].
Reduced ATP production causes membrane instability and premature RBC destruction.

Clinical severity varies from mild compensated hemolysis to severe chronic anemia.
Common findings include: Chronic hemolytic anemia, Jaundice, Splenomegaly, Gallstones,
Reticulocytosis. Diagnosis involves measurement of enzyme activity and may be supported

by genetic testing.
8.8. POLYCYTHEMIA AND ERYTHROCYTOSIS

Polycythemia refers broadly to an increased concentration of RBCs, whereas erythrocytosis

more specifically refers to an increased red cell mass [8].
Primary erythrocytosis

Polycythemia vera is a myeloproliferative neoplasm characterized by autonomous production
of erythroid cells. It is frequently associated with mutations involving the JAK2 signaling
pathway [8].

Clinical features may include: Headache, Dizziness, Visual disturbances, Pruritus,

particularly after bathing Thrombotic events, Splenomegaly
Secondary erythrocytosis
Secondary erythrocytosis occurs because of increased erythropoietin production.

Causes include: Chronic hypoxia, Chronic pulmonary disease, Certain cardiac disorders,

High-altitude exposure, Sleep-disordered breathing, Erythropoietin-producing tumors

Evaluation should distinguish primary from secondary causes because management differs

substantially [8].
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8.9. MORPHOLOGICAL ABNORMALITIES OF RED BLOOD CELLS

Peripheral blood smear examination provides valuable information about RBC disorders.

Important morphological abnormalities include:
Anisocytosis

Anisocytosis refers to variation in RBC size. It is commonly observed in nutritional

deficiencies and mixed anemia.

Poikilocytosis

Poikilocytosis refers to variation in RBC shape.
Microcytes

Microcytes are smaller than normal RBCs and are characteristic of iron deficiency and

thalassemia.
Macrocytes

Macrocytes are enlarged RBCs and occur in vitamin B12 and folate deficiency, liver disease,

alcohol-related disorders, and other conditions.

Hypochromia

Hypochromic cells have reduced hemoglobin content and appear pale centrally.
Spherocytes

Spherocytes are round RBCs without the normal central pallor and are characteristic of

hereditary spherocytosis and autoimmune hemolytic anemia.
Target cells

Target cells have a central area of hemoglobin surrounded by a pale zone and an outer
hemoglobin-containing rim. They may be seen in thalassemia, liver disease, and certain

hemoglobinopathies.
Sickle cells
Sickle-shaped RBCs are characteristic of sickle cell disease.

Schistocytes
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Schistocytes are fragmented RBCs produced by mechanical damage. They are important in

the diagnosis of microangiopathic hemolytic anemia.
Elliptocytes
Elliptocytes are elongated RBCs and are particularly prominent in hereditary elliptocytosis.

Morphological examination should always be interpreted together with clinical information

and other laboratory findings [2].

8.10. LABORATORY DIAGNOSIS OF RED BLOOD CELL DISORDERS
Laboratory investigation is central to the diagnosis and classification of RBC disorders.
8.10.1 Complete Blood Count

The complete blood count provides: Hemoglobin, Hematocrit, RBC count, MCV, MCH,
MCHC, RDW

These parameters help establish the initial morphological classification of anemia [2].
8.10.2 Peripheral Blood Smear

Peripheral smear examination provides information about: RBC size, RBC shape,

Hemoglobinization, Inclusions, Abnormal leukocytes, Platelet morphology

It is particularly useful in suspected hemoglobinopathies, hemolytic anemias, nutritional

deficiencies, and membrane disorders.
8.10.3 Reticulocyte Count

Reticulocytes are immature RBCs released from the bone marrow. An increased reticulocyte
count generally indicates an appropriate marrow response to anemia, particularly in

hemolysis or blood loss.
A low reticulocyte response suggests inadequate RBC production.
8.10.4 Iron Studies

Iron deficiency is evaluated using: Serum ferritin, Serum iron, Total iron-binding capacity,

Transferrin saturation
Ferritin generally reflects body iron stores but may increase during inflammation [9].

8.10.5 Vitamin Assays
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Serum vitamin B12 and folate measurements are important in patients with macrocytic

anemia.

Additional biochemical markers may help distinguish vitamin B12 deficiency from folate

deficiency.
8.10.6 Hemoglobin Analysis

Hemoglobin electrophoresis and high-performance liquid chromatography are widely used

for detecting abnormal hemoglobins and diagnosing thalassemia and sickle cell disease [4].
8.10.7 Bone Marrow Examination

Bone marrow aspiration and biopsy may be indicated when peripheral investigations do not

establish a diagnosis or when a primary marrow disorder is suspected.

Bone marrow examination can identify: Megaloblastic changes, Aplastic marrow, Ring

sideroblasts, Myelodysplastic changes, Hematological malignancies
8.10.8. Specialized Tests

Depending on the suspected disorder, additional tests include: Direct antiglobulin test, G6PD
enzyme assay, RBC membrane studies, Osmotic fragility testing, Flow cytometry, Molecular

genetic testing, Cytogenetic analysis

An integrated approach combining clinical history, physical examination, CBC, peripheral

smear, biochemical tests, and specialized investigations provides the most accurate diagnosis.
8.11. PRINCIPLES OF MANAGEMENT

Management of RBC disorders depends on the underlying mechanism and severity of

disease.
Treatment of nutritional deficiencies

Iron, vitamin B12, or folate should be replaced when deficiency is confirmed or strongly

suspected.
Blood transfusion

RBC transfusion may be required for severe symptomatic anemia, acute blood loss, or
selected chronic hematological disorders. Transfusion decisions should consider symptoms,

hemoglobin concentration, underlying disease, and clinical stability.
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Treatment of hemolysis

Treatment depends on the cause. Autoimmune hemolytic anemia may require
immunosuppressive therapy, whereas inherited enzyme or membrane disorders require

supportive and disease-specific management.
Management of hemoglobinopathies

Sickle cell disease requires comprehensive long-term care, including prevention of

complications, pain management, infection prevention, and disease-modifying therapy [14].

Thalassemia may require regular transfusion therapy and iron chelation. Selected patients

may be candidates for curative hematopoietic stem cell transplantation [15].
Management of polycythemia

The treatment of erythrocytosis depends on its cause. In polycythemia vera, reducing the risk

of thrombosis is a major therapeutic goal [8].
8.12. PREVENTION AND PUBLIC HEALTH CONSIDERATIONS

Many RBC disorders can be prevented, detected early, or effectively managed through
appropriate public health strategies.

Nutritional interventions can reduce iron, folate, and vitamin B12 deficiencies. Maternal and
child health programs are particularly important because nutritional deficiencies during

pregnancy and early childhood can have significant consequences.

Screening for hemoglobinopathies is important in populations with a high prevalence of
sickle cell disease and thalassemia. Carrier detection and genetic counseling can help

individuals understand reproductive risks [4,15].

Newborn screening for selected hemoglobin disorders allows early diagnosis and
intervention. Early identification of sickle cell disease, for example, permits appropriate

vaccination, infection prevention, counseling, and comprehensive clinical follow-up.

Prevention of transfusion-related complications is also essential in patients requiring long-
term transfusion. Appropriate blood grouping, compatibility testing, screening of donated

blood, and monitoring for iron overload are important components of transfusion practice.
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Education regarding drug and environmental triggers is particularly important for individuals
with G6PD deficiency. Avoidance of oxidative stressors can substantially reduce episodes of

hemolysis [6].
Public health programs should therefore combine:
e Nutritional education
e Screening
e Genetic counseling
o Early diagnosis
e Appropriate treatment
o Safe transfusion practices
o Patient education
e Long-term follow-up
8.13. CONCLUSION

Disorders of red blood cells represent a diverse group of hematological conditions involving
abnormalities in erythrocyte production, morphology, hemoglobin, membrane integrity,
metabolism, survival, or circulating cell mass. Anemia is the most common manifestation and
may arise from nutritional deficiencies, chronic disease, blood loss, bone marrow failure, or

accelerated RBC destruction.

Inherited disorders such as sickle cell disease, thalassemia, hereditary spherocytosis, GO6PD
deficiency, and pyruvate kinase deficiency demonstrate the importance of genetic and
molecular mechanisms in RBC pathology. Acquired conditions, including iron deficiency
anemia, anemia of inflammation, autoimmune hemolytic anemia, and polycythemia, remain

important causes of morbidity worldwide.

Accurate diagnosis requires integration of clinical findings with laboratory investigations,
particularly the complete blood count, RBC indices, peripheral blood smear, reticulocyte
count, iron studies, hemoglobin analysis, and selected specialized tests. Appropriate diagnosis

allows targeted treatment and prevents complications.
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Advances in molecular diagnostics, transfusion medicine, hematopoietic stem cell

transplantation, and disease-modifying therapies have significantly improved outcomes for

several inherited RBC disorders. Nevertheless, prevention, early screening, nutritional

intervention, genetic counseling, and patient education remain essential components of

effective management.

A thorough understanding of RBC physiology and pathology is therefore fundamental for

students and healthcare professionals involved in hematology, laboratory medicine,

pathology, clinical medicine, and public health.
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Overview

White blood cells (WBCs), or leukocytes, are essential components of the immune and
hematopoietic systems. They provide protection against bacterial, viral, fungal and parasitic
infections and participate in inflammatory, allergic, autoimmune and neoplastic processes.
The major leukocyte populations include neutrophils, lymphocytes, monocytes, eosinophils
and basophils. Each cell type possesses distinct morphological and functional characteristics

and contributes differently to host defense.

Disorders of white blood cells may result from abnormalities in cell number, morphology,
maturation, distribution or function. Quantitative abnormalities include leukocytosis,
leukopenia, neutrophilia, neutropenia, lymphocytosis, lymphocytopenia, eosinophilia,
basophilia and monocytosis. Qualitative abnormalities may occur despite a normal leukocyte

count and may result in impaired immune defense.

White blood cell disorders may be reactive or neoplastic. Reactive abnormalities commonly
occur secondary to infection, inflammation, tissue injury, medications, allergic reactions and
physiological stress. In contrast, malignant disorders such as acute and chronic leukemias

arise from clonal proliferation of abnormal hematopoietic cells.

Accurate diagnosis requires integration of clinical findings, complete blood count (CBC),
differential leukocyte count, peripheral blood smear examination, bone marrow studies, flow
cytometry, cytogenetic analysis and molecular investigations. Early recognition is particularly
important in severe neutropenia, acute leukemia and other potentially life-threatening

conditions.
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This chapter provides a systematic overview of the major disorders of white blood cells,
including their classification, causes, pathophysiology, clinical manifestations, laboratory

diagnosis and management.
Keywords

White blood cells; leukocytes; leukocytosis; leukopenia; neutrophilia; neutropenia;
lymphocytosis; eosinophilia; leukemia; white blood cell disorders; hematology; laboratory

diagnosis.
9.1 Introduction

White blood cells are nucleated blood cells that originate primarily from hematopoietic stem
cells in the bone marrow. They constitute a relatively small proportion of circulating blood
cells but play a central role in innate and adaptive immunity. Leukocytes continuously
migrate between the bone marrow, peripheral blood and tissues according to physiological

and pathological requirements [1,2].

The principal leukocyte groups are granulocytes and agranulocytes. Granulocytes include
neutrophils, eosinophils and basophils, whereas lymphocytes and monocytes constitute the
major agranulocyte populations. Neutrophils are particularly important in acute bacterial
infections, lymphocytes regulate adaptive immunity, monocytes differentiate into
macrophages and dendritic cells, eosinophils participate in parasitic defense and allergic

reactions, and basophils contribute to hypersensitivity and inflammatory responses [2,7].

The total WBC count and differential count provide important information regarding the state
of the immune and hematopoietic systems. Abnormalities may arise from increased
production, decreased production, altered distribution, excessive destruction or abnormal

proliferation of leukocytes.

Some WBC abnormalities are transient and clinically insignificant, whereas others represent
serious hematological diseases. For example, mild neutrophilia may accompany physical
stress, whereas profound neutropenia can predispose an individual to severe and rapidly
progressive infection. Similarly, lymphocytosis may occur during a common viral infection

but can also be a manifestation of a lymphoid malignancy [3,4].
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Therefore, interpretation of WBC abnormalities requires assessment of the absolute cell
count, clinical context, peripheral blood morphology and, when necessary, specialized

hematological investigations.
9.2 Normal White Blood Cells and Their Functions

Normal adult WBC counts generally range approximately from 4.0—-11.0 x 10°/L, although

reference intervals vary according to laboratory methods, age, sex and population [1,3].
9.2.1 Neutrophils

Neutrophils are the most abundant circulating leukocytes. They are approximately 50-70% of
circulating WBCs in many healthy adults. Their primary functions include phagocytosis,

microbial killing, degranulation and formation of neutrophil extracellular traps.

Neutrophils are particularly important in protection against extracellular bacteria and fungi.
They migrate rapidly to sites of tissue injury and infection in response to chemotactic signals

[2,7].
9.2.2 Lymphocytes

Lymphocytes generally constitute approximately 20—40% of circulating WBCs. They include
B lymphocytes, T lymphocytes and natural killer (NK) cells.

B cells produce antibodies and contribute to humoral immunity, whereas T cells regulate

cellular immunity. NK cells participate in destruction of virus-infected and malignant cells

[8].
9.2.3 Monocytes

Monocytes account for approximately 2—-10% of circulating leukocytes. After entering
tissues, they differentiate into macrophages and certain dendritic cell populations. They

participate in phagocytosis, antigen presentation and cytokine production [2].
9.2.4 Eosinophils

Eosinophils usually represent approximately 1-6% of circulating leukocytes. They are
involved in defense against helminthic parasites and participate in allergic and inflammatory

disorders [9].
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9.2.5 Basophils

Basophils normally account for less than 1% of circulating leukocytes. They contain
histamine, heparin and other inflammatory mediators and participate in immediate

hypersensitivity reactions [2,9].

9.3 Classification of White Blood Cell Disorders

White blood cell disorders can broadly be classified as follows:
Quantitative disorders

These are characterized by an abnormal increase or decrease in the number of one or more

leukocyte populations.

Examples include: Leukocytosis, Leukopenia, Neutrophilia, Neutropenia, Lymphocytosis,

Lymphocytopenia, Eosinophilia, Basophilia, Monocytosis
Qualitative disorders

In qualitative disorders, the number of leukocytes may be normal, but cellular morphology or
function is abnormal. Examples include: Defective neutrophil chemotaxis, Defective

phagocytosis, Abnormal intracellular killing, Granule abnormalities, Adhesion defects
Reactive disorders

Reactive disorders occur as a response to infection, inflammation, tissue injury, medications

or other physiological stimuli.
Neoplastic disorders
These arise from clonal proliferation of abnormal hematopoietic cells and include:
1. Acute leukemias
2. Chronic leukemias
3. Myeloproliferative neoplasms
4. Certain lymphoid neoplasms

5. Myelodysplastic syndromes
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9.4 Quantitative Disorders of White Blood Cells
9.4.1 Leukocytosis

Leukocytosis refers to an increase in the total circulating WBC count above the normal
reference range. It may result from physiological conditions, infections, inflammation,

medications or hematological malignancies [3,4].
Causes of leukocytosis

Major causes include: Acute bacterial infection, Chronic inflammatory disorders, Tissue
injury, Physical stress, Corticosteroid therapy, Smoking, Pregnancy, Hemorrhage,

Splenectomy, Leukemia and other myeloproliferative neoplasms

Leukocytosis should not automatically be considered evidence of leukemia. Reactive

leukocytosis is considerably more common than malignant leukocytosis.
Clinical significance

The clinical significance depends on the magnitude of leukocytosis, duration and differential
cell distribution. Extremely high WBC counts may occur in leukemia and can occasionally
contribute to leukostasis, particularly when circulating blasts or abnormal myeloid cells are

markedly increased [4,5].
9.4.2 Neutrophilia

Neutrophilia is an increase in the absolute neutrophil count. It is one of the most common

leukocyte abnormalities.
Causes

Acute bacterial infections, Tissue necrosis, Inflammatory disorders, Corticosteroid therapy,

Acute stress, Smoking, Myeloproliferative neoplasms, Certain malignant tumors

During acute infection, increased neutrophil production may be accompanied by release of

immature neutrophil forms from the bone marrow. This is often referred to as a left shift [3].
Laboratory findings

Peripheral blood examination may demonstrate: Increased segmented neutrophils, Band

forms, Toxic granulation, Dohle bodies, Cytoplasmic vacuolization
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The presence of toxic changes supports a reactive process, particularly in severe infection

[2,3].
9.4.3 Neutropenia

Neutropenia is characterized by a reduced absolute neutrophil count (ANC). It is clinically

important because severe neutropenia significantly increases susceptibility to infection [3,10].
Neutropenia may be categorized according to severity:

e Mild: ANC approximately 1.0-1.5 x 10°/L

e Moderate: ANC approximately 0.5-1.0 x 10°/L

e Severe: ANC below 0.5 x 10°/L

The risk of serious infection increases substantially with severe neutropenia, especially when

prolonged [10].

Causes of neutropenia

A. Reduced production
1. Aplastic anemia
2. Myelodysplastic syndromes
3. Acute leukemia
4. Bone marrow infiltration
5. Vitamin B12 deficiency
6. Folate deficiency
7. Chemotherapy
8. Radiation

B. Increased destruction
1. Autoimmune neutropenia
2. Drug-induced neutropenia

3. Severe infections
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4. Hypersplenism
C. Abnormal distribution

Some neutrophils may be temporarily redistributed from circulating blood into vascular or

tissue compartments.
Clinical manifestations

Neutropenia itself may produce few symptoms. Clinical manifestations usually result from

infection.

Common findings include: Fever, Oral ulcers, Gingivitis, Pharyngitis, Skin infections,
Pneumonia, Sepsis. Febrile neutropenia represents a medical emergency, particularly in

patients receiving cytotoxic chemotherapy [10,11].
9.4.4 Lymphocytosis

Lymphocytosis is an increase in the absolute lymphocyte count. It may be reactive or

neoplastic.
Reactive lymphocytosis

Common causes include: Viral infections, Certain bacterial infections, Some parasitic
infections, Drug reactions, Immune stimulation. Viral infections such as infectious

mononucleosis can produce marked lymphocytosis with atypical lymphocytes [8].
Neoplastic lymphocytosis

Persistent lymphocytosis may indicate a lymphoproliferative disorder, particularly in older
adults. Chronic lymphocytic leukemia (CLL) is an important cause of persistent clonal B-cell
lymphocytosis [4,12]. Peripheral blood smear and flow cytometry are useful for

distinguishing reactive from clonal lymphocytosis.

9.4.5 Lymphocytopenia

Lymphocytopenia, or lymphopenia, refers to a reduction in circulating lymphocytes.
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Causes

Severe viral infections, Immunodeficiency disorders, Corticosteroid therapy, Cytotoxic
chemotherapy, Radiation therapy, Malnutrition, Autoimmune disorders, Severe systemic
illness. Persistent lymphocytopenia may impair cellular and humoral immunity and increase

susceptibility to certain infections [8,13].

Evaluation may include CBC with differential, lymphocyte subset analysis and assessment

for underlying immunodeficiency.
9.4.6 Eosinophilia

Eosinophilia refers to an increased absolute eosinophil count. Eosinophils are strongly

associated with allergic disease and parasitic infections.
Causes of eosinophilia
Parasitic infections
Helminthic infections are important causes, particularly when parasites invade tissues.
Allergic disorders
1. Bronchial asthma
2. Allergic rhinitis
3. Atopic dermatitis
4. Drug hypersensitivity
Other causes
1. Autoimmune diseases
2. Certain malignancies
3. Endocrine disorders
4. Primary eosinophilic disorders
5. Hypereosinophilic syndromes
The degree and persistence of eosinophilia are important in determining its clinical

significance [9,14].
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Hypereosinophilic syndrome

Hypereosinophilic syndromes are characterized by persistent eosinophilia accompanied by
evidence of organ involvement after exclusion of secondary causes. Cardiac, pulmonary,

neurological and gastrointestinal systems may be affected [14].
9.4.7 Basophilia

Basophilia is an increase in circulating basophils. Mild basophilia may occur in inflammatory
and allergic conditions, but persistent or marked basophilia should raise suspicion for a

myeloproliferative neoplasm.

Important causes include: Chronic myeloid leukemia, Other myeloproliferative neoplasms,

Chronic inflammatory disorders, Hypersensitivity reactions, Certain endocrine disorders

Basophilia associated with marked leukocytosis and splenomegaly is particularly suggestive

of a myeloproliferative disorder such as chronic myeloid leukemia [15].
9.4.8 Monocytosis
Monocytosis refers to an increased absolute monocyte count.
Causes

1. Chronic infections

2. Tuberculosis

3. Certain fungal infections

4. Autoimmune disorders

5. Chronic inflammatory diseases

6. Recovery from acute infection

7. Myelodysplastic or myeloproliferative disorders

8. Chronic myelomonocytic leukemia

Persistent monocytosis should be investigated carefully, particularly when associated with

anemia, thrombocytopenia, splenomegaly or abnormal cells on the peripheral smear [4,16].
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9.5 Qualitative Disorders of White Blood Cells

Qualitative leukocyte disorders are characterized by impaired function despite normal or

near-normal cell counts. They may be inherited or acquired.
Neutrophil functional disorders

Normal neutrophil activity involves: Chemotaxis, Adhesion, Phagocytosis, Formation of

phagolysosomes, Oxidative killing, Non-oxidative microbial killing
Defects at any of these stages may result in recurrent infections [7].
Chronic granulomatous disease

Chronic granulomatous disease (CGD) is an inherited disorder involving defective oxidative
killing by phagocytes. Patients develop recurrent infections, particularly with catalase-

positive organisms, and may develop granuloma formation [17].

Diagnostic testing includes neutrophil oxidative burst assays, such as the dihydrorhodamine

test.
Leukocyte adhesion deficiency

Leukocyte adhesion deficiency results from defects in leukocyte adhesion and migration.
Patients may experience recurrent bacterial infections, impaired wound healing and delayed

separation of the umbilical cord in severe forms [18].

9.6 Reactive White Blood Cell Disorders

Reactive leukocyte disorders are non-neoplastic abnormalities caused by an underlying

physiological or pathological stimulus.
Leukemoid reaction

A leukemoid reaction is a marked reactive leukocytosis that may resemble leukemia. It can
occur in severe bacterial infection, malignancy, severe inflammation and other systemic

conditions.

Peripheral blood may demonstrate marked neutrophilia with immature granulocytes. Unlike
leukemia, the underlying cause is reactive and the leukocyte population is not a malignant

clone [3,4].
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Distinguishing leukemoid reaction from leukemia

Important laboratory considerations include: Clinical context, Degree of leukocytosis,
Peripheral smear morphology, Presence of blasts, Basophilia, Splenomegaly, Leukocyte

alkaline phosphatase in selected historical contexts, Cytogenetic and molecular studies

The presence of the BCR:ABL1 fusion is characteristic of chronic myeloid leukemia rather

than a typical reactive leukemoid reaction [15].
9.7 Congenital and Inherited Disorders

Inherited WBC disorders are uncommon but can cause recurrent or severe infections from

childhood.
Important examples include:
Severe congenital neutropenia

Severe congenital neutropenia is characterized by profound neutropenia caused by
abnormalities affecting granulopoiesis. Patients often present during infancy or childhood

with recurrent bacterial infections [10].
Cyclic neutropenia

Cyclic neutropenia is characterized by periodic fluctuations in neutrophil counts, typically
occurring at regular intervals. Fever, oral ulcers, pharyngitis and recurrent infections may

occur during neutropenic periods [10].
Chronic granulomatous disease

As described previously, CGD results from defective phagocyte oxidative metabolism and

impaired microbial killing [17].
Chediak—Higashi syndrome

Chediak—Higashi syndrome is a rare inherited disorder characterized by abnormal lysosomal

trafficking, recurrent infections, partial albinism and abnormal granules in leukocytes [19].
9.8 Leukemias

Leukemias are malignant disorders of hematopoietic cells characterized by uncontrolled

proliferation and accumulation of abnormal leukocytes or their precursors.
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They are broadly classified into:
1. Acute myeloid leukemia (AML)
2. Acute lymphoblastic leukemia (ALL)
3. Chronic myeloid leukemia (CML)
4. Chronic lymphocytic leukemia (CLL)
Acute leukemia

Acute leukemias are characterized by rapid accumulation of immature blast cells in bone

marrow and often peripheral blood.

Patients may develop: Anemia, Thrombocytopenia, Fever, Recurrent infections, Bleeding,

Bone pain, Fatigue, Organomegaly

The diagnosis requires morphological examination and immunophenotypic, cytogenetic and

molecular characterization [4,20].
Acute myeloid leukemia

AML is a clonal malignancy involving myeloid precursor cells. The disease may occur at any

age but is particularly common in older adults.

Laboratory findings may include: Anemia, Thrombocytopenia, Leukocytosis or leukopenia,
Circulating blasts, Abnormal myeloid maturation. Diagnosis is based on integrated

morphological, immunophenotypic, cytogenetic and molecular findings [20].
Acute lymphoblastic leukemia

ALL is a malignant proliferation of lymphoid precursor cells. It is the most common

childhood leukemia, although it can occur in adults.
ALL is broadly divided into B-cell and T-cell lineages using immunophenotyping [20].
Chronic myeloid leukemia

CML is a myeloproliferative neoplasm characterized by the BCR::ABL1 fusion resulting

from the Philadelphia chromosome or related molecular abnormalities [15].

Common findings include: Marked leukocytosis, Neutrophilia, Left-shifted granulopoiesis,

Basophilia, Splenomegaly, Fatigue and weight loss
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Tyrosine kinase inhibitors have dramatically improved outcomes for patients with CML [15].
Chronic lymphocytic leukemia

CLL is a mature B-cell lymphoproliferative neoplasm characterized by persistent

accumulation of clonal B lymphocytes.

Peripheral blood may show increased small mature-appearing lymphocytes and characteristic
smudge cells. Flow cytometry demonstrates a characteristic clonal B-cell immunophenotype

[12].
9.9 Myelodysplastic and Myeloproliferative Disorders
Myelodysplastic syndromes

Myelodysplastic syndromes are clonal hematopoietic disorders characterized by ineffective

hematopoiesis and dysplasia affecting one or more blood cell lineages.

Patients may develop: Anemia, Neutropenia, Thrombocytopenia, Recurrent infections,

Bleeding
MDS can progress to acute myeloid leukemia in a proportion of patients [4,16].
Myeloproliferative neoplasms

Myeloproliferative neoplasms are characterized by clonal proliferation of one or more

myeloid lineages.

Important entities include:
1. Chronic myeloid leukemia
2. Polycythemia vera
3. Essential thrombocythemia
4. Primary myelofibrosis

Molecular abnormalities, including JAK2, CALR and MPL mutations in selected disorders,

contribute to diagnosis and classification [4,15].
9.10 Clinical Manifestations of White Blood Cell Disorders

The clinical presentation depends on the specific leukocyte population affected.
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Symptoms associated with neutropenia
Fever, Recurrent infections, Oral ulcers, Skin infections, Pneumonia, Sepsis
Symptoms associated with leukemias

Fatigue, Pallor, Fever, Weight loss, Night sweats, Bone pain, Lymphadenopathy,

Hepatosplenomegaly, Bleeding, Recurrent infections
Symptoms associated with eosinophilia

Symptoms depend on the underlying cause and organ involvement. Patients may present with
allergic symptoms, respiratory manifestations, skin abnormalities or organ dysfunction in

severe eosinophilic disorders [9,14].
9.11 Laboratory Diagnosis
Laboratory investigation is central to the diagnosis of WBC disorders.
Complete blood count
CBC provides:
1. Total WBC count

2. Differential leukocyte count

[98)

Hemoglobin concentration
4. Red cell indices
5. Platelet count

The CBC is generally the first laboratory investigation when a leukocyte abnormality is

suspected [1,3].

Absolute leukocyte count

Absolute counts are more clinically informative than percentages alone.
For example:

Absolute neutrophil count = Total WBC count X percentage of neutrophils and bands /

100
This calculation is particularly important in evaluating neutropenia.
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Peripheral blood smear
Peripheral smear examination can reveal:
1. Blast cells
2. Immature granulocytes
3. Toxic granulation
4. Atypical lymphocytes
5. Dysplastic cells
6. Abnormal granules
7. Smudge cells

Morphological examination remains an important component of hematological diagnosis

[2,3].
Bone marrow examination
Bone marrow aspiration and biopsy may be required when peripheral findings suggest:

Acute leukemia, Myelodysplastic syndrome, Myeloproliferative neoplasm, Unexplained

persistent cytopenia, Bone marrow infiltration
Flow cytometry

Flow cytometry identifies cell populations based on expression of surface and intracellular
antigens. It is particularly important in diagnosing and classifying leukemias and

lymphoproliferative disorders [20].
Cytogenetic studies
Chromosomal abnormalities can provide important diagnostic and prognostic information.
Examples include:
e BCR:ABLI in CML
e Specific recurrent abnormalities in AML and ALL

e Cytogenetic abnormalities associated with MDS
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Molecular testing

Molecular investigations identify disease-associated genetic abnormalities and may help in

diagnosis, risk stratification and treatment selection [4,15,20].
9.12 Differential Diagnosis

When an abnormal WBC count is detected, the clinician should determine whether the

abnormality is reactive, congenital, acquired or neoplastic.

Important considerations include: Patient age, Duration of abnormality, Presence of fever or
infection, Medication history, Recent surgery or trauma, Autoimmune disease, Exposure to
toxins or radiation, Peripheral smear findings, Presence of anemia or thrombocytopenia,
Lymphadenopathy or splenomegaly. Persistent or unexplained abnormalities generally

require further hematological evaluation.
9.13 Treatment and Management
Treatment depends on the underlying cause rather than the WBC count alone.
Management of neutropenia
Treatment may include:
1. Treating the underlying infection
2. Discontinuing causative drugs where appropriate
3. Granulocyte colony-stimulating factor (G-CSF)
4. Antimicrobial therapy in febrile neutropenia
5. Management of underlying marrow disorders

Patients with severe neutropenia and fever require urgent evaluation and appropriate

antimicrobial treatment [10,11].

Treatment of reactive disorders

Reactive leukocytosis usually resolves when the underlying condition is treated.
Examples include:

e Antibiotic treatment for bacterial infection when indicated
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e Treatment of inflammatory disease

e Withdrawal of an offending drug

e Management of allergic disease

e Treatment of parasitic infection when present
Treatment of leukemia
Treatment varies according to leukemia subtype and patient characteristics.
Therapeutic approaches include:

1. Chemotherapy

2. Targeted therapy

3. Immunotherapy

4. Monoclonal antibodies

5. Tyrosine kinase inhibitors

6. Hematopoietic stem-cell transplantation in selected patients

Modern treatment increasingly uses molecular and immunophenotypic information to

personalize therapy [15,20].
9.14 Complications and Prognosis
Complications vary widely among WBC disorders.

Major complications include: Severe infection, Sepsis, Organ infiltration, Hemorrhage,
Anemia, Thrombocytopenia, Tumor lysis syndrome, Leukostasis, Transformation to acute
leukemia, Treatment-related complications. Prognosis depends on the specific disorder,

disease stage, genetic characteristics, age, response to therapy and presence of complications.

Many reactive disorders have an excellent prognosis once the underlying cause is treated. In

contrast, malignant disorders require specialized management and long-term monitoring.
9.15 Recent Diagnostic Approaches
The diagnosis of WBC disorders has advanced substantially through integration of

morphology, immunophenotyping, cytogenetics and molecular genetics.
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Multiparameter flow cytometry

Modern flow cytometry can identify abnormal leukocyte populations with high sensitivity
and is particularly useful for leukemia and lymphoma diagnosis and measurable residual

disease assessment [20].
Molecular genetics

Next-generation sequencing and targeted molecular assays can detect mutations associated
with hematological malignancies. These investigations contribute to disease classification,

prognosis and targeted treatment selection.
Digital morphology

Digital image analysis and automated hematology systems increasingly assist in leukocyte
classification. However, manual peripheral smear review remains essential when abnormal

cells or unusual morphology is suspected.
Minimal/measurable residual disease assessment

Sensitive molecular and flow cytometric methods can detect small populations of malignant
cells remaining after treatment. This information may have important prognostic implications

in several leukemias [20].
9.16 Conclusion

Disorders of white blood cells represent a broad spectrum of conditions ranging from
transient reactive abnormalities to life-threatening hematological malignancies. Accurate
interpretation of leukocyte abnormalities requires understanding normal leukocyte

physiology, absolute cell counts, differential patterns and peripheral blood morphology.

Neutropenia is clinically important because of its association with serious infection, whereas
leukocytosis and individual leukocyte elevations may reflect infection, inflammation,
medication effects or neoplastic disease. Persistent or unexplained abnormalities should be

evaluated systematically.

Laboratory diagnosis begins with the complete blood count and peripheral blood smear and
may be followed by bone marrow examination, flow cytometry, cytogenetics and molecular
testing. Advances in molecular hematology have significantly improved the classification and

management of leukocyte disorders.
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Early recognition and appropriate investigation are essential for distinguishing benign
reactive processes from malignant disease. An integrated clinical and laboratory approach

allows accurate diagnosis, appropriate treatment and improved patient outcomes.
9.17 References
1. Bain BJ. Blood Cells: A Practical Guide. 6th ed. Hoboken: Wiley-Blackwell; 2022.

2. McKenzie SB, Williams JL. Clinical Laboratory Hematology. 4th ed. Boston:
Pearson; 2020.

3. Rodak BF, Keohane EM, Fritsma GA, Doig K. Hematology: Clinical Principles and
Applications. 6th ed. St Louis: Elsevier; 2020.

4. Hoftbrand AV, Moss PAH. Hoffbrand's Essential Haematology. 8th ed. Hoboken:
Wiley-Blackwell; 2019.

5. Arber DA, Orazi A, Hasserjian RP, Borowitz MJ, Calvo KR, Wang SA, et al.
International Consensus Classification of myeloid neoplasms and acute leukemias:

integrating morphologic, clinical, and genomic data. Blood. 2022;140(11):1200-1228.

6. McPherson RA, Pincus MR, editors. Henry's Clinical Diagnosis and Management by
Laboratory Methods. 24th ed. St Louis: Elsevier; 2021.

7. Abbas AK, Lichtman AH, Pillai S. Cellular and Molecular Immunology. 10th ed.
Philadelphia: Elsevier; 2021.

8. Murphy K, Weaver C. Janeway's Immunobiology. 10th ed. New York: Garland
Science; 2022.

9. Rothenberg ME. Eosinophilia. N Engl J Med. 1998;338(22):1592-1600.

10. Newburger PE, Dale DC. Evaluation and management of patients with isolated

neutropenia. Semin Hematol. 2013;50(3):198-206.

11. Freifeld AG, Bow EJ, Sepkowitz KA, Boeckh MJ, Ito JI, Mullen CA, et al. Clinical
practice guideline for the use of antimicrobial agents in neutropenic patients with

cancer. Clin Infect Dis. 2011;52(4):e56-€93.

12. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Dohner H, et al.

Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: a report

184



13.

14.

15.

16.

17.

18.

19.

20.

from the International Workshop on Chronic Lymphocytic Leukemia. Blood.
2018;131(25):2745-2760.

Longo DL. Harrison's Principles of Internal Medicine. 21st ed. New York: McGraw
Hill; 2022.

Gotlib J. World Health Organization-defined eosinophilic disorders: 2022 update on
diagnosis, risk stratification, and management. Am J Hematol. 2022;97(1):129-148.

Hochhaus A, Baccarani M, Silver RT, Schiffer C, Apperley JF, Cervantes F, et al.
European LeukemiaNet 2020 recommendations for treating chronic myeloid

leukemia. Leukemia. 2020;34(4):966-984.

Khoury JD, Solary E, Abla O, Akkari Y, Alaggio R, Apperley JF, et al. The 5th edition
of the World Health Organization classification of haematolymphoid tumours:

myeloid and histiocytic/dendritic neoplasms. Leukemia. 2022;36(7):1703-1719.
Holland SM. Chronic granulomatous disease. Hematol Oncol Clin North Am.

2013;27(1):89-99.

Anderson DC, Smith CW. Leukocyte adhesion deficiency syndromes. In: Scriver CR,
editors. The Metabolic and Molecular Bases of Inherited Disease. New York:

McGraw-Hill; 2001.

Introne W, Boissy RE, Gahl WA. Chediak-Higashi syndrome. In: GeneReviews®.
Seattle: University of Washington; 2021.

Arber DA, Orazi A, Hasserjian RP, Borowitz MJ, Calvo KR, Wang SA, et al.
International Consensus Classification of myeloid neoplasms and acute leukemias:

integrating morphologic, clinical, and genomic data. Blood. 2022;140(11):1200-1228.

185



Chapter 10
PLATELET DISORDERS AND HEMOSTASIS

Dr. Rajen Dey

Department of Medical Laboratory Technology, School of Allied Health Sciences, Swami
Vivekananda University, Telinipara, Barasat-Barrackpore Rd, Bara Kanthalia, West Bengal -
700121, India.

Overview

Hemostasis is a tightly regulated biological process that preserves vascular integrity while
preventing inappropriate intravascular thrombosis. Platelets occupy a central position within
this system, functioning not merely as passive cellular plugs but as highly responsive mediators
that integrate vascular, coagulation, inflammatory and immune signals. Following vascular
injury, platelet adhesion, activation, secretion and aggregation generate a primary hemostatic
plug, while platelet-supported thrombin generation and fibrin formation provide structural
stabilization.  Platelet disorders encompass quantitative abnormalities, including
thrombocytopenia and thrombocytosis, and qualitative abnormalities involving adhesion,
activation, secretion, aggregation or procoagulant activity. These abnormalities may be
inherited or acquired and may coexist with disorders of von Willebrand factor, coagulation
factors, vascular integrity or systemic disease. Modern diagnostic approaches increasingly
combine clinical bleeding assessment, complete blood counts, blood-film morphology,
coagulation studies, platelet-function testing, flow cytometry and molecular analysis.
Therapeutic management has similarly evolved from nonspecific platelet transfusion and
corticosteroid approaches toward targeted interventions, including thrombopoietin-receptor
agonists, von Willebrand factor-directed therapy, recombinant factor VIla and selected
antiplatelet or immunomodulatory strategies. This review critically examines the biological
basis of hemostasis, major platelet disorders, diagnostic challenges, therapeutic principles and

emerging directions in precision platelet medicine.
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10.1. Introduction

Platelets are anucleate cytoplasmic fragments derived from bone-marrow megakaryocytes and
are continuously replenished under the regulatory influence of thrombopoietin and its receptor
MPL [1]. Despite their lack of a nucleus, platelets possess an elaborate repertoire of membrane
receptors, signaling molecules, cytoskeletal proteins, granules and bioactive mediators that
enable rapid responses to vascular injury [2]. Their hemostatic activity is closely integrated
with endothelial cells, extracellular-matrix components, coagulation factors, leukocytes and

inflammatory pathways [3,4].

The conventional distinction between primary hemostasis, representing platelet plug
formation, and secondary hemostasis, representing fibrin generation, remains clinically useful
but is biologically incomplete. Contemporary models emphasize a coordinated, cell-based
process in which platelet activation, thrombin generation and fibrin formation occur
simultaneously and reinforce one another [5]. Platelets therefore function as both structural

components of a thrombus and catalytic platforms for coagulation reactions.

Platelet disorders can broadly be classified into quantitative abnormalities, in which the platelet
concentration is abnormal, and qualitative abnormalities, in which platelet function is defective
despite a normal or sometimes reduced platelet count [6]. The distinction is not absolute
because several inherited syndromes produce simultaneous abnormalities in platelet number,
size and function. Acquired systemic diseases may also modify platelet activity without

producing obvious quantitative abnormalities.

The clinical consequences range from minor mucocutaneous bleeding to life-threatening
hemorrhage, while selected platelet disorders paradoxically increase thrombotic risk. Thus, the
central clinical challenge is not simply to identify an abnormal platelet count or aggregation

profile but to determine how the abnormality affects the patient's overall hemostatic balance.

10.2. Platelets in Normal Hemostasis

Following vascular injury, exposure of subendothelial matrix proteins provides the initial

stimulus for platelet recruitment. At sites of high shear, von Willebrand factor (VWF) forms a
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molecular bridge between exposed vascular structures and platelet glycoprotein Ib-1X-V,
permitting platelet tethering and transient adhesion [7]. This interaction is particularly

important in the microcirculation and arterial system.

Stable platelet adhesion is reinforced through collagen receptors, particularly glycoprotein VI
(GPVI) and integrin o2p1. Engagement of these receptors initiates intracellular signaling,
calcium mobilization, cytoskeletal rearrangement and platelet activation [8]. Activated
platelets undergo a characteristic transformation from a discoid morphology to a spread,

pseudopod-bearing form, thereby increasing their interaction with the injured vascular surface.

Activation induces secretion from dense and a-granules. Dense granules release ADP, ATP,
serotonin and calcium, whereas a-granules contain fibrinogen, VWF, factor V, platelet factor
4 and numerous growth and inflammatory mediators [9]. These secreted substances recruit and
activate additional platelets, creating a positive-feedback loop. ADP signaling through P2Y1
and P2Y12 receptors and thromboxane A2 generation through cyclooxygenase-1 are

particularly important amplification pathways [10,11].

The final common pathway of platelet aggregation involves activation of allbB3 (GPIIb/IIIa).
Following activation, allbp3 binds fibrinogen and VWF, allowing adjacent platelets to form
intercellular bridges and generate a stable platelet aggregate [12]. Simultaneously, activated
platelets expose negatively charged phospholipids on their outer membrane. This surface
promotes assembly of coagulation enzyme complexes and markedly enhances thrombin

generation [5].

Thrombin has a dual role: it converts fibrinogen into fibrin and is also a potent platelet agonist.
Fibrin subsequently reinforces the platelet plug and contributes to thrombus stabilization. This
reciprocal interaction explains why platelet dysfunction can produce clinically significant

bleeding even when routine coagulation tests are normal.

The modern concept of hemostasis therefore differs substantially from a purely sequential
“primary followed by secondary” model. Platelets, thrombin, fibrin and endothelial responses
operate as an interconnected network. This model is particularly important for understanding

why defects affecting apparently discrete pathways can generate complex clinical phenotypes.
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10.3. Classification and Clinical Expression of Platelet Disorders

Platelet disorders include thrombocytopenia, thrombocytosis or thrombocythemia, inherited
qualitative platelet disorders, acquired platelet dysfunction and syndromes combining

quantitative and qualitative abnormalities [13,14].

The bleeding phenotype associated with platelet disorders is typically mucocutaneous.
Petechiae, purpura, epistaxis, gingival bleeding, menorrhagia and prolonged bleeding
following dental or surgical procedures are common manifestations. In contrast, hemarthroses
and deep muscle hematomas are more characteristic of severe coagulation-factor deficiencies.
Nevertheless, this distinction is not absolute, particularly when platelet dysfunction coexists

with coagulation abnormalities.

The severity of bleeding does not always correlate directly with the platelet count. Some
patients with severe thrombocytopenia may have relatively limited bleeding, whereas others
with moderate thrombocytopenia or apparently normal platelet numbers may experience
substantial hemorrhage. Endothelial integrity, platelet reactivity, VWF concentration,

concomitant medications, renal function and inflammatory status can all modify the phenotype.

10.4. Thrombocytopenia: Mechanisms and Major Causes

Thrombocytopenia develops through four principal mechanisms: reduced platelet production,
increased peripheral destruction, abnormal sequestration and increased consumption or loss
[15]. Reduced production may occur with aplastic marrow disorders, hematological
malignancies, chemotherapy, radiotherapy, severe infections, nutritional deficiencies and

inherited megakaryocytic abnormalities.

Immune-mediated peripheral destruction represents another major mechanism. Primary
immune thrombocytopenia (ITP) is characterized by immune-mediated platelet destruction
accompanied by impaired platelet production. Autoantibodies and cellular immune
mechanisms promote platelet clearance while also interfering with megakaryocyte maturation
[16]. The clinical course may be newly diagnosed, persistent or chronic, and treatment

decisions depend more on bleeding risk and clinical context than on platelet count alone.

Current evidence-based management emphasizes individualized treatment. In adults with

newly diagnosed ITP and significant thrombocytopenia, corticosteroids remain an important
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initial therapy, whereas observation can be appropriate in selected patients with higher platelet
counts and minimal bleeding. For persistent or chronic disease, thrombopoietin-receptor
agonists, rituximab and splenectomy remain important therapeutic options, with selection
guided by disease duration, bleeding history, comorbidities, patient preferences, treatment
burden and availability [16,17].

Drug-induced thrombocytopenia must be considered whenever thrombocytopenia develops
after exposure to a new medication. Drug-dependent antibodies may produce rapid and
sometimes profound platelet destruction [18]. A careful temporal medication history is
therefore essential, and discontinuation of the suspected agent may be more important than

nonspecific treatment.

Heparin-induced thrombocytopenia (HIT) represents a particularly important acquired platelet
disorder because thrombocytopenia occurs in association with a strong thrombotic tendency.
Antibodies directed against platelet factor 4-heparin complexes activate platelets and
monocytes, generating substantial thrombin production [19]. Thus, treating HIT simply as a
bleeding disorder is dangerous; suspected HIT requires immediate recognition and appropriate

non-heparin anticoagulation.

Thrombotic thrombocytopenic purpura (TTP) provides another important example of
thrombocytopenia with predominant thrombosis rather than bleeding. Severe deficiency of the
VWEF-cleaving protease ADAMTS13 causes accumulation of unusually large VWF multimers
and widespread platelet-rich microvascular thrombi [20,21]. Acquired TTP is most commonly
autoimmune, whereas congenital TTP results from pathogenic variants in the ADAMTS13
gene. Neurological manifestations, renal dysfunction, fever, thrombocytopenia and
microangiopathic hemolytic anemia can develop rapidly, making suspected TTP a

hematological emergency.

Pseudothrombocytopenia represents an important laboratory pitfall. EDTA-dependent platelet
aggregation can produce a falsely low automated platelet count without genuine
thrombocytopenia [22]. Peripheral-blood examination and repeat analysis using an alternative

anticoagulant can prevent unnecessary investigations or treatment.

190



10.5. Thrombocytosis and Essential Thrombocythemia

Thrombocytosis may be reactive or clonal. Reactive thrombocytosis occurs with infection,
inflammation, tissue injury, malignancy, iron deficiency and postsurgical states [23]. In these
circumstances, increased platelet production generally represents a physiological response
mediated by inflammatory and thrombopoietic signals rather than an intrinsic platelet

neoplasm.

Persistent unexplained thrombocytosis requires consideration of myeloproliferative
neoplasms, particularly essential thrombocythemia (ET). ET is characterized by clonal
megakaryocyte proliferation and sustained elevation of platelet numbers. Most patients harbor
driver mutations involving JAK2, CALR or MPL [24]. These molecular abnormalities have

substantially improved diagnostic classification and risk assessment.

A major paradox of ET is that patients can experience both thrombosis and bleeding. Increased
platelet activation contributes to arterial and microvascular thrombosis, whereas extreme
thrombocytosis can be associated with acquired VWF dysfunction and mucocutaneous
bleeding [24]. Consequently, platelet count alone is an inadequate measure of thrombotic or

hemorrhagic risk.

Management therefore requires risk stratification rather than indiscriminate platelet reduction.
Age, previous thrombosis, mutation status and cardiovascular risk factors influence treatment
decisions. Excessive antiplatelet or cytoreductive therapy may itself increase bleeding risk,

emphasizing the need for individualized treatment.
10.6. Inherited Platelet Function Disorders

Inherited platelet disorders are genetically heterogeneous and frequently underdiagnosed
because routine platelet counts and coagulation assays may be normal [25]. Important disorders
include Glanzmann thrombasthenia, Bernard-Soulier syndrome, storage-pool disorders and

several inherited thrombocytopenia syndromes.

Glanzmann thrombasthenia is caused by quantitative or qualitative abnormalities of allbp3.
Because allbP3 is essential for fibrinogen-mediated platelet aggregation, affected individuals

develop severe mucocutaneous bleeding despite relatively preserved platelet adhesion [26].
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Laboratory findings typically demonstrate absent or markedly impaired aggregation in

response to multiple agonists, while ristocetin-induced agglutination is relatively preserved.

Bernard-Soulier syndrome results from abnormalities of the GPIb-IX-V complex, which is
essential for VWF-dependent platelet adhesion [26]. Patients commonly have
macrothrombocytopenia and impaired ristocetin-induced platelet agglutination. The disorder
demonstrates how a receptor-specific defect can simultaneously influence platelet morphology,

number and adhesion.

Platelet o-storage-pool disease provides a different example. Deficiency or abnormality of
dense granules results in impaired release of ADP, serotonin and other mediators required for
platelet amplification [27]. The clinical phenotype may be mild to moderate but can become

clinically significant during surgery, trauma or childbirth.

MYHO9-related disease illustrates the importance of platelet morphology in diagnosis. MYH9
variants cause inherited macrothrombocytopenia and may be associated with renal disease,
sensorineural hearing loss and cataracts [28]. Recognition is clinically important because
affected patients may otherwise be incorrectly diagnosed with ITP and treated with

unnecessary immunosuppression or splenectomy.

Inherited platelet disorders may also occur as part of broader syndromes involving immune
dysfunction, pigmentation, renal abnormalities or other organ manifestations. Consequently,
platelet morphology, family history and extrahematological features can provide critical

diagnostic clues.

The emergence of next-generation sequencing has considerably expanded the ability to identify
genetic causes of inherited platelet disorders. However, genetic testing does not eliminate the
need for functional characterization because variants of uncertain significance and incomplete

genotype—phenotype correlations remain important limitations [29,30].

10.7. Acquired Platelet Dysfunction

Acquired platelet dysfunction is considerably more common than inherited platelet
dysfunction. Drugs constitute one of the most clinically relevant causes. Aspirin irreversibly
inhibits platelet cyclooxygenase-1 and suppresses thromboxane A2 synthesis, whereas P2Y 12

receptor antagonists inhibit ADP-mediated platelet activation and amplification [10,11].
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These pharmacological effects are therapeutically desirable in patients at risk of arterial
thrombosis but necessarily increase bleeding susceptibility. The clinical challenge is therefore

to achieve sufficient antithrombotic protection without producing unacceptable hemorrhage.

Chronic kidney disease represents another important cause of platelet dysfunction. Uremic
patients may demonstrate impaired platelet adhesion, aggregation and secretion despite
variable platelet counts [31]. The result is a complex phenotype in which bleeding and
thrombosis can coexist. Correction of anemia, dialysis and selected pharmacological
approaches may improve hemostatic function, although the relationship between laboratory
platelet abnormalities and clinical bleeding remains imperfect.

Liver disease, malignancy, inflammatory disorders, myeloproliferative neoplasms and
extracorporeal circulation can similarly alter platelet activity. These observations reinforce the

principle that platelet count alone cannot establish normal hemostasis.
10.8. Diagnostic Approach

Evaluation begins with a careful bleeding history, family history, medication review and
assessment of previous surgical or dental bleeding. Standardized bleeding-assessment tools are
increasingly useful in evaluating suspected inherited bleeding disorders, particularly VWD
[32]. Menstrual bleeding, postpartum hemorrhage and unexplained bleeding following

apparently minor procedures can provide particularly valuable diagnostic information.

The complete blood count establishes the platelet concentration and may identify associated
anemia or other cytopenias. Examination of the peripheral blood smear is essential for
evaluating platelet size, morphology, clumping and associated red- or white-cell abnormalities
[22,33]. Large platelets may suggest inherited macrothrombocytopenia, whereas platelet

aggregates should raise suspicion of pseudothrombocytopenia.

Routine coagulation testing with prothrombin time and activated partial thromboplastin time is
useful for identifying coagulation-factor abnormalities but may be completely normal in
isolated platelet disorders. VWEF testing is particularly important because VWF abnormalities
can clinically resemble platelet adhesion defects. Contemporary diagnostic recommendations
emphasize VWF antigen, platelet-dependent VWF activity and factor VIII measurement,

supplemented by subtype-specific investigations when required [34].
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Platelet-function testing includes light-transmission aggregometry, whole-blood impedance
aggregometry, secretion studies, flow cytometry and selected point-of-care assays [35]. Light-
transmission aggregometry remains an important reference method but is technically
demanding and susceptible to preanalytical variation. Platelet count, sample preparation,

agonist concentration, medication exposure and laboratory expertise can all influence results.

Flow cytometry can identify abnormalities in platelet glycoproteins and activation markers and
is particularly useful in suspected Glanzmann thrombasthenia, Bernard-Soulier syndrome and
related receptor disorders [36]. Electron microscopy can assist in the investigation of storage-

pool disorders, whereas specialized secretion studies provide functional confirmation.

Molecular testing has become increasingly important in inherited platelet disorders.
Nevertheless, sequencing should be interpreted alongside phenotype and functional data

because genetic findings may not always establish pathogenicity [29,30].
10.9. Therapeutic Principles

Management must be mechanism-specific and proportional to bleeding or thrombotic risk. In
ITP, treatment may include corticosteroids, intravenous immunoglobulin, thrombopoietin-
receptor agonists, rituximab or splenectomy according to disease duration and clinical
circumstances [16,17]. The modern approach increasingly emphasizes minimizing prolonged

corticosteroid exposure and using individualized second-line treatment.

VWD-associated bleeding requires disease-specific therapy. Desmopressin can increase
endogenous VWF and factor VIII in responsive patients, whereas VWF-containing
concentrates are required in patients with inadequate response or particular VWD subtypes
[34,37]. Tranexamic acid and other antifibrinolytic approaches are useful adjuncts, particularly

for mucosal bleeding and selected procedural settings.

Patients with severe inherited platelet dysfunction may require antifibrinolytic therapy,
desmopressin in selected disorders, platelet transfusion during major bleeding or surgery, and,
in refractory Glanzmann thrombasthenia, recombinant activated factor V11 [26,38]. Prevention
is equally important and includes careful procedural planning, avoidance of unnecessary

antiplatelet drugs and appropriate genetic counseling.
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Platelet transfusion remains an important intervention for severe thrombocytopenia or
clinically significant bleeding, but indiscriminate prophylactic transfusion is increasingly
discouraged. Evidence supporting restrictive strategies indicates that transfusion decisions
should incorporate platelet count, bleeding status, procedure-related risk and clinical context
[39,40]. The 2025 AABB/ICTMG guideline supports restrictive platelet-transfusion strategies
in several clinical settings and emphasizes avoiding transfusion when the expected benefit is
low [40].

Platelet transfusion is not without risk. Alloimmunization, platelet refractoriness, transfusion
reactions, infection risk, volume-related complications and potentially thrombotic events must
be considered. In patients who repeatedly require transfusion, human leukocyte antigen

compatibility and specialized transfusion strategies may become necessary.

In contrast to bleeding disorders, thrombocytosis and ET may require antiplatelet therapy
and/or cytoreduction. Such treatment must be guided by thrombotic risk, mutation status, age

and bleeding risk rather than platelet count alone [24].

10.10. Critical Perspectives and Future Directions

Several important limitations remain in contemporary platelet medicine. First, platelet count is
an imperfect surrogate for hemostatic competence. Second, currently available platelet-
function assays vary considerably in methodology, sensitivity and clinical interpretation. Third,
inherited platelet disorders frequently show overlapping phenotypes, while genetic testing may

identify variants whose clinical significance remains uncertain.

A further challenge is the coexistence of bleeding and thrombosis. HIT and TTP clearly
demonstrate that thrombocytopenia can occur in highly prothrombotic states [19-21]. ET
similarly illustrates how excessive platelet numbers can coexist with both thrombotic and
hemorrhagic complications [24]. Therefore, therapeutic decisions based solely on platelet

concentration can be misleading.

Modern research has also expanded the biological concept of platelets beyond hemostasis.
Platelets participate in inflammation, immune-cell recruitment, endothelial signaling,

antimicrobial responses and tissue repair [2,4]. Platelet-leukocyte interactions and platelet-
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derived extracellular vesicles may contribute to disease processes extending well beyond
classical thrombosis.

The future is likely to involve increasingly integrated platelet phenotyping. Genomics,
transcriptomics, proteomics, platelet receptor profiling, functional testing, microfluidic flow
systems and computational analysis may collectively provide a more accurate prediction of
bleeding and thrombotic risk. Artificial-intelligence-assisted analysis of blood-cell
morphology may also facilitate recognition of inherited platelet disorders in routine

laboratories.

A major research priority is therefore the development of precision platelet medicine. Instead
of categorizing patients solely according to platelet count, future approaches could integrate
genetic variants, platelet reactivity, endothelial biomarkers, VWF status, inflammatory signals
and thromboinflammatory profiles. Such an approach could identify patients who require
intervention while preventing unnecessary treatment in individuals with laboratory

abnormalities but low clinical risk.
10.11. Conclusion

Platelets are central regulators of hemostasis whose functions extend from vascular adhesion
and aggregation to coagulation, inflammation and tissue repair. Platelet disorders therefore
represent a heterogeneous group of conditions in which abnormalities of platelet number,
morphology or function disturb the equilibrium between hemorrhage and thrombosis. The
classical separation of primary and secondary hemostasis is increasingly inadequate because
platelet activation, thrombin generation and fibrin formation operate as interconnected
processes. Accurate diagnosis requires correlation of clinical phenotype with platelet count,
morphology, coagulation studies, VWF analysis, platelet-function testing and, increasingly,
genomic information. ITP, HIT, TTP, ET, inherited platelet disorders and acquired drug- or
disease-associated platelet dysfunction demonstrate that thrombocytopenia or platelet

dysfunction cannot be interpreted in isolation.

Therapeutic advances have substantially expanded treatment options, including
thrombopoietin-receptor agonists, targeted immunotherapy, VWEF-directed treatment,
recombinant factor VIla and evidence-based platelet transfusion strategies. Nevertheless,

important limitations remain in predicting individual bleeding and thrombotic risk. Future
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research should prioritize standardized functional diagnostics, genotype—phenotype

integration, clinically validated biomarkers and individualized treatment algorithms. The

ultimate goal should be a transition from conventional count-based platelet management

toward mechanism-based, risk-adapted and precision hemostatic medicine.
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Overview

The chapter provides a concise, integrated overview of bone marrow examination as the
definitive reference standard for diagnosing, staging, and monitoring complex human
hematological disorders. It details the essential clinical indications, including unexplained
cytopenias and malignant hematological neoplasms, and maps the structural workflows
required for high-fidelity bone marrow aspiration and trephine core biopsy acquisition from
the posterior superior iliac spine. The text underscores the fundamental role of light
microscopy, age-adjusted cellularity evaluation, and lineage maturation mapping utilizing
specialized histochemical and cytochemical stain panels. Furthermore, it highlights the clinical
necessity of high-resolution advanced ancillary modalities, including multiparametric flow
cytometry for blast gating and lineage assignment, conventional cytogenetics and FISH for
global macro-structural alterations and urgent genetic fusions, and Next-Generation
Sequencing (NGS) for uncovering recurrent, actionable somatic mutations (e.g., NPM1, FLT3,
CEBPA bzip, IDHI1/2). Ultimately, the overview emphasizes the vital synthesis of these multi-
disciplinary data into a single unified Integrated Diagnostic Report to ensure precise diagnostic
staging and ultra-sensitive tracking of Measurable Residual Disease (MRD) during post-

remission clinical surveillance.
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11.1 Introduction

Bone marrow examination and advanced hematological diagnostics form the cornerstone of
diagnosing, staging, and monitoring complex hematological disorders, integrating bone
marrow aspiration, core biopsy, flow cytometry, cytogenetics, and molecular testing for
precision medicine. Bone marrow evaluation assesses hematopoiesis and diagnoses primary
and secondary blood disorders [1]. Persistent unexplained cytopenias, leukocytosis,
thrombocytosis, or suspected acute leukemia are the common indications. The staging is
essential for staging lymphomas, plasma cell myelomas, and non-hematopoietic metastatic
cancers [2]. The monitoring strategies evaluate treatment response and minimal residual
disease (MRD) in acute leukemias. The preferred site of acquisition of bone marrow is from
posterior superior iliac spine due to safety and yield. The aspiration involves procurement of
material for smear cytology, flow cytometry, and molecular profiling. The core biopsy
preserves bone architecture for cellularity, fibrosis grading, and focal lesion mapping [3]. In
the step of processing smears are stained with Wright-Giemsa; biopsies undergo formalin

fixation and decalcification.

The histopathology and morphology revolve around cellularity — the normal age-adjusted
cellularity ranges from 30% to 70%; extremes indicate hypo- or hypercellularity, lineage
assessment - evaluates maturation sequences in erythroid, myeloid, and megakaryocytic
lineages, iron stores - prussian blue staining identifies storage iron and ringed sideroblasts and

reticulin stain - quantifies marrow fibrosis associated with myeloproliferative neoplasms [4].

The advanced ancillary diagnostics include flow cytometry, cytogenetics, FISH (Fluorescence
In Situ Hybridization) and Molecular diagnostics [5]. The Flow cytometry evaluates aberrant
surface antigen profiles to type acute leukemias and lymphoproliferative disorders. The
cytogenetics (karyotyping) detect chromosomal translocations, deletions, and ploidy changes
critical for prognosis. The FISH rapidly identifies specific gene rearrangements without
dividing cells. The molecular diagnostic uses next-generation sequencing (NGS) to find
targetable mutations like FLT3, JAK2, or IDH1/2. The present chapter therefore summarizes
the different bone marrow examination and advanced hematological diagnostics that have

evolved over the past few years.
11.2 Clinical Indications

Bone marrow evaluation remains the definitive reference standard for assessing active

hematopoiesis and diagnosing complex primary and secondary hematological disorders. By
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directly examining the primary site of blood cell production, clinicians can evaluate cellular

maturity, marrow architecture, and underlying malignant cell lineages [6].

The procedure is clinically indicated across a broad spectrum of medical scenarios:

Unexplained Cytopenias and Cytoses: Investigation of persistent, unexplained anemia,
leukopenia, thrombocytopenia, pancytopenia, or unexpected elevations in peripheral
blood counts such as leukocytosis and thrombocytosis.

Malignant Hematological Disorders: The primary diagnosis, classification, staging, and
longitudinal therapeutic monitoring of conditions including acute leukemias,
myelodysplastic neoplasms (MDS), myeloproliferative neoplasms (MPN), chronic
myelomonocytic leukemia (CMML), plasma cell disorders (multiple myeloma),
systemic mastocytosis, and lymphomas.

Staging of Solid Malignancies: Assessment of suspected marrow infiltration or bone
metastases from non-hematopoietic solid tumors.

Systemic and Infectious Workups: Evaluation of focal bony lesions observed on
radiological imaging, systemic metabolic/storage diseases, and procurement of
microbiological marrow cultures for pyrexia of unknown origin (PUO) or disseminated

granulomatous infections (e.g., miliary tuberculosis, leishmaniasis).

11.3 Bone Marrow Acquisition and Specimen Processing

The utility of a bone marrow examination is entirely dependent on the quality of sample

acquisition and proper immediate processing. The procedure typically incorporates both a bone

marrow aspiration (BMA) to obtain liquid marrow for cytological evaluation and ancillary

assays, and a trephine core biopsy to preserve solid tissue architecture [7].

Site Selection and Patient Preparation - The posterior superior iliac spine (PSIS) along
the back of the pelvis is the standard preferred site of care due to its accessibility, high
density of hematopoietic marrow, and superior safety profile. Alternative sites include
the sternum for aspiration only in adults (strictly avoiding core biopsy due to structural
risks) and the tibial tuberosity in infants. Prior to the procedure, informed consent is
obtained, a complete blood count (CBC) is reviewed, and the area is numbed via local
infiltration of an anesthetic such as 1% to 2% lidocaine (lignocaine) targeting the skin,

subcutaneous tissues, and the highly sensitive periosteum of the bone.
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e Sample Collection Sequence and Technical Protocols — Using a specialized manual
needle (such as a Jamshidi needle) or a powered biopsy drill, a small skin nick is made
to introduce the tool into the cortical bone with a gentle boring motion [8].

e Bone Marrow Aspiration (BMA): Once the needle penetrates the medullary space, the
stylet is removed and a syringe is attached to withdraw approximately 0.5 mL of liquid
marrow for the initial smear. Limiting the initial volume minimizes hemodilution with
peripheral blood. The World Health Organization (WHO) strongly recommends
immediate bedside preparation of aspirate smears using the pull technique or crush film
smear to stabilize marrow particles (spicules) and prevent drying artifacts [9].

e Anticoagulant Preservation: Subsequent aspirate draws of approximately 3 to 5 mL each

are collected into specific tubes to prevent clotting:

o Sodium Heparin Tubes: Utilized for multiparametric flow cytometry and
conventional cytogenetic/karyotypic analysis.

o Ethylenediaminetetraacetic Acid (EDTA) Tubes: Preferred for molecular
diagnostics involving polymerase chain reaction (PCR) or next-generation
sequencing (NGS) to avoid heparin interference with DNA/RNA enzymes [10].

e Trephine Core Biopsy: Core biopsy specimens are typically obtained following the
aspiration to avoid blood contamination of the solid matrix. The biopsy needle is
redirected slightly or advanced further, rotated, and extracted to obtain a cylindrical
core sample (ideally \(\ge 1.5\) cm in length). Touch imprints (imprint cytology) are
immediately prepared by gently rolling or pressing the core specimen onto clean glass
slides before fixation. Touch preparations serve as an invaluable backup for structural
assessment if the aspirate results in a "dry tap" due to packed cells or severe fibrosis
[11].

e Post-Biopsy Blood Clot: Residual blood and marrow particles remaining in the syringe
or track are allowed to clot. This post-biopsy clot is fixed in formalin, sectioned, and
processed as a "cytoblock" alongside the core biopsy to provide an extra cross-sectional

layer for examining cellular morphology and immunohistochemical staining [12].
11.4 Histopathology, Cytochemistry, and Morphology

Microscopic interpretation relies on a dual evaluation of the cytology (aspirate smears) and

histology (trephine core sections). Core biopsy samples must undergo formalized fixation
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followed by a controlled decalcification process using acid or EDTA solutions to soften the

bone matrix before paraffin embedding and sectioning.

e Cytochemical and Histochemical Stains
Specialized chemical processing provides critical diagnostic differentiation [13]:

a.  Wright-Giemsa or May-Grunwald-Giemsa Stains: The foundational stains for aspirate
smears, outlining fine nuclear chromatin, nucleoli, and cytoplasmic inclusions like
pathognomonic Auer rods.

b. Hematoxylin and Eosin (H&E): The primary histological stain used for core biopsy
sections to map spatial cellular architecture.

c. Myeloperoxidase (MPO) and Sudan Black B (SBB): Cytochemical stains
demonstrating enzymatic or lipid positivity in the neutrophilic granules of granulocytic
precursors, distinguishing acute myeloid leukemia (MPO/SBB positive) from acute
lymphoblastic leukemia (MPO/SBB negative).

d. Non-Specific Esterase (NSE): Typically uses alpha-naphthyl acetate or butyrate to yield
intense cytoplasmic positivity in monocytic lineages, highlighting monocytic
differentiation in leukemias.

e. Prussian Blue (Perls' Stain): Evaluates overall iron storage pools inside histiocytes and
checks for abnormal iron accumulation within the mitochondria of erythroid precursors,
which form a ring around the nucleus (designated as "ringed sideroblasts™ in specific
myelodysplastic neoplasms).

f. Reticulin and Masson’s Trichrome Stains: Silver impregnation techniques quantify the
density of the reticulin fiber network. Fibrosis is graded from 0 (normal) to 3 (severe
collagenous scarring with osteosclerosis), which is vital for confirming primary

myelofibrosis or fibrotic transformations of chronic myeloid malignancies.

11.5 Advanced Ancillary Diagnostics: Multiparametric Flow Cytometry

Multiparametric Flow Cytometry (MFC) immunophenotyping provides a rapid and high-
throughput diagnostic assessment by analyzing thousands of single cells per second as they
pass in suspension through focused laser beams. This technique simultaneously captures
forward light scatter (indicative of relative cell size) and side light scatter (indicative of internal
structural complexity or granulosity) while exciting fluorochrome-labeled monoclonal

antibodies bound to specific cell surface or intracellular antigens.
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e Diagnostic Application and Gating Strategies

MEFC is crucial for immediate lineage assignment in acute leukemias (distinguishing myeloid,
B-lymphoid, T-lymphoid, or mixed/ambiguous lineages) and for characterizing clonality in

mature lymphoproliferative disorders.

CD45 Gating Strategy: A primary diagnostic approach pairs CD45 expression intensity with
side scatter (SSC) properties. Normal hematopoietic cells separate into distinct clusters (e.g.,
mature granulocytes express high SSC and moderate CD45; monocytes show moderate SSC
and high CD45; lymphocytes display low SSC and very high CD45). Immature blasts fall into

a specific "blast gate" characterized by low side scatter and dim or weak CD45 expression.

Lineage-Specific Antigens: Blasts within this gate are characterized using standardized panel

backbones:
o Immature/Progenitor Markers: CD34, CD117, HLA-DR, and CD133.

o Myeloid Lineage: CDI13, CD33, CDI15, and intracellular/cytoplasmic
myeloperoxidase (cMPO).

o B-Cell Lineage: CD19, CD22, CD79a, and cytoplasmic CD10.
o T-Cell Lineage: Cytoplasmic CD3, CD7, CDS5, and CD2.

Lineage Infidelity and Surveillance: MFC detects aberrant configurations, such as the
expression of lymphoid-associated markers (e.g., CD7 or CD56) on myeloid blasts. This
defines a unique Leukemia-Associated Immunophenotype (LAIP) or a "different-from-
normal" (DfN) maturation pathway. Tracking these precise phenotypic deviations provides a
highly sensitive mechanism for checking measurable residual disease (MRD) during post-

treatment clinical remissions.
11.6 Cytogenetics and Fluorescence In Situ Hybridization (FISH)

Genomic alterations are central to the biology of hematological malignancies. The integration
of structural and numerical chromosomal data is mandatory to refine disease classification and

establish definitive prognostic risk categories [14].
Conventional G-Banded Karyotyping

Conventional cytogenetics requires culturing live, dividing bone marrow cells in the laboratory,

arresting them during metaphase using mitotic inhibitors, and applying Giemsa banding to
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visualize the complete chromosomal complement under a microscope. Karyotyping provides

an unbiased, genome-wide view capable of identifying:

e Balanced Translocations: Such as t (8;21) (q22; q22.1) resulting in the
RUNXI::RUNXITI fusion, or t (15;17) (q24.1; g21.2) resulting in the PML::RARA

fusion.

e Inversions: Such as inv (16) (p13.1q22) resulting in the CBFB::MYH]1I fusion, or inv
(3) (q21.3926.2).

e Numerical Abnormalities: Monosomies (e.g., -5, -7) or trisomies (e.g., +8, +21).

e Complex Landscapes: The identification of "complex karyotypes" (typically defined as
three or more unrelated clonal chromosomal abnormalities) or "monosomal
karyotypes" signals severe genomic instability, frequently associated with 7P53

mutations and high resistance to conventional chemotherapies.
Fluorescence In Situ Hybridization (FISH)

FISH utilizes fluorescently labeled locus-specific DNA probes that hybridize to
complementary genomic sequences on target chromosomes. Unlike conventional karyotyping,
FISH can be performed directly on non-dividing, interphase cells from blood smears, touch
preps, or fixed tissue blocks, eliminating the dependency on live cell mitotic cultures.
Using dual-color break-apart or dual-fusion probe sets, FISH offers a rapid turnaround time
(often 24 to 48 hours), making it an invaluable diagnostic tool in emergency scenarios. For
example, rapidly confirming a PML.::RARA fusion via FISH enables immediate initiation of
targeted differentiation therapy with all-trans retinoic acid (ATRA) to mitigate life-threatening

disseminated intravascular coagulation (DIC) associated with acute promyelocytic leukemia.
11.7 Next-Generation Sequencing (NGS) and Molecular Stratification

The contemporary diagnostic framework has evolved from basic morphological assessment
toward a highly molecularly stratified system. High-throughput Next-Generation Sequencing
(NGS) panels targeting genes recurrently mutated in myeloid and lymphoid malignancies are

standard clinical practice [15].
Impact on Diagnostic Criteria and Nomenclature

The 5th Edition of the World Health Organization (WHO) and the International Consensus

Classification (ICC) systems prioritize disease-defining molecular alterations over traditional,
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arbitrary morphological cutoffs. For instance, acute myeloid leukemias harboring core fusions

like RUNXI1::RUNXITI, CBFB::MYHI1, or PML::RARA can now be definitively diagnosed

even if the blast count falls below the historic 20% diagnostic threshold. Additionally, current

nomenclature adheres to the Human Genome Organization (HUGO) standard, designating

structural gene fusions using double colon marks (::) rather than single hyphens.

Recurrent Actionable and Prognostic Gene Mutations

Molecular screening focuses on multiple functional classes of somatic mutations:

11.8

Transcription Factors and Differentiation Blockers: Mutations in NPMI
(Nucleophosmin 1) represent the most frequent genetic lesion in adult de novo AML,
imprinting a favorable prognosis in the absence of concurrent FL73-ITD mutations.
Mutations in CEBPA localized specifically to the basic leucine zipper (bzip) domain

similarly impart durable remissions and favorable clinical outcomes.

Signal Transduction and Proliferation Drivers: Mutations in FL73 (Fms-Like Tyrosine
Kinase 3) present either as Internal Tandem Duplications (FLT73-ITD) or point
mutations in the Tyrosine Kinase Domain (FLT3-TKD). A high FLT3-ITD allelic ratio
(\(\ge 0.5\)) correlates with a high risk of relapse, dictating aggressive upfront therapy
and the incorporation of targeted small-molecule FLT3 tyrosine kinase inhibitors (e.g.,

midostaurin, gilteritinib).

Epigenetic and Metabolic Modifiers: Somatic mutations in DNMT3A4, TET2, IDH]I, and
IDH?2 alter DNA methylation landscapes. /IDHI and IDH2 mutations display an
operational neomorphic activity, reducing \(\alpha \)-ketoglutarate into the abnormal
oncometabolite 2-hydroxyglutarate (2-HG). Accumulation of 2-HG induces epigenetic
silencing and a profound differentiation block. These modifications are highly
actionable, utilizing small-molecule oral inhibitors (ivosidenib for /DH1, enasidenib

for IDH?2).

Integrated Final Diagnostic Reporting and Measurable Residual Disease

The modern hematopathology report is an integrated diagnostic synthesis. A final
diagnosis cannot be made in isolation; rather, the clinical history, morphology,
cytochemistry, multiparametric immunophenotyping, cytogenetics, and molecular
profiling must be cross-referenced into a single unified diagnostic statement. This

integration resolves clinical ambiguities, distinguishing reactive marrow states (such as
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nutritional deficiencies or growth factor spikes mimicking dysplasia or cytopenias)
from genuine clonal neoplasia [16].

o Following the attainment of a complete morphologic remission, the bone marrow serves
as the primary tracking site for Measurable Residual Disease (MRD). MRD monitoring
detects tiny cellular fractions below the limits of standard light microscopy, acting as a
powerful independent predictor of impending clinical relapse. Pathologists utilize
MFC-MRD to track aberrant surface profiles, and ultra-sensitive molecular
methodologies such as quantitative real-time PCR (qPCR) or droplet digital PCR
(ddPCR) to count residual transcript levels of stable markers like NPM1 or core-binding
fusions over time. Identifying a molecular or immunophenotypic rise during
surveillance offers a crucial therapeutic window for pre-emptive clinical intervention

before a full-scale clinical relapse occurs.
11.9 Conclusion

Bone marrow examination, together with advanced ancillary modalities, forms the definitive
foundation for the modern diagnosis, classification, and management of complex
hematological disorders. By unifying classic light microscopy and cytochemical staining with
high-resolution technologies like multiparametric flow cytometry, conventional cytogenetics,
FISH, and Next-Generation Sequencing (NGS), clinicians can transition from arbitrary

morphological boundaries to precise, molecularly stratified diagnostic frameworks.

Synthesizing these diverse methodologies into a single Integrated Final Diagnostic Report
effectively eliminates diagnostic ambiguity, ensuring tailored therapeutic selections and precise
prognostic risk assessment. Furthermore, utilizing ultra-sensitive techniques to monitor
Measurable Residual Disease (MRD) during clinical surveillance offers a vital window for
early therapeutic intervention before a full-scale clinical relapse occurs, ultimately advancing

the goals of precision medicine in hematology.
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Overview

Transfusion medicine and blood banking constitute an essential component of modern
hematology, integrating the science of blood collection, processing, testing, storage,
compatibility assessment, and clinical transfusion. Transfusion medicine encompasses the
entire transfusion chain, beginning with voluntary donor recruitment, donor selection,
counselling, and blood collection, followed by component preparation, infectious-disease
screening, immunohematological testing, storage, distribution, and administration to patients.
Blood banking focuses on the safe preparation and management of blood components,
including red blood cells, platelets, plasma, and cryoprecipitate, while ensuring appropriate
quality control and traceability. Immunohematology forms a major foundation of transfusion
practice through ABO and RhD typing, antibody screening and identification, antiglobulin
testing, and compatibility testing. Modern transfusion services also employ leukoreduction,
irradiation, washing, antigen-negative selection, extended antigen matching, molecular
genotyping, and automated testing systems for selected clinical situations. Appropriate
transfusion requires careful assessment of clinical indications and consideration of patient-
specific factors to minimize unnecessary exposure to blood components. Transfusion reactions,
including haemolytic, febrile, allergic, pulmonary, circulatory, and infectious complications,
require prompt recognition, investigation, and management. Patient blood management,
hemovigilance, quality assurance, biosafety, ethical practice, and regulatory compliance are
integral to contemporary transfusion services. Thus, transfusion medicine represents a
multidisciplinary field in which laboratory professionals, clinicians, nurses, blood-bank
personnel, and patients share responsibility for ensuring the availability, safety, efficacy, and

appropriate use of blood and blood components.
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12.1. Introduction

Blood is a specialized biological tissue that performs essential functions including oxygen
transport, carbon dioxide transport, maintenance of acid—base balance, immune defense, and
haemostasis. In clinical medicine, blood and its components are used as therapeutic products
in situations where endogenous physiological mechanisms are inadequate or where rapid
replacement is necessary. Severe trauma, obstetric haemorrhage, major surgery, severe
anaemia, hematological malignancies, inherited blood disorders, transplantation, and critical
illness are among the important clinical circumstances in which transfusion may be required.

Transfusion medicine has developed from the relatively simple practice of administering whole
blood into a sophisticated discipline integrating hematology, immunology, laboratory
medicine, genetics, infectious disease screening, clinical medicine, information technology,
and quality management. Modern blood services do not merely collect and issue blood. They
operate a complex system in which every stage—from donor recruitment to bedside
administration—is controlled to minimize risk.

The World Health Organization (WHO) considers access to safe and sufficient blood and blood
products an important component of effective health systems. The WHO Global Status Report
on Blood Safety and Availability 2025, published in 2026, reviewed blood collection, testing,
component preparation, clinical transfusion, haemovigilance, and plasma-derived medicinal
products across 168 countries. The report highlights continuing differences in blood
availability, safety, and access between regions and income groups. [1,2]

The fundamental objectives of transfusion medicine are:
1. To maintain a safe and adequate blood supply.
2. To protect the health and safety of blood donors.
3. To ensure the quality of blood components.
4. To provide compatible blood products to patients.
5. To minimize transfusion-associated complications.
6. To promote appropriate and evidence-based transfusion.
7. To monitor adverse events and continuously improve transfusion practices.

Thus, transfusion medicine represents a complete clinical-laboratory pathway rather than an
isolated blood-bank procedure.

12.2. Blood Banking and Transfusion Services

A blood banking system may operate at national, regional, community, or hospital level.
Depending on the health-care system, facilities may perform some or all of the following
functions:
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e Donor recruitment

e Donor selection

e Blood collection

e Donor testing

o Component preparation

o Infectious disease screening

e Blood grouping

e Antibody screening

e Antibody identification

e Crossmatching

e Blood component storage

e Inventory management

e Blood issue

o Transfusion reaction investigation
o Haemovigilance

o Therapeutic apheresis

e Cellular therapy and stem cell collection

The quality system should ensure that processes are standardized, documented, validated where
required, monitored, and periodically reviewed.

The current AABB Standards for Blood Banks and Transfusion Services, 35th edition, became
effective on April 1, 2026. The current edition includes requirements concerning donor
qualification, collection, processing, storage, transfusion, quality systems, equipment,
technology infrastructure, and nonconformance management. [3,4]

12.3. Blood Donation
12.3.1 Voluntary Blood Donation

A sustainable blood supply depends on adequate numbers of healthy donors. Voluntary, non-
remunerated blood donation is widely promoted as the preferred foundation of national blood
systems.

WHO reports that voluntary unpaid donation has increased globally, although substantial
differences remain among countries in the proportion of blood collected from voluntary donors.

[1]
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Regular voluntary donors provide several advantages:

o Establishment of a stable donor population

e Better opportunities for donor education

e Repeated health assessment

e Greater traceability

e Reduced dependence on emergency replacement donors
12.3.2 Donor Selection
Donor selection protects both the donor and the recipient [1,5].
Assessment commonly includes:

e Age and weight

e General health

e Haemoglobin concentration

e Blood pressure and pulse where applicable

e Previous donation history

e Recent illness

e Medication

e Pregnancy or recent delivery

e Surgical procedures

e Tattoos or body piercing

e Travel history

e Previous transfusion

e Relevant infection risks
Eligibility criteria vary according to national regulations and blood-service policies.
12.3.3 Donor Counselling
Donors should receive appropriate information regarding [3,5]:

e The purpose of donation

e The collection procedure

o Possible adverse effects

o Confidentiality
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o Infectious disease testing
e Post-donation precautions
o Self-deferral procedures

Confidential donor assessment is particularly important for identifying circumstances in which
donation may pose a risk to the recipient.

12.4. Blood Collection

Whole blood is generally collected using a sterile closed blood-collection system containing
an anticoagulant-preservative solution [3].

A simplified collection pathway is:

Donor registration — donor assessment — haemoglobin assessment — consent —
venepuncture — blood collection — sample collection — donor observation — processing

The collection bag and associated samples must be correctly identified. Errors during donor
identification or sample labelling can have serious consequences later in the transfusion
process.

12.5. Blood Components

Modern transfusion medicine emphasizes component therapy, in which a donated unit is
separated into products that can be used for different therapeutic purposes [5].

The major components include:

Blood component Major therapeutic role

Red blood cells Improve oxygen-carrying capacity

Prevent or treat Dbleeding associated with
Platelets . .
thrombocytopenia or platelet dysfunction

Fresh frozen plasma Replace multiple coagulation factors

C ipitate/fibri -containi . . .
FYOPTecipItatertibHnogen-comtaining Replace fibrinogen and selected coagulation proteins

products
Whole blood Selected major haemorrhage situations
Granulocytes Selected severe neutropenic conditions

Component therapy increases the clinical utility of each donation and allows therapy to be
tailored to the patient's requirements. [5,6]
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12.6. Red Blood Cell Components
Red blood cells are transfused primarily to improve oxygen-carrying capacity.
12.6.1 Indications
RBC transfusion may be considered in:
e Acute blood loss
e Symptomatic anaemia
e Severe anaemia
e Perioperative blood loss
e Selected hematological disorders
e Impaired tissue oxygen delivery

The decision to transfuse should not depend exclusively on haemoglobin concentration.
Clinical symptoms, haemodynamic status, rate of blood loss, cardiovascular disease,
respiratory status, and the patient's overall condition should be considered.

The 2023 AABB international guidelines support restrictive transfusion strategies for many
hemodynamically stable hospitalized adults, while emphasizing individualized clinical
assessment. [7]

12.6.2 Modified Red Cell Components
Special RBC preparations include:
e Leukoreduced RBCs

Leukoreduction decreases the number of leukocytes in the component and can reduce febrile
non-haemolytic transfusion reactions and some forms of alloimmunization [6,15].

e Irradiated RBCs

Irradiation prevents proliferation of viable donor T lymphocytes and is used for patients with
specific indications to prevent transfusion-associated graft-versus-host disease [6,28].

e Washed RBCs

Washing removes most residual plasma. It may be considered for patients with recurrent severe
allergic transfusion reactions or selected plasma-protein-related problems [6,28,29].

e Antigen-negative RBCs

Patients with clinically significant alloantibodies should generally receive red cells lacking the
corresponding antigen when clinically indicated [6,29].

e Phenotype- or genotype-matched RBCs
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Extended matching is particularly useful in selected chronically transfused patients who are at
increased risk of alloimmunization [6].

12.7. Platelet Components
Platelets are essential for primary haemostasis.
They may be obtained from:
1. Whole-blood-derived platelet concentrates.
2. Apheresis platelet collection.
12.7.1 Indications
Platelet transfusion may be considered for:
e Significant thrombocytopenia associated with bleeding
e Prevention of bleeding in selected thrombocytopenic patients
o Platelet dysfunction
e Major haemorrhage
o Selected invasive procedures

The decision depends on platelet count, clinical bleeding, cause of thrombocytopenia,
procedure-related risk, and the overall clinical condition [3,6].

Platelets are stored under controlled conditions and are particularly vulnerable to bacterial
proliferation; therefore, appropriate quality systems and storage controls are essential.

12.8. Plasma
Plasma contains multiple coagulation factors and other plasma proteins.

Fresh frozen plasma or equivalent plasma products may be used in selected patients with
clinically important bleeding or a significant risk of bleeding caused by deficiency of multiple
coagulation factors [3,6].

Potential indications include:
e Multiple coagulation factor deficiency
e Major haemorrhage
o Selected liver-associated coagulopathy with bleeding
o Certain anticoagulant-associated situations

o Plasma exchange replacement in selected clinical settings
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Plasma should not routinely be used merely to correct an abnormal coagulation test in a patient
who is not bleeding and does not have an appropriate procedural indication [27].

12.9. Cryoprecipitate and Fibrinogen Replacement
Cryoprecipitate is a plasma-derived component enriched in:
e Fibrinogen
o Factor VIII
e von Willebrand factor
o Factor XIII
e Fibronectin

Its major contemporary role is replacement of fibrinogen in patients with clinically significant
hypofibrinogenaemia or impaired fibrinogen function [4-6].

In many settings, specific fibrinogen concentrates are increasingly available. The choice
between cryoprecipitate and fibrinogen concentrate depends on clinical circumstances,
availability, regulatory requirements, and institutional protocols.

12.10. Blood Group Systems

Blood group antigens are genetically determined structures located mainly on the red-cell
membrane. They can stimulate antibody formation following exposure through transfusion,
pregnancy, or transplantation.

The ABO and Rh systems are the most important blood group systems in routine transfusion
medicine, but numerous other systems may contain clinically significant antigens.

Minor blood group systems include:

Kell, Kidd, Duffy, MNS, Lewis, Lutheran, Diego, P1PK, Dombrock, Colton, Yt, Xg, Gerbich,
Cromer, Knops, Vel etc

The International Society of Blood Transfusion (ISBT) maintains the official international
database of blood group systems, antigens, and alleles. [8]

12.11. ABO Blood Group System

The ABO system is the most clinically important blood group system because naturally
occurring ABO antibodies can cause severe intravascular haemolysis [14,15].
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Blood group|[RBC antigen |Major plasma antibody

A A Anti-B

B B Anti-A

AB Aand B Usually neither anti-A nor anti-B
O Neither A nor B||Anti-A and anti-B

12.11.1 Forward Grouping

Forward grouping identifies A and B antigens on patient red cells using anti-A and anti-B
reagents [4,6].

12.11.2 Reverse Grouping

Reverse grouping identifies expected antibodies in the patient's plasma or serum using known
reagent red cells [4,6].

12.11.3 Importance of ABO Compatibility

ABO-incompatible RBC transfusion can cause rapid complement-mediated intravascular
haemolysis. Severe reactions may result in hypotension, haemoglobinuria, acute kidney injury,
disseminated intravascular coagulation, shock, death. [6]

Consequently, accurate patient identification, specimen collection, ABO grouping,
compatibility testing, and bedside verification are essential.

12.12. Rh Blood Group System

The Rh blood group system is highly polymorphic. The D antigen is particularly important in
transfusion medicine. Individuals who lack D may develop anti-D following exposure to D-
positive RBCs [14,16].

Anti-D is usually an IgG antibody and can cause:
e Haemolytic transfusion reactions
e Delayed haemolysis
o Haemolytic disease of the fetus and newborn

RhD typing is therefore important in both transfusion services and antenatal
immunohematology.

Rh variants, including weak and partial D phenotypes, can create complex serological
problems. Molecular testing may assist in selected cases.
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12.13. Other Clinically Significant Blood Group Systems
12.13.1 Kell System

Anti-K is clinically significant and may cause haemolytic transfusion reactions and haemolytic
disease of the fetus and newborn.

12.13.2 Kidd System

Anti-Jka and anti-Jkb are important because Kidd antibodies can become weak or undetectable
after immunization and may subsequently cause delayed haemolytic transfusion reactions.

12.13.3 Duffy System
Anti-Fya and anti-Fyb may produce clinically significant haemolysis.
12.13.4 MINS System

Anti-S and anti-s may be clinically significant and can cause transfusion reactions and
haemolytic disease of the fetus and newborn.

The clinical significance of a blood group antibody depends on several factors, including
immunoglobulin class, thermal amplitude, antigen density, complement activation, patient
characteristics, and the ability of the antibody to cause in-vivo red-cell destruction [6,14,16].

12.14. Antiglobulin Tests
12.14.1 Direct Antiglobulin Test

The direct antiglobulin test (DAT) detects immunoglobulin and/or complement attached to the
patient's RBCs in vivo.

It is useful in the investigation of:
e Autoimmune haemolytic anaemia
e Haemolytic transfusion reactions
e Haemolytic disease of the fetus and newborn
e Drug-associated immune haemolysis
12.14.2 Indirect Antiglobulin Test

The indirect antiglobulin test (IAT) detects antibodies in patient serum or plasma that react with
test red cells in vitro [14-16].

Major applications include:

e Antibody screening
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e Antibody identification

o Compatibility testing

e Antenatal antibody testing

e Detection of clinically significant IgG antibodies

The antiglobulin phase is particularly important because many clinically significant 1gG
antibodies do not produce direct visible agglutination under routine saline conditions.

12.15. Pre-Transfusion Testing

Pre-transfusion testing is designed to identify the most compatible blood component for the
patient.

The major steps are:

Correct patient identification — Patient blood sample collection — ABO and RhD grouping
— Antibody screening — Antibody identification, if required — Donor unit selection —
Compatibility testing — Blood issue [29]

12.15.1 Patient Identification
Correct identification is one of the most important safety measures in transfusion practice.

The patient's identity should be confirmed using institutional identification procedures before
sample collection and before transfusion [4].

An incorrectly labelled specimen can produce a completely inappropriate compatibility result.
12.15.2 Antibody Screening

The patient's serum or plasma is tested against reagent red cells carrying a range of clinically
significant antigens [6].

A positive antibody screen requires further investigation.
12.15.3 Antibody Identification
Antibody identification may involve:

o Identification panels

o Reaction-strength analysis

o Phase and temperature assessment

e Antigen typing

e Autocontrol

e Enzyme methods
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e Adsorption
e Elution

e Phenotyping
e Genotyping

Complex cases may require referral to an immunohematology reference laboratory [4,6].

12.16. Crossmatching

Crossmatching is a laboratory procedure used to evaluate compatibility between recipient
plasma and donor red cells [15,20].

e Major Cross-match: Recipient’s serum + Donor’s red cells
e Minor Cross-match: Recipient’s red cells + Donor’s serum

Traditional approaches include [29]:

o Immediate-spin crossmatch
Primarily useful for detecting major ABO incompatibility in appropriate situations.

o Antiglobulin crossmatch
Designed to detect clinically significant IgG antibodies under appropriate testing
conditions.

o Electronic crossmatch
A validated computerized system may be used in selected patients when defined criteria
for electronic compatibility have been satisfied.

Crossmatching must always be interpreted in relation to the patient's current ABO/Rh results,
antibody screen, historical antibodies, transfusion history, and clinical circumstances.

12.17. Blood Component Storage
Blood components are living biological products and require carefully controlled storage [3].
Storage systems should provide:

e Appropriate temperature

o Continuous or validated temperature monitoring

e Alarm systems

o Equipment maintenance

e Backup arrangements

e Controlled access
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e Traceability
e Defined procedures for temperature excursions

Different components have different storage requirements.

Component ||General storage principle

RBCs Refrigerated storage (2-6° C)

Controlled room-temperature (25° C) storage with continuous gentle

Platelets .
agitation

Frozen plasma |Frozen storage

Cryoprecipitate|[Frozen storage

The current AABB standards emphasize requirements for storage, equipment, quality systems,
and maintenance of component viability. [3,4]

12.18. Transportation and Distribution

Blood components must be transported in validated containers that maintain appropriate
conditions for the required duration [28].

Important principles include:
e Correct component identification
e Appropriate temperature control
e Prevention of contamination
e Protection from physical damage
e Defined transport times
e Traceability
e Documentation
e Procedures for unacceptable temperature excursions

Transportation becomes especially important when blood components are moved between
blood centres, hospitals, operating rooms, emergency departments, intensive-care units, and
other clinical areas.
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12.19. Blood Component Issue
Before issuing a blood component, the blood bank should confirm [3,6]:
e Correct patient
e Correct component
e Correct ABO/Rh compatibility
o Compatibility testing requirements
e Valid expiry
e Appropriate storage
e Unit integrity
e Special processing requirements
e Documentation and traceability
Special requirements may include [19,28]:
e Leukoreduction
e Irradiation
e Washing
e Antigen-negative selection
e (CMV-related requirements according to institutional policy

o Extended matching

12.20. Transfusion Reactions
Transfusion reactions can be classified according to timing and mechanism.
12.20.1 Acute reactions
Examples include [19,23]:
e Acute haemolytic transfusion reaction
o Febrile non-haemolytic transfusion reaction
o Allergic reaction
e Anaphylactic reaction
e TRALI
e TACO
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e Septic transfusion reaction
12.20.2 Delayed reactions
Examples include [19,23]:

o Delayed haemolytic transfusion reaction

e Delayed serological reaction

e Alloimmunization

e Post-transfusion purpura

e TA-GVHD

e Iron overload
Reactions may be:

e Immune

e Non-immune

e Infectious

e Metabolic

e Mechanical

e Volume-related

12.21. Acute Haemolytic Transfusion Reaction

An acute haemolytic transfusion reaction is a serious complication characterized by rapid
destruction of transfused red cells.

ABO incompatibility is a classical cause.
12.21.1 Pathophysiology

Incompatible donor RBCs — Recipient antibody binds donor antigen — Complement
activation — Intravascular haemolysis — Release of free haemoglobin and inflammatory
mediators — Clinical complications [6,19,23]

12.21.2 Clinical Manifestations:

Possible manifestations include fever, chills, chest or back pain, anxiety, dyspnoea,
hypotension, haemoglobinuria, oliguria, acute kidney injury, dic, shock. The transfusion should
be stopped immediately when an acute haemolytic reaction is suspected, and the patient should
receive urgent clinical evaluation and supportive treatment. [19,23]
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12.22. Febrile Non-Haemolytic Transfusion Reaction

Febrile non-haemolytic transfusion reactions generally present with fever, chills, rigors,
malaise. They may result from recipient antibodies against donor leukocytes or cytokines that
accumulate during storage [19,23].

Leukoreduction can reduce the incidence of febrile non-haemolytic reactions.

Because fever can also be a sign of bacterial contamination or haemolysis, a febrile reaction
should not automatically be assumed to be benign.

12.23. Allergic and Anaphylactic Reactions
Allergic transfusion reactions commonly involve [19]:
e Urticaria
e Pruritus
e Flushing
Severe anaphylactic reactions may involve [23]:
e Hypotension
e Bronchospasm
e Angioedema
o Respiratory distress
e (Cardiovascular collapse

Recurrent severe reactions may require investigation and specially modified blood
components.

12.24. Transfusion-Related Acute Lung Injury

Transfusion-related acute lung injury (TRALI) is an acute respiratory complication associated
with transfusion [17,18].

It is characterized by acute respiratory distress and pulmonary oedema without another
sufficient explanation.

Mechanisms may involve:
e Donor anti-HLA or anti-neutrophil antibodies
e Recipient antibodies

o Biological response modifiers
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Prompt recognition and supportive clinical management are essential.

12.25. Transfusion-Associated Circulatory Overload

Transfusion-associated circulatory overload (TACO) results from circulatory stress related to
transfusion [17].

Risk is increased in:
o Elderly individuals
e Infants
o Patients with heart failure
o Patients with renal impairment
o Patients receiving rapid or large-volume transfusion

Preventive measures include careful assessment of transfusion need, appropriate infusion rate,
appropriate dosing, clinical monitoring, and individualized fluid management.

12.26. Transfusion-Transmitted Infections

Blood can transmit infectious agents if donors are inadequately selected or donations are
inadequately screened.

Important transfusion-transmissible infections include:
e Human immunodeficiency virus (HIV)
e Hepatitis B virus (HBV)
e Hepatitis C virus (HCV)
e Syphilis
e Malaria in relevant epidemiological settings
e Other regionally important emerging infections

WHO recommends screening donated blood for major transfusion-transmissible infections
using quality-assured systems. [1,10]

Modern laboratory approaches include:
e Serological antibody testing
e Antigen testing

o Combined antigen-antibody assays
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e Nucleic acid testing

Despite advances, residual risk remains because of biological window periods, assay
limitations, emerging pathogens, and rare testing failures.

12.27. Quality Management in Blood Banking
Quality management is fundamental to transfusion safety.
A comprehensive quality management system includes:

e Organization

e Personnel

e Training

e Equipment

o Reagents

e Documentation

e Process validation

e Quality control

e Quality assurance

o Internal audits

o External quality assessment

e Nonconformance management

e Corrective and preventive action

e Continuous improvement

The current AABB 35th edition emphasizes quality-system essentials alongside technical
requirements for blood banks and transfusion services. [3,4]

12.27.1 Personnel
Staff must be appropriately trained and competent for their assigned duties [4].
Competency assessment should address:

e Technical procedures

e Result interpretation

e Equipment use

e Error recognition
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e Documentation
o Safety procedures
e Emergency procedures
12.27.2 Equipment
Blood-bank equipment includes [4]:
e Blood refrigerators
e Plasma freezers
o Platelet incubators
o Centrifuges
e Automated immunohematology analyzers
e Blood-collection equipment
e Temperature monitoring systems
e Information systems

Equipment should undergo appropriate qualification, maintenance, calibration or verification,
and performance monitoring.

12.28. Hemovigilance

Hemovigilance is the systematic surveillance of adverse events associated with blood donation
and transfusion.

It includes:

Detection — documentation — investigation — classification — reporting — corrective action
— prevention

Hemovigilance can identify:
e Transfusion reactions
e Near misses
e Wrong blood in tube
e Wrong blood component transfusion
e Component-associated errors
o Equipment problems

e Infectious complications

231



e Process failures

The WHO identifies haemovigilance as an important component of safe national blood
systems. [1,2,11]

A strong haemovigilance system should encourage reporting without creating a punitive
culture. The purpose is to identify system weaknesses and prevent recurrence.

12.29. Patient Blood Management

Patient Blood Management (PBM) is a patient-centred, evidence-based approach to optimizing
the patient's own blood, minimizing blood loss, and appropriately managing anaemia and
transfusion.

Three major pillars are widely recognized.
Pillar 1: Optimize erythropoiesis

Pillar 2: Minimize blood loss

Pillar 3: Optimize tolerance of anaemia

WHO published guidance on implementing PBM to improve global blood health status in
2025.[12]

PBM is important because blood is a limited biological resource and transfusion itself has
potential risks.

12.30. Massive Transfusion and Major Haemorrhage
Major haemorrhage may occur in [11]:
e Severe trauma
e Obstetric haemorrhage
e Major surgery
e Vascular surgery
o Gastrointestinal haemorrhage
e Ruptured aneurysm
Massive transfusion can produce [11]:
o Dilutional coagulopathy
e Hypothermia

e Hypocalcaemia

232



o Fibrinogen depletion

o Platelet dysfunction

e Acid-base disturbances
e Electrolyte abnormalities

Modern major-haemorrhage protocols therefore coordinate RBCs, plasma, platelets and
fibrinogen replacement according to the patient's clinical condition and laboratory or point-of-
care coagulation results.

Rapid communication between clinicians, transfusion laboratory staff, blood suppliers,
anaesthetists, surgeons and nursing personnel is essential.

12.31. Apheresis

Apheresis involves the removal of blood from a donor or patient, separation of components,
retention or removal of a selected component, and return of the remaining blood components
[26].

Types include:
o Plateletpheresis
e Plasmapheresis
e Leukapheresis
o Erythrocytapheresis
e Therapeutic plasma exchange
e Stem-cell collection

Apbheresis provides an efficient method of collecting selected blood components and is also an
important therapeutic procedure.

12.32. Therapeutic Apheresis
Therapeutic apheresis removes pathological substances or cells from the circulation [25,26].
It has applications in selected cases of:

e Thrombotic thrombocytopenic purpura

e Hyperviscosity syndromes

e Selected autoimmune disorders

o Certain neurological diseases
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e Selected hematological conditions

The indication and procedure should be determined according to established clinical guidelines
and specialist assessment.

12.33. Transfusion in Pregnancy
Pregnancy presents important immunohematological challenges [30].

Maternal red-cell alloantibodies can cross the placenta and cause haemolytic disease of the
fetus and newborn (HDFN).

Clinically important antibodies include:

e Anti-D
e Anti-c
o Anti-K

e Other clinically significant IgG antibodies
Antenatal laboratory evaluation generally involves:

ABO/RhD grouping — antibody screening — antibody identification — clinical assessment
— fetal risk assessment — appropriate monitoring and intervention

The indirect antiglobulin test is an important method for detecting maternal red-cell
alloantibodies.

12.34. Haemolytic Disease of the Fetus and Newborn

HDFN occurs when maternal IgG antibodies cross the placenta and react with fetal red-cell
antigens inherited from the father.

Potential consequences includes:
o Fetal anaemia
e Neonatal jaundice
o Hyperbilirubinaemia
e Hydrops fetalis
o Kernicterus

e Severe fetal compromise
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RhD alloimmunization is a classic cause. Appropriate anti-D immunoprophylaxis has
substantially reduced RhD-related HDFN in populations where prophylaxis is effectively
implemented [28,31].

Other antibodies, especially anti-c and anti-K, may also cause severe fetal disease.

12.35. Transfusion in Neonates and Children

Neonates and children require special transfusion considerations because of their small blood
volume and distinct physiological characteristics.

Important considerations include:
e Weight-based component dosing
e Appropriate component modification
e Avoidance of unnecessary donor exposure
e Irradiation when indicated
e Leukoreduction according to policy
e Careful compatibility testing
e Monitoring for volume overload
e Minimization of iatrogenic blood loss

Neonatal and pediatric transfusion practice has become increasingly evidence-based and is
specifically addressed in contemporary transfusion guidance. [6]

12.36. Chronically Transfused Patients

Patients with conditions such as thalassaemia, sickle cell disease, myelodysplastic syndromes,
and other chronic disorders may require repeated transfusions [6,28].

Repeated transfusion increases the risk of:
e Alloimmunization
o Delayed haemolytic transfusion reactions
e Iron overload
e Transfusion-transmitted infections
e Development of multiple antibodies
Preventive strategies include:

o Extended antigen matching
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e Phenotyping

e Genotyping

e Careful antibody history review

e Iron-overload monitoring

e Appropriate chelation when indicated

Genotype-based matching can be particularly useful when serological phenotyping is
unreliable because of recent transfusion.

12.37. Automation in Immunohematology
Automation has significantly changed blood-bank laboratory practice [4,6].
Automated systems can perform:

e ABO/Rh grouping

e Antibody screening

e Antibody identification

e DAT

e Crossmatching

e Result interpretation

e Barcode identification

o Electronic data management
Advantages

e Improved standardization

e Increased throughput

e Reduced manual workload

e Improved traceability

e Better documentation

e Reduced transcription errors

However, automation does not eliminate the need for competent laboratory professionals.
Human review remains important in discrepant, unexpected, or complex results [12].
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12.38. Emergency Blood Transfusion

Life-threatening haemorrhage may require transfusion before complete compatibility testing is
available [25].

Emergency transfusion protocols should define:
e Emergency-release blood
e ABO selection
e RhD strategy
o Sample collection before transfusion whenever possible
e Transition to fully compatible blood
e Documentation
e Communication

The clinical risk of delaying transfusion in life-threatening haemorrhage must be balanced
against the risk of incompatible blood.

12.39. Transfusion-Associated Graft-Versus-Host Disease

Transfusion-associated graft-versus-host disease (TA-GVHD) occurs when viable donor T
lymphocytes engraft and proliferate in a susceptible recipient [32].

It can produce:

o Fever

e Skin rash

e Diarrhoea

e Liver dysfunction

e Severe pancytopenia
The disease can be fatal.

Irradiation of cellular blood components is used in patients with recognized indications to
prevent proliferation of donor lymphocytes.

12.41. Biosafety in Blood Banking

Blood-bank personnel handle human blood and potentially infectious material. Standard
precautions must therefore be applied [30].

Important biosafety measures include:
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e Hand hygiene

e Gloves and appropriate PPE

e Safe sharps disposal

e Spill management

e Appropriate disinfection

o Safe specimen transport

e Proper biomedical waste management
e Occupational exposure reporting

o Staff vaccination where appropriate

All blood specimens should be handled as potentially infectious regardless of the patient's
known infection status.

12.42. Ethical and Legal Aspects
Blood transfusion raises important ethical considerations [7].
These include:
e Voluntary donation
e Informed consent
e Donor confidentiality
o Patient autonomy
e Appropriate use of blood
o Equitable access
e Confidential infectious disease testing
e Traceability
e Professional accountability

Blood is a limited human-derived therapeutic resource. Unnecessary transfusion not only
exposes patients to potential complications but may also contribute to shortages and wastage.

12.43. Future Frontiers in Transfusion Medicine

Transfusion medicine is rapidly progressing toward precision, automation, molecular
characterization, and individualized patient care [6].
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12.43.1 Molecular Matching

Genotype-based donor-recipient matching may reduce alloimmunization in patients receiving
chronic transfusions.

12.43.2 Artificial Intelligence
Artificial intelligence may eventually support:
e Blood-demand forecasting
e Inventory management
e Antibody pattern recognition
o Transfusion reaction classification
e Error detection
e Clinical decision support
12.43.3 Pathogen Reduction

Pathogen-reduction technologies can reduce the risk associated with selected infectious agents
in specific blood components.

12.43.4 Precision Transfusion
Future transfusion medicine is likely to integrate:
o Patient-specific antigen profiles
e Genotyping
e Clinical risk factors
e Individualized transfusion thresholds
e Electronic clinical decision support
12.43.5 Cellular Therapy

Blood establishments increasingly participate in:

Hematopoietic stem-cell collection

Cellular therapy processing

Gene-therapy-related cell collection
e Advanced therapeutic products

The AABB Technical Manual, 21st edition, reflects the expanding scope of modern transfusion
services, including molecular testing, apheresis, cellular therapy, neonatal and pediatric
transfusion practice, and disaster preparedness. [6]
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12.44. Integrated Transfusion Chain
The complete transfusion process may be summarized as [3]:

Donor recruitment — Donor selection and counselling — Blood collection — Donation testing
— Component preparation — Infectious disease screening — ABO/Rh testing — Storage and
inventory — Clinical transfusion request — Patient identification — Patient sample collection
— Pre-transfusion testing — Antibody screening and identification — Crossmatching —
Blood issue — Transportation — Bedside identification — Transfusion — Patient monitoring
— Reaction recognition — Investigation and haemovigilance — Quality improvement

This pathway demonstrates that transfusion safety is a shared responsibility among donors,
blood-bank personnel, laboratory professionals, clinicians, nurses, hospital administrators, and
patients.

12.45. Conclusion

Transfusion medicine and blood banking have evolved from the early practice of whole-blood
administration into a sophisticated discipline integrating clinical medicine, hematology,
immunology, laboratory science, genetics, infectious disease testing, information technology,
and quality management.

The development of component therapy has allowed targeted administration of red blood cells,
platelets, plasma, and fibrinogen-containing products. Immunohematology has provided the
scientific basis for ABO/Rh typing, antibody detection, compatibility testing, and investigation
of transfusion reactions. Advances in infectious disease screening, automation, electronic
traceability, molecular blood-group analysis, and haemovigilance have further improved
transfusion safety.

Current international practice increasingly emphasizes patient blood management, appropriate
utilization, haemovigilance, molecular immunohematology, automation, pathogen reduction,
and personalized compatibility strategies. WHO's current global blood-safety framework and
the 2026 AABB standards reinforce the importance of sustainable blood systems, quality
assurance, validated processes, appropriate clinical use, and continuous improvement. [1-4,12]

The right blood component should be provided to the right patient, at the right time, for
the right indication, and administered as safely as possible.
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Overview:

Coagulation and thrombosis represent a dynamic intersection of vascular biology, cellular
signaling, inflammation, immunity, and clinical medicine. This chapter presents hemostasis as
a finely regulated protective system in which endothelial cells, platelets, coagulation factors,
natural anticoagulants, and fibrinolytic mechanisms cooperate to preserve vascular integrity
while preventing excessive clot formation. The transition from classical intrinsic and extrinsic
cascade concepts toward the cell-based model highlights the importance of tissue factor,
cellular surfaces, phospholipid membranes, thrombin generation, and spatially controlled fibrin
formation. Particular emphasis is placed on platelets and the endothelium as active regulators
of thrombus development, while the modern interpretation of Virchow’s triad incorporates
endothelial dysfunction, altered blood flow, hypercoagulability, extracellular vesicles, and
inflammatory signaling. The chapter further establishes immunothrombosis and
thromboinflammation as critical links between coagulation and innate immunity, involving
neutrophil extracellular traps, complement, cytokines, and inflammasome pathways. These
mechanisms explain thrombotic complications across cancer, pregnancy, metabolic disorders,
kidney and liver disease, sepsis, autoimmune conditions, and viral infections such as COVID-

19. Advances in genetics, biomarkers, viscoelastic and platelet-function testing, microfluidic
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technologies, and precision medicine are expanding the capacity to predict and characterize
thrombotic risk. Therapeutic strategies now range from established antiplatelet and
anticoagulant agents to emerging interventions targeting factor XI, factor XII, NETs,
complement, and RN A pathways. Looking ahead, artificial intelligence, wearable technologies,
multi-omics, systems biology, organ-on-chip platforms, and digital twins may enable
increasingly individualized thrombosis prevention and treatment. Collectively, the chapter
underscores a fundamental shift from reactive management toward integrated, predictive, and

precision-based thrombosis medicine.

13.1. Introduction:

Hemostasis is a tightly regulated physiological process that preserves vascular integrity by
preventing excessive blood loss after vascular injury while maintaining uninterrupted blood
flow under normal conditions. It involves a coordinated interaction among blood vessels,
platelets, coagulation factors, anticoagulant pathways, and the fibrinolytic system. Immediately
following vessel damage, vasoconstriction and platelet adhesion form a temporary hemostatic
plug, which is subsequently reinforced by fibrin generated through the coagulation cascade.
Once tissue repair is achieved, fibrinolysis removes the clot, restoring normal circulation and
preventing unnecessary vascular obstruction. Although closely related, the terms hemostasis,
coagulation, and thrombosis represent distinct biological concepts. Hemostasis refers to the
overall physiological mechanism that balances bleeding prevention with maintenance of blood
fluidity. Coagulation constitutes one component of hemostasis, involving sequential enzymatic
activation of clotting factors that culminates in fibrin formation. In contrast, thrombosis is a
pathological process characterized by inappropriate or excessive clot formation within intact
blood vessels, potentially obstructing blood flow and causing tissue ischemia or infarction.
Thrombotic disorders represent a major global health challenge and are among the leading
causes of mortality and long-term disability worldwide. Arterial thrombosis underlies life-
threatening conditions such as myocardial infarction and ischemic stroke, whereas venous
thromboembolism, encompassing deep vein thrombosis and pulmonary embolism, contributes
substantially to preventable hospital-related deaths. The increasing prevalence of aging
populations, obesity, diabetes, cancer, and sedentary lifestyles has further amplified the burden
of thrombotic diseases. Understanding coagulation and thrombosis is therefore of immense
clinical importance. Dysregulated coagulation significantly influences the pathogenesis and

prognosis of cardiovascular diseases, malignancies, major trauma, and infectious diseases,
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including severe viral and bacterial infections associated with systemic inflammation.
Advances in the molecular understanding of hemostatic mechanisms have transformed
diagnostic approaches and enabled targeted antithrombotic therapies, improving patient
outcomes while minimizing bleeding complications. Consequently, comprehensive knowledge
of coagulation and thrombosis remains fundamental for clinicians, researchers, and healthcare
professionals involved in the prevention, diagnosis, and management of thrombotic and

hemorrhagic disorders.

13.2. Evolution of Hemostasis Concepts :

The understanding of hemostasis has evolved considerably over the past century, transforming
from a simple cascade hypothesis to a dynamic cell-dependent process. Initially, the classical
intrinsic and extrinsic pathway model described coagulation as two independent enzymatic
pathways converging into a common pathway leading to thrombin generation and fibrin clot
formation. The intrinsic pathway was considered activated by contact with negatively charged
surfaces, whereas the extrinsic pathway was initiated by tissue factor released following
vascular injury (1). Although this model remains valuable for interpreting laboratory
coagulation tests such as activated partial thromboplastin time (aPTT) and prothrombin time
(PT), it does not fully explain physiological coagulation in vivo. Advances in molecular and
cellular biology led to the development of the cell-based model of coagulation, which
emphasizes that coagulation occurs on the surfaces of specific cells rather than in plasma alone
(2). This model consists of three overlapping phases—initiation, amplification, and
propagation. Tissue factor-bearing cells trigger thrombin generation, while activated platelets
provide a platform for the assembly of coagulation factor complexes, resulting in an efficient
thrombin burst and stable fibrin clot formation. A critical component of this contemporary
model is the role of phospholipid membranes. Activated platelet membranes expose negatively
charged phosphatidylserine, creating a catalytic surface that localizes coagulation factors and
markedly accelerates enzymatic reactions. This membrane-dependent organization enhances
thrombin production while restricting coagulation to the site of vascular injury, thereby
minimizing systemic thrombosis (2). Modern research has further demonstrated that
coagulation is closely integrated with inflammation and innate immunity, giving rise to the
concept of immunothrombosis. Inflammatory cytokines increase tissue factor expression,
activate endothelial cells, and stimulate platelet function, whereas thrombin and fibrin

modulate immune cell recruitment and inflammatory signaling. Conversely, neutrophil
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extracellular traps (NETs), complement activation, and activated leukocytes amplify
coagulation, creating a bidirectional interaction between hemostatic and immune pathways (3).
This integrated concept has reshaped the understanding of thrombotic disorders associated with
sepsis, cancer, cardiovascular disease, and viral infections, highlighting hemostasis as a
coordinated defense mechanism that preserves vascular integrity while contributing to host

immunity.

13.3. Molecular Mechanisms of Coagulation:

Hemostasis is a highly regulated molecular process that ensures rapid cessation of bleeding
while maintaining blood fluidity under physiological conditions. Coagulation is initiated
through a series of enzymatic reactions involving zymogen activation, ultimately leading to
thrombin generation and fibrin clot formation. Modern understanding recognizes coagulation
as an interconnected network of procoagulant and anticoagulant pathways that function on
cellular surfaces rather than as isolated cascades [4]. The tissue factor (TF) pathway serves as
the principal initiator of physiological coagulation. Tissue factor, a transmembrane
glycoprotein expressed by subendothelial cells, becomes exposed following vascular injury
and rapidly binds circulating activated factor VII (FVIla). The TF-FVIla complex activates
factor X (FX) and factor IX (FIX), producing small amounts of factor Xa and thrombin. This
initial thrombin generation activates platelets and cofactors V, VIII, and XI, thereby amplifying
the coagulation response [4, 5]. The contact activation pathway, also known as the intrinsic
pathway, is initiated when factor XII encounters negatively charged surfaces such as collagen,
nucleic acids, or polyphosphates. Activated factor XII (FXIla) sequentially activates
prekallikrein, factor XI, and factor IX. In association with activated factor VIII (FVIIIa), FIXa
forms the intrinsic tenase complex, which efficiently converts FX to FXa. Although this
pathway plays a limited role in normal hemostasis, it contributes significantly to thrombosis
and inflammatory responses [5]. Thrombin generation represents the central amplification
phase of coagulation. Factor Xa, together with factor Va on activated platelet membranes, forms
the prothrombinase complex, converting prothrombin (factor II) into thrombin (factor Ila).
Thrombin is a multifunctional protease that cleaves fibrinogen into fibrin monomers, activates
platelets, and further activates factors V, VIII, XI, and XIII, creating a powerful positive
feedback mechanism that accelerates clot formation [4,6]. During fibrin polymerization and
stabilization, fibrin monomers spontaneously polymerize into insoluble fibrin strands.

Activated factor XIII (FXIIIa), generated by thrombin in the presence of calcium, catalyzes
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covalent cross-linking of fibrin fibers, producing a mechanically stable clot that resists
premature fibrinolysis and provides structural support for tissue repair [6]. Coagulation is
tightly controlled by natural anticoagulant systems that prevent excessive thrombus formation.
Antithrombin irreversibly inhibits thrombin, factor Xa, and other activated serine proteases,
with its activity markedly enhanced by endothelial heparan sulfate or therapeutic heparin [7].
The Protein C—Protein S pathway is activated when thrombin binds endothelial
thrombomodulin, converting protein C into activated protein C (APC). APC, aided by protein
S, proteolytically inactivates factors Va and VIlla, thereby limiting thrombin generation [4,7].
Tissue factor pathway inhibitor (TFPI) suppresses the initiation phase by directly inhibiting
factor Xa and subsequently the TF—FVIla complex, providing an essential negative feedback

mechanism that confines coagulation to the site of vascular injury [5,7].

13.4. Platelet Biology in Thrombosis:

Platelets are small anucleate blood cells derived from megakaryocytes that play a fundamental
role in physiological hemostasis and pathological thrombosis. Beyond their classical function
in forming the primary hemostatic plug, platelets actively regulate coagulation, inflammation,
vascular integrity, and immune responses. In thrombotic disorders, excessive platelet activation
contributes to arterial and, in certain conditions, venous thrombosis, leading to myocardial
infarction, ischemic stroke, and peripheral arterial disease. Advances in platelet biology have
demonstrated that platelets serve as dynamic signaling platforms that coordinate interactions
between coagulation proteins, leukocytes, and endothelial cells, thereby amplifying thrombus
formation and vascular inflammation [8]. Platelet activation is initiated when vascular injury
exposes subendothelial collagen and von Willebrand factor (vVWF). Platelets adhere to these
components, triggering intracellular signaling pathways that elevate cytosolic calcium
concentrations and induce morphological changes. Simultaneously, soluble agonists such as
adenosine diphosphate (ADP), thromboxane A> (TXA:z), and thrombin further amplify platelet
activation through autocrine and paracrine mechanisms. Activated platelets undergo shape
transformation, phosphatidylserine exposure, and integrin activation, providing a procoagulant
surface that markedly enhances thrombin generation and fibrin formation [8,9]. Platelet
receptors are central regulators of adhesion and aggregation. The glycoprotein (GP) Ib-1X-V
complex mediates platelet tethering to vVWF under conditions of high shear stress, whereas
GPVI and integrin a2B1 facilitate collagen recognition. Activation-dependent conformational

changes in integrin ollbBf3 (GPIIb/Illa) enable fibrinogen binding, promoting platelet
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aggregation and stabilization of the growing thrombus. Additionally, protease-activated
receptors (PAR-1 and PAR-4) respond to thrombin, while P2Y: and P2Y 1. receptors mediate
ADP-induced platelet activation, making these receptors important therapeutic targets in
antiplatelet therapy [9, 10]. Granule secretion represents another critical step in platelet
function. Platelet a-granules release fibrinogen, von Willebrand factor, platelet factor 4, P-
selectin, and numerous growth factors, whereas dense granules secrete ADP, ATP, calcium, and
serotonin. These mediators amplify platelet recruitment, enhance coagulation, and support
vascular repair while promoting inflammatory signaling within the developing thrombus [9].
Platelet-leukocyte interactions contribute significantly to thromboinflammation. Activated
platelets express P-selectin, which binds P-selectin glycoprotein ligand-1 (PSGL-1) on
leukocytes, facilitating platelet-neutrophil and platelet-monocyte aggregate formation. These
interactions stimulate cytokine release, tissue factor expression, neutrophil extracellular trap
(NET) formation, and endothelial activation, thereby linking innate immunity with thrombosis
and contributing to thrombotic complications in sepsis, cancer, and cardiovascular diseases [ 10,
11]. Platelet-derived extracellular vesicles (PEVs) are membrane-bound microparticles
released during platelet activation or apoptosis. These vesicles expose phosphatidylserine and
frequently carry tissue factor, coagulation proteins, cytokines, lipids, and microRNAs. PEVs
provide catalytic surfaces for coagulation complex assembly, promote thrombin generation,
facilitate intercellular communication, and modulate inflammatory and endothelial responses.
Elevated circulating PEV levels have been associated with acute coronary syndromes, venous
thromboembolism, autoimmune disorders, and other thrombo-inflammatory conditions,

highlighting their emerging value as biomarkers and potential therapeutic targets in thrombosis

[11].

13.5. Endothelium: Beyond a Passive Barrier:

The vascular endothelium is a highly specialized, metabolically active organ that extends
throughout the circulatory system and plays a pivotal role in maintaining vascular integrity,
hemostasis, and thromboresistance. Rather than functioning merely as a physical barrier,
endothelial cells continuously regulate blood flow, vascular tone, inflammation, and
coagulation through the secretion of bioactive mediators and interaction with circulating blood
cells [12]. Under physiological conditions, the endothelium maintains a delicate balance

between procoagulant and anticoagulant mechanisms, thereby preventing inappropriate
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thrombus formation while ensuring rapid hemostatic responses after vascular injury.
Endothelial homeostasis is sustained by the coordinated expression of anticoagulant molecules
such as thrombomodulin, heparan sulfate, tissue factor pathway inhibitor, and endothelial
protein C receptor, which suppress thrombin generation and promote fibrinolysis [13]. Healthy
endothelial cells also inhibit platelet adhesion by presenting a non-thrombogenic surface and
maintaining an intact glycocalyx. Among the most important endothelial-derived mediators are
nitric oxide (NO) and prostacyclin (PGI:). Nitric oxide, synthesized by endothelial nitric oxide
synthase (eNOS), induces vasodilation through cyclic guanosine monophosphate (cGMP)
signaling while inhibiting platelet activation, leukocyte adhesion, and smooth muscle
proliferation [12]. Prostacyclin, generated through cyclooxygenase pathways, elevates cyclic
adenosine monophosphate (cAMP) within platelets, thereby suppressing platelet aggregation
and promoting vascular relaxation. Together, NO and PGI. preserve vascular homeostasis and
counteract thrombus formation [14]. Endothelial dysfunction develops in response to oxidative
stress, hypertension, diabetes mellitus, hyperlipidemia, smoking, or systemic inflammation.
Reduced NO bioavailability, increased reactive oxygen species, and enhanced expression of
adhesion molecules transform the endothelium into a pro-inflammatory and prothrombotic
surface [14]. Concurrently, glycocalyx degradation, triggered by inflammatory enzymes and
oxidative injury, disrupts the protective carbohydrate-rich endothelial layer. Loss of the
glycocalyx increases vascular permeability, enhances leukocyte and platelet adhesion, and
exposes endothelial receptors that facilitate coagulation [15]. During vascular injury or
inflammatory states, endothelial activation in thrombosis is characterized by increased
expression of tissue factor, P-selectin, von Willebrand factor, and intercellular adhesion
molecules. These changes promote platelet recruitment, leukocyte interaction, thrombin
generation, and fibrin formation, thereby linking inflammation with thrombosis. Consequently,
preservation of endothelial health represents a fundamental therapeutic strategy for preventing

thrombotic disorders and improving cardiovascular outcomes [13, 15].

13.6. Virchow's Triad Revisited:

Virchow's triad remains the cornerstone for understanding the pathogenesis of thrombosis,
despite remarkable advances in vascular biology and molecular medicine. The classical triad—
endothelial injury, hypercoagulability, and abnormal blood flow—describes the three
interrelated mechanisms that promote thrombus formation. Contemporary research has

expanded this framework by revealing the molecular interactions between endothelial cells,
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circulating blood components, inflammatory mediators, and coagulation pathways, thereby
providing a more comprehensive explanation of thrombotic disease [16]. Endothelial injury is
no longer viewed solely as physical disruption of the vascular lining but also as endothelial
dysfunction. Under physiological conditions, endothelial cells maintain an antithrombotic
surface by producing nitric oxide, prostacyclin, thrombomodulin, and tissue plasminogen
activator. Injury or activation caused by inflammation, oxidative stress, hypertension, diabetes,
infection, or disturbed shear stress shifts the endothelium toward a procoagulant phenotype
characterized by increased expression of tissue factor, von Willebrand factor, adhesion
molecules, and reduced anticoagulant activity [17]. Hypercoagulability refers to an increased
tendency of blood to clot due to inherited or acquired abnormalities. Inherited conditions
include Factor V Leiden mutation and prothrombin G20210A mutation, whereas acquired
causes comprise malignancy, pregnancy, antiphospholipid syndrome, obesity, major surgery,
trauma, and prolonged immobilization. Elevated thrombin generation, platelet activation,
impaired natural anticoagulant mechanisms, and reduced fibrinolysis collectively amplify
thrombus formation [16, 18]. Abnormal blood flow, including stasis and turbulence, contributes
significantly to thrombosis by disrupting laminar circulation. Venous stasis enhances local
accumulation of activated coagulation factors and limits the delivery of endogenous
anticoagulants, whereas turbulent arterial flow promotes endothelial activation and platelet
adhesion, particularly at sites of atherosclerotic plaque formation [17]. The modern molecular
interpretation integrates Virchow's triad with concepts such as immunothrombosis, endothelial
glycocalyx disruption, neutrophil extracellular traps (NETs), platelet-leukocyte interactions,
complement activation, extracellular vesicles, and inflammatory cytokines. These
interconnected pathways demonstrate that thrombosis is not merely a disorder of coagulation
but a dynamic process involving vascular biology, innate immunity, and inflammation. This
updated perspective has improved risk assessment and fostered the development of targeted

antithrombotic therapies with greater efficacy and safety [18].

13.7. Immunothrombosis:

Immunothrombosis is a physiological defense mechanism in which the innate immune system
and the coagulation cascade cooperate to restrict the dissemination of invading pathogens while
promoting tissue repair. Under normal conditions, localized thrombus formation traps
microorganisms within the microvasculature and facilitates their clearance by immune cells.

However, excessive or dysregulated immunothrombosis contributes to pathological
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thrombosis, organ dysfunction, and inflammatory diseases [19]. The crosstalk between innate
immunity and coagulation is initiated when pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs) activate monocytes, neutrophils, platelets,
and endothelial cells. Activated monocytes express tissue factor, triggering thrombin
generation, while platelets amplify inflammatory signaling through interactions with
leukocytes and endothelial cells [19, 20]. A hallmark of immunothrombosis is the formation of
neutrophil extracellular traps (NETs). NETs are extracellular webs composed of DNA,
histones, and antimicrobial proteins released by activated neutrophils. Although NETs
immobilize and kill pathogens, they also provide a scaffold for platelet adhesion, fibrin
deposition, and activation of coagulation factors, thereby promoting thrombus formation.
Histones released from NETs further enhance endothelial injury and thrombin generation [20].
Complement activation closely interacts with coagulation pathways. Complement fragments
such as C3a and C5a recruit inflammatory cells, stimulate tissue factor expression, activate
platelets, and increase endothelial permeability, thereby amplifying both inflammation and
thrombosis. Simultaneously, cytokine-mediated coagulation, driven by pro-inflammatory
mediators including tumor necrosis factor-o (TNF-a), interleukin-1p (IL-1p), and interleukin-
6 (IL-6), suppresses physiological anticoagulant pathways and impairs fibrinolysis, resulting
in a sustained prothrombotic state [21]. Immunothrombosis has major clinical relevance in
sepsis and autoimmune diseases. In sepsis, uncontrolled activation of inflammatory and
coagulation pathways can lead to disseminated intravascular coagulation (DIC), microvascular
thrombosis, and multiple organ failure. In autoimmune disorders such as systemic lupus
erythematosus and antiphospholipid syndrome, persistent immune activation, NET formation,
complement dysregulation, and endothelial injury significantly increase the risk of arterial and

venous thrombosis [20, 21].

13.8. Inflammation and Coagulation:

Inflammation and coagulation are closely interconnected biological processes that act
synergistically to maintain host defense and tissue repair. Under physiological conditions,
localized coagulation limits microbial dissemination and promotes wound healing. However,
excessive or persistent inflammation can trigger pathological thrombosis, while activated
coagulation further amplifies inflammatory signaling, creating a self-perpetuating cycle known
as thromboinflammation [22]. This bidirectional relationship is particularly evident in sepsis,

autoimmune disorders, cardiovascular diseases, and chronic inflammatory conditions. A central
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regulator of inflammatory activation is the inflammasome, a multiprotein intracellular
complex, particularly the NLRP3 inflammasome. Upon sensing pathogen-associated or
damage-associated molecular patterns, inflammasomes activate caspase-1, which cleaves the
inactive precursors of interleukin (IL)-1B and IL-18 into their biologically active forms [23].
IL-1B subsequently promotes endothelial activation, tissue factor expression, leukocyte
recruitment, and platelet activation, thereby linking innate immunity with coagulation. Pro-
inflammatory cytokines, including IL-1pB, IL-6, and tumor necrosis factor-o (TNF-a), play
pivotal roles in coagulation activation. These cytokines induce endothelial dysfunction,
suppress endogenous anticoagulant mechanisms such as thrombomodulin and the protein C
pathway, and enhance tissue factor expression on monocytes and endothelial cells, resulting in
increased thrombin generation [22, 24]. IL-6 additionally stimulates hepatic synthesis of
fibrinogen and other acute-phase proteins, contributing to a hypercoagulable state. Nuclear
factor-kappa B (NF-«kB) signaling serves as a master transcriptional regulator integrating
inflammatory and coagulation responses. Activation of NF-kB by cytokines, microbial
products, or oxidative stress induces transcription of inflammatory mediators, adhesion
molecules, chemokines, and tissue factor, thereby sustaining vascular inflammation and
thrombus formation [23]. Persistent activation of these pathways contributes significantly to
chronic inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease,
systemic lupus erythematosus, obesity, diabetes mellitus, and atherosclerosis, where sustained
inflammation increases the risk of arterial and venous thrombosis [22, 24]. Understanding the
molecular crosstalk between inflammation and coagulation has opened new therapeutic
avenues targeting inflammatory cytokines and inflammasome pathways to reduce thrombotic

complications.

13.9. Thrombosis in Special Conditions:

Thrombosis is a multifactorial pathological process that is profoundly influenced by several
systemic diseases and physiological states. Special clinical conditions such as cancer,
pregnancy, diabetes mellitus, obesity, aging, chronic kidney disease (CKD), and liver disease
alter the delicate balance between procoagulant and anticoagulant mechanisms, thereby
increasing the risk of both venous and arterial thrombotic events. Understanding these
condition-specific mechanisms is essential for individualized risk assessment and therapeutic
management [25]. Cancer-associated thrombosis (CAT) is one of the leading causes of

morbidity and mortality among patients with malignancy. Tumor cells express tissue factor,
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cancer procoagulant, inflammatory cytokines, and extracellular vesicles that activate
coagulation and platelet aggregation. Chemotherapy, central venous catheters, surgery, and
prolonged immobility further amplify thrombotic risk. The interaction between malignant cells,
platelets, neutrophils, and endothelial cells promotes immunothrombosis and venous
thromboembolism (VTE) [26]. Pregnancy represents a physiological hypercoagulable state
characterized by increased levels of fibrinogen and coagulation factors VII, VIII, X, and von
Willebrand factor, along with reduced protein S activity and impaired fibrinolysis. Venous
stasis due to uterine compression and vascular injury during delivery further increase the risk
of deep vein thrombosis and pulmonary embolism, particularly during the postpartum period
[27]. Diabetes mellitus promotes thrombosis through chronic hyperglycemia-induced
endothelial dysfunction, oxidative stress, platelet hyperreactivity, and increased expression of
tissue factor and plasminogen activator inhibitor-1 (PAI-1). These abnormalities contribute to
accelerated atherosclerosis and both arterial and venous thrombosis [25]. Obesity is associated
with chronic low-grade inflammation, elevated fibrinogen, factor VIII, PAI-1, and adipokine-
mediated endothelial dysfunction. These alterations impair fibrinolysis and promote thrombin
generation, substantially increasing thrombotic susceptibility [26]. Aging enhances thrombotic
risk through endothelial senescence, increased platelet activation, chronic inflammation,
reduced fibrinolytic capacity, and the accumulation of cardiovascular comorbidities. Age-
related changes in vascular integrity further predispose older individuals to thrombosis [28]. In
chronic kidney disease, uremia induces endothelial injury, platelet dysfunction, inflammation,
and dysregulated coagulation. Although bleeding complications are common, CKD
paradoxically increases the incidence of arterial and venous thromboembolic events owing to
persistent prothrombotic activation [28]. Liver disease presents a unique '"rebalanced
hemostasis" in which reductions in both procoagulant and anticoagulant factors coexist.
Despite prolonged conventional coagulation tests, patients remain susceptible to portal vein
thrombosis and systemic thrombosis because of elevated factor VIII, reduced protein C, and
altered fibrinolysis [27]. Recognition of these diverse mechanisms enables appropriate

thromboprophylaxis and individualized anticoagulant strategies in high-risk populations.

13.10. COVID-19 and Viral-Induced Coagulopathy:

SARS-CoV-2 infection demonstrated that viral diseases can profoundly disturb the balance
between inflammation, endothelial integrity, and hemostasis. COVID-19-associated

coagulopathy (CAC) is characterized predominantly by thromboinflammation, elevated D-
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dimer and fibrinogen, platelet activation, and increased risk of venous, arterial, and

microvascular thrombosis [29].

13.10.1. Endotheliopathy: Viral infection and inflammatory injury disrupt endothelial
homeostasis, impairing antithrombotic mechanisms involving nitric oxide, prostacyclin,
thrombomodulin, and tissue factor pathway inhibitor. Damage to the endothelial glycocalyx
and increased expression of procoagulant molecules promote platelet adhesion and thrombin
generation [29, 30]. Pulmonary endothelialitis and vascular injury are particularly important in

severe disease.

13.10.2. Microvascular thrombosis: COVID-19 can produce extensive immunothrombosis
within pulmonary and systemic microcirculations. Platelets, fibrin, activated leukocytes,
complement components, and neutrophil extracellular traps contribute to small-vessel
occlusion, impairing tissue perfusion and aggravating respiratory and multiorgan dysfunction
[30, 31]. Pulmonary microthrombi may occur alongside, rather than simply as a consequence

of, conventional venous thromboembolism.

13.10.3. Cytokine storm: Excessive production of inflammatory mediators, including IL-6,
IL-1B, and TNF-a, amplifies endothelial activation, tissue-factor expression, platelet reactivity,
and coagulation. Thus, inflammation and coagulation form a self-reinforcing

thromboinflammatory circuit [29, 31].

13.10.4. Long-COVID coagulation abnormalities: A proportion of individuals with
persistent post-COVID symptoms demonstrate ongoing platelet activation and abnormalities
in coagulation or fibrinolytic pathways. Fibrin-rich microclot phenomena have been reported,
although their clinical significance and causal relationship with Long COVID remain under

investigation [32].

13.10.5. Lessons for future pandemics: COVID-19 emphasized the need for early recognition
of thrombotic risk, integrated monitoring of inflammatory and coagulation biomarkers,
protection of endothelial function, and rapid clinical trials of antithrombotic strategies. Future
pandemic preparedness should incorporate coagulation surveillance alongside conventional

infectious-disease monitoring.
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13.11. Genetics and Precision Medicine:

Genetic variation is an important determinant of thrombotic susceptibility and provides a
foundation for precision medicine in coagulation disorders. Classical inherited thrombophilias
include Factor V Leiden, prothrombin mutation, protein C/S deficiencies, and antithrombin
deficiency, while modern genomic approaches increasingly recognize thrombosis as a
polygenic disorder [33, 34]. Factor V Leiden results from the F5 p.Arg506GIn (R506Q) variant,
producing resistance to activated protein C and prolonged activity of factor Va. It is one of the
most established inherited risk factors for venous thromboembolism (VTE), with risk
influenced by zygosity and additional acquired factors [33]. The prothrombin G20210A
mutation in the F2 gene increases circulating prothrombin levels and consequently enhances
thrombin generation and VTE susceptibility [34]. Deficiencies of, which normally cooperate
in downregulating factors Va and VlIlla, impair physiological anticoagulation. Similarly,
antithrombin deficiency reduces inhibition of thrombin and factor Xa, producing a particularly
strong inherited thrombotic tendency [35]. The emergence of genome-wide association studies
(GWAS) has expanded the genetic landscape beyond these classical abnormalities. Large-scale
studies have identified numerous loci involving coagulation proteins, platelet biology, and
related pathways, demonstrating that common genetic variants collectively contribute
substantially to VTE risk [36]. Polygenic risk scores (PRSs) aggregate the effects of many such
variants to estimate an individual's inherited predisposition. Recent evidence indicates that
individuals with very high PRSs may have thrombotic risks comparable to those associated
with established monogenic thrombophilias [36]. In precision medicine, integrating genetic
information with age, obesity, surgery, cancer, pregnancy, immobilization, and previous
thrombosis may improve risk stratification and support more individualized prevention and

management strategies.

13.12. Biomarkers of Coagulation and Thrombosis:

Biomarkers of coagulation and thrombosis provide measurable evidence of fibrin formation,
thrombin generation, platelet activation, endothelial disturbance, and immunothrombotic
responses. D-dimer is the most widely used fibrin-turnover marker, produced during plasmin-
mediated degradation of cross-linked fibrin. Its high sensitivity makes it valuable for excluding
venous thromboembolism (VTE) in appropriately selected patients, although inflammation,

malignancy, pregnancy, trauma, and aging may increase concentrations independently of
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thrombosis [37]. Fibrinogen, the precursor of fibrin, is an acute-phase protein; elevated levels
may accompany inflammation and increased thrombotic risk, whereas reduced concentrations
occur in consumptive coagulopathy and severe hepatic dysfunction [38]. Thrombin—
antithrombin (TAT) complexes form when generated thrombin is neutralized by antithrombin
and therefore provide a direct indicator of ongoing thrombin generation, particularly during
early coagulation activation [38]. P-selectin, expressed on activated platelets and endothelial
cells, reflects platelet—endothelial activation and promotes interactions with leukocytes; soluble
P-selectin has consequently been investigated as a biomarker of VTE and other thrombotic
disorders [38]. Tissue factor-positive microparticles, now generally considered tissue factor-
bearing extracellular vesicles (EVs), originate from activated monocytes, endothelial cells, and
tumor cells. Their procoagulant activity can enhance thrombin generation and has been
associated with thrombosis in cancer, sepsis, and viral infection [39]. Circulating EVs also
carry phosphatidylserine, proteins, lipids, and nucleic acids, making their abundance and
molecular cargo promising indicators of vascular and thrombotic states [39]. NET biomarkers,
including cell-free DNA, nucleosomes, myeloperoxidase, neutrophil elastase, and citrullinated
histone H3, reflect neutrophil extracellular trap formation and immunothrombosis [40]. Finally,
multi-omics biomarkers integrate genomic, transcriptomic, proteomic, metabolomic, and
epigenomic information to identify composite molecular signatures. Such approaches may
improve thrombotic risk prediction and support personalized medicine beyond conventional

single-marker testing.

13.13. Diagnostic Technologies:

Modern diagnostic technologies have transformed the evaluation of coagulation and
thrombosis from isolated laboratory measurements toward integrated assessment of clot
formation, platelet activity, blood flow, and individualized thrombotic risk. Conventional
coagulation tests, particularly prothrombin time (PT/INR), activated partial thromboplastin
time (aPTT), fibrinogen, and thrombin time, remain fundamental for screening coagulation-
factor abnormalities and monitoring selected anticoagulant therapies. However, these plasma-
based assays provide limited information about cellular interactions and the overall dynamics
of clot formation [41]. Viscoelastic testing, including thromboelastography (TEG) and
rotational thromboelastometry (ROTEM), evaluates whole-blood coagulation continuously
from clot initiation through clot strength and fibrinolysis. Its rapid, point-of-care capability is

particularly valuable in trauma, surgery, liver transplantation, and critical care, where treatment
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decisions may need to be made immediately [42]. Platelet function testing complements
coagulation assays by assessing platelet activation, aggregation, secretion, and receptor
abnormalities. Light-transmission aggregometry, impedance aggregometry, flow cytometry,
and secretion assays can identify inherited or acquired platelet dysfunction and evaluate
responses to antiplatelet drugs [43]. Emerging microfluidic thrombosis models reproduce
vascular geometry and shear conditions, enabling investigation of platelet adhesion, thrombin
generation, and thrombus development under physiologically relevant flow. These platforms
may improve mechanistic research and future personalized drug testing [44]. Point-of-care
diagnostics increasingly combine portability, small sample requirements, and rapid analysis,

supporting decentralized clinical decision-making.

13.14. Current Therapeutic Strategies:

Management of coagulation disorders and thrombosis has progressed from broad
anticoagulation toward mechanism-based and patient-specific therapy. Antiplatelet agents,
including aspirin and P2Y 12 inhibitors such as clopidogrel, prasugrel, and ticagrelor, reduce
platelet activation and aggregation and are central to the prevention of arterial thrombosis,
particularly in acute coronary syndromes and after coronary intervention [45]. Heparins,
comprising unfractionated heparin (UFH) and low-molecular-weight heparin (LMWH),
enhance antithrombin activity and rapidly inhibit thrombin and/or factor Xa. They remain
important for acute venous thromboembolism, perioperative anticoagulation, and selected
high-risk clinical situations. Vitamin K antagonists (VKAs), principally warfarin, suppress
synthesis of vitamin K-dependent coagulation factors. Although effective, their narrow
therapeutic window, dietary and drug interactions, and requirement for INR monitoring limit
convenience [46]. Direct oral anticoagulants (DOACs), including dabigatran, rivaroxaban,
apixaban, and edoxaban, directly inhibit thrombin or factor Xa. For many patients with venous
thromboembolism, DOACs are preferred over VKAs because of predictable pharmacokinetics
and reduced monitoring requirements [45]. Nevertheless, renal function, hepatic disease, drug
interactions, body weight, and special conditions must influence drug selection. Fibrinolytic
therapy with agents such as alteplase promotes plasmin generation and can rapidly dissolve
fibrin-rich thrombi. Its use is restricted to carefully selected emergencies, including eligible
acute ischemic stroke and certain severe thrombotic presentations, because of major bleeding
risk. Reversal agents provide an essential safety mechanism during life-threatening

hemorrhage. Vitamin K and four-factor prothrombin complex concentrate (PCC) reverse VKA
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effects, whereas idarucizumab reverses dabigatran and andexanet alfa can reverse factor Xa

inhibitors [47].

13.15. Emerging Therapeutic Targets:

The development of next-generation antithrombotic therapy increasingly focuses on selectively
interrupting pathological thrombosis while preserving physiological hemostasis. Factor XI
inhibitors are among the most promising approaches because genetic and clinical evidence
suggests that reducing factor XI/XIa activity can suppress thrombosis with potentially less
bleeding than conventional anticoagulation. Monoclonal antibodies, small-molecule inhibitors,
and antisense oligonucleotides are being evaluated [48]. Factor XII inhibition represents
another attractive strategy, particularly because factor XII contributes to pathological contact
activation and thrombosis while being less essential for normal hemostasis [49]. NET-targeted
therapy aims to disrupt neutrophil extracellular traps, which provide a procoagulant scaffold
and promote platelet and coagulation activation. DNase-based approaches and inhibitors of
NET formation may therefore reduce thrombus propagation. Complement inhibitors offer an
additional strategy by attenuating complement—coagulation crosstalk and inflammation-
associated thrombosis [49]. RNA therapeutics, including antisense oligonucleotides and small-
interfering RNA, can selectively suppress expression of coagulation or fibrinolytic proteins
and provide prolonged biological effects. Advances in lipid nanoparticles and conjugated
delivery systems are improving tissue specificity [50]. Gene editing, particularly CRISPR-
based technologies, may eventually provide durable correction of inherited coagulation
abnormalities, although off-target effects and long-term safety remain important concerns.
Nanomedicine can package anticoagulants or thrombolytics within clot-targeting
nanoparticles, while targeted drug delivery may concentrate treatment at thrombotic sites and
reduce systemic bleeding. Collectively, these strategies support a precision-medicine model in

which thrombosis is selectively controlled without broadly impairing hemostasis.

13.16. Artificial Intelligence and Digital Health:

Artificial intelligence (Al) and digital health are emerging as important tools for improving
prediction, prevention, and personalized management of thrombotic disorders. Al prediction of
thrombotic risk can integrate demographic characteristics, laboratory results, comorbidities,

medications, previous thrombotic events, and clinical trajectories to identify patients at
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increased risk of venous thromboembolism (VTE) before clinical manifestations occur [51].
Machine learning models, including random forests, support vector machines, gradient-
boosting algorithms, and neural networks, can recognize complex nonlinear relationships
within large datasets and may outperform conventional risk-assessment approaches; however,
external validation, interpretability, and avoidance of algorithmic bias remain essential [51,
52]. Wearable technologies, such as smartwatches and sensor-based patches, provide
continuous measurements of heart rate, rhythm, physical activity, and other physiological
variables. Detection of atrial fibrillation through wearable monitoring may identify individuals
with increased thromboembolic stroke risk and facilitate earlier clinical evaluation [53]. Digital
biomarkers derived from wearable and smartphone data can provide dynamic indicators of
physiological status, potentially complementing conventional coagulation and cardiovascular
biomarkers [52]. Integration with electronic health records (EHRs) further enables Al systems
to combine longitudinal clinical information with laboratory, imaging, medication, and
wearable data. Such integration could support real-time risk stratification and individualized
thromboprophylaxis. Nevertheless, data quality, interoperability, privacy, cybersecurity, and

clinical validation must be addressed before widespread implementation.

13.17. Systems Biology of Coagulation:

Systems biology views coagulation as an interconnected, dynamic network rather than an
isolated sequence of enzymatic reactions. Multi-omics approaches integrate genomic,
transcriptomic, proteomic, metabolomic, and clinical information to identify molecular
interactions associated with bleeding and thrombosis [54]. This integrated perspective can
reveal pathways that are not apparent from conventional single-parameter assays. Proteomics
enables comprehensive assessment of coagulation proteins, platelet mediators, fibrin-
associated molecules, and post-translational modifications. Quantitative protein profiling may
identify signatures associated with thrombin generation, platelet activation, and thrombotic
disease. Metabolomics complements these findings by characterizing metabolites and lipid
mediators that influence platelet responsiveness, endothelial function, inflammation, and
vascular homeostasis [55]. Single-cell sequencing provides cell-specific resolution, allowing
investigation of heterogeneous platelet, megakaryocyte, endothelial, and immune-cell
populations. Recent single-cell studies demonstrate that platelets exhibit molecular
heterogeneity, potentially explaining differences in thrombotic behavior between individuals
[56].
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Network biology connects genes, proteins, metabolites, and cellular interactions into functional
networks, helping identify regulatory hubs and potential therapeutic targets. Finally,
computational modeling uses kinetic, differential-equation, and multiscale models to simulate
thrombin generation, platelet activation, fibrin formation, and blood flow. Such models can
predict system responses to altered coagulation factors or pharmacological interventions [54].
Collectively, these approaches support a more integrated understanding of coagulation and

provide a foundation for personalized prediction, diagnosis, and therapy.

13.18. Future Perspectives:

The future of coagulation and thrombosis research is moving toward precision thrombosis
medicine, where genomic, proteomic, and functional coagulation data will guide individualized
risk assessment and therapy [57]. Personalized coagulation profiling may integrate thrombin-
generation assays, platelet function, biomarkers, and genetic information to distinguish
thrombotic from bleeding phenotypes and optimize anticoagulant selection. Regenerative
medicine could restore damaged endothelium and vascular integrity through stem-cell and
tissue-engineering approaches, potentially reducing thrombogenicity [58]. Organ-on-chip
models will provide physiologically relevant, patient-specific platforms for studying clot
formation and testing antithrombotic therapies under controlled flow conditions [59]. Digital
twin technology may combine longitudinal laboratory, imaging, wearable, and clinical data to
simulate individual thrombotic trajectories and predict treatment responses [60]. Ultimately,
these innovations should support preventive strategies based on early risk detection, lifestyle
modification, targeted prophylaxis, and continuous monitoring, shifting thrombosis care from

reactive treatment toward proactive prevention.

13.19. Clinical Pearls:

Effective thrombosis care begins with early recognition of hypercoagulability, particularly
when patients present with persistent risk factors such as malignancy, immobility, surgery,
hormonal exposure, or previous venous thromboembolism (VTE). Risk stratification should
integrate provoking factors, thrombotic burden, recurrence risk, bleeding risk, comorbidities,
and renal or hepatic function rather than relying on a single laboratory marker. Personalized
treatment selection is essential: anticoagulant choice and intensity should reflect clinical

characteristics, drug interactions, organ function, and patient preferences; direct oral

260



anticoagulants are appropriate for many patients with VTE, although important exceptions
exist. Monitoring therapeutic efficacy requires assessment of adherence, recurrent symptoms,
bleeding, and relevant laboratory parameters when indicated, rather than routine testing without
clinical purpose. Finally, prevention of recurrent thrombosis depends on appropriate treatment
duration, modification of reversible risk factors, patient education, and periodic reassessment

of the balance between thrombosis and bleeding risks [61].

13.20. Summary:

The study of Coagulation and Thrombosis reveals hemostasis as a dynamic, highly regulated
process that maintains vascular integrity while preventing excessive clot formation. The
foundational concepts distinguish physiological hemostasis from pathological thrombosis and
demonstrate how disturbances in coagulation contribute to cardiovascular disease, malignancy,
trauma, infection, and other systemic disorders. Contemporary understanding has progressed
from the traditional intrinsic and extrinsic coagulation pathways toward a cell-based model,
emphasizing tissue factor, cellular surfaces, thrombin generation, fibrin formation, and natural
anticoagulant mechanisms. Platelets are central to this process through receptor-mediated
activation, secretion, aggregation, and interactions with leukocytes. Simultaneously, the
endothelium actively regulates vascular tone and thrombosis through nitric oxide, prostacyclin,
anticoagulant molecules, and its glycocalyx. Endothelial dysfunction therefore represents a
major transition from vascular protection to a prothrombotic state. Virchow’s triad remains
clinically relevant, but its components—endothelial injury, abnormal blood flow, and
hypercoagulability—are now understood through molecular and cellular mechanisms. The
close relationship between coagulation and immunity has introduced the concept of
immunothrombosis, in which neutrophil extracellular traps, complement, cytokines, and
inflammatory signaling promote thrombus formation. These interactions are particularly
important in sepsis, autoimmune disorders, cancer, pregnancy, metabolic disease, kidney and
liver dysfunction, and viral infections, including COVID-19. Advances in genetics and
precision medicine are increasingly enabling individualized assessment of thrombotic risk.
Biomarkers such as D-dimer and fibrinogen, alongside conventional coagulation assays,
viscoelastic testing, platelet-function analysis, and emerging molecular technologies, improve
diagnostic and therapeutic decision-making. Current treatment encompasses antiplatelet

agents, heparins, vitamin K antagonists, direct oral anticoagulants, thrombolytic approaches,
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and supportive strategies. Emerging therapies targeting factor XI, factor XII, neutrophil
extracellular traps, complement, and RNA-mediated pathways may offer improved efficacy
with reduced bleeding risk. Finally, artificial intelligence, wearable technologies, digital
biomarkers, multi-omics, and systems biology are transforming thrombosis research and
clinical care. Future progress will depend on integrating molecular profiles, real-world clinical
data, and predictive technologies to develop precision thrombosis medicine. The ultimate
clinical goal is early recognition of hypercoagulability, accurate risk stratification, personalized
treatment, therapeutic monitoring, and prevention of recurrent thrombosis while minimizing

bleeding complications.
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Overview

This chapter provides a comprehensive, forward-looking exploration of the
revolutionary transition in clinical hematology from legacy manual techniques to high-
throughput, automated, and molecularly driven diagnostic frameworks. Designed specifically
for undergraduate Medical Laboratory Technology (MLT) students, it covers the technological
continuum reshaping modern laboratory diagnostics. The text begins by detailing advanced
hematological automation, highlighting the evolution from basic impedance counters to 7-part
differential analyzers, automated digital morphology with artificial intelligence (Al) image
recognition, and microfluidic single-cell isolation platforms. It then explores molecular and
cytogenetic frontiers in hematological malignancies, focusing on targeted Next-Generation
Sequencing (NGS) panels, Digital Droplet PCR (ddPCR) for sensitive Minimal Residual
Disease (MRD) quantification, and multicolor high-dimensional flow cytometry for precise
acute leukemia lineage assignment. In hemostasis and transfusion medicine, the chapter
emphasizes dynamic viscoelastic assays (TEG/ROTEM) for real-time coagulopathy
management, Pathogen Reduction Technologies (PRT) in blood banking, and companion
diagnostics for cellular immunotherapies like CAR T-cell therapy. Furthermore, it addresses
game-changing gene-editing breakthroughs, specifically CRISPR-Cas9 technology in
reactivating fetal hemoglobin (HbF) for sickle cell disease and [thalassemia, alongside
targeted tyrosine kinase inhibitor (TKI) resistance profiling. Finally, the chapter outlines
Quality 4.0 systems, focusing on LIS-based auto verification rules, real-time moving average
algorithms (Bull’s algorithm) for continuous internal quality control, and the essential ethical
considerations governing Al integration. This synthesis equips future medical laboratory

professionals with the knowledge required to navigate modern precision hematology.
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14.1 Introduction

Hematology has evolved dramatically from traditional morphological microscopy and
basic automated cell counting toward high-throughput, molecularly driven, and precision-
focused diagnostic frameworks (Greer et al., 2018). Historically, hematological evaluation
relied heavily on manual staining, visual differentiation, and manual coagulation assays. While
these fundamental skills remain vital for undergraduate MLT students, modern hematology
laboratories increasingly operate at the intersection of microfluidics, digital image analysis,
flow cytometry, dynamic molecular profiling, and Al (Bain et al., 2017).

Understanding these rapid technological shifts is essential for future medical laboratory
professionals. Advanced diagnostic modalities—such as NGS for minimal residual disease
(MRD) detection, digital spatial profiling, automated digital cell morphology, and real-time
viscoelastic point-of-care testing—have redefined how hematological malignancies,
hemoglobinopathies, and complex coagulopathies are diagnosed and managed (Kaushansky et
al., 2021). Furthermore, the integration of gene-editing technologies (e.g., CRISPR-Cas9) for
non-malignant blood disorders and the application of automated, smart quality-control
algorithms represent a new paradigm in patient care (Frangoul et al., 2021). This chapter
provides a comprehensive, forward-looking exploration of these cutting-edge diagnostic
methodologies, therapeutic frontiers, and quality management systems that define the modern

and future landscape of clinical hematology.

14.2 Advanced Automation and Digital Morphology in Hematology

14.2.1 Evolution of Automated Blood Cell Analyzers (3-Part to 7-Part Differential): The
evaluation of blood formed elements has progressed significantly since the invention of the
Coulter principle of electrical impedance (Coulter, 1956). Early automated cell counters
provided basic 3-part leukocyte differentials (neutrophils, lymphocytes, and mixed mid-range
cells). Modern high-performance analyzers utilize multi-angle polarized scatter separation
(MAPSS), semiconductor laser flow cytometry, fluorescence staining, and specific
cytochemical channels to provide 5-part, 6-part, and advanced 7-part differential reports
(Briggs et al., 2012). Modern 7-part differential instruments directly quantify immature
granulocytes (IG), nucleated red blood cells (NRBCs), immature platelet fractions (IPF), and
atypical/reactive lymphocytes without requiring manual smear review flags (Green &
Wachsmann-Hogiu, 2015). Fluorochrome dyes target nucleic acid content; cells with high
RNA/DNA density (such as blast cells or reticulocytes) emit intense fluorescence signals,

enabling early detection of bone marrow activation or dysplasia (Urrechaga et al., 2014).

270



14.2.2 High-Throughput Digital Slide Scanning and Artificial Intelligence (AI) Image
Recognition: Manual microscopic peripheral blood smear (PBS) examination is subjective and
prone to inter-observer variability. Digital morphology systems utilize motorized high-
resolution oil-immersion microscopy coupled with artificial neural networks (ANN) and
convolutional neural networks (CNN) to automatically locate, digitize, pre-classify, and display
individual blood cells (Kratz et al, 2019). System algorithms extract thousands of
morphological parameters per cell—including nuclear-to-cytoplasmic (N:C) ratio, chromatin
texture, cytoplasmic basophilia, and cellular perimeter irregularity—comparing them against
extensive digital reference libraries (Geertsema et al., 2021). The clinical laboratory
technologist verifies or reclassifies pre-sorted cell categories on a high-definition monitor. This
approach reduces turnaround times (TAT), standardizes cell classification, and allows seamless
remote consultations (tele-hematology).

14.2.3. Automated Microfluidic Cell Sorting and Single-Cell Analysis: Microfluidic "lab-
on-a-chip" platforms enable the manipulation of small fluid volumes (10° to 10 liters)
through micro-channels (Whitesides, 2006). In advanced hematology, microfluidic devices sort
target cells—such as circulating rare blast cells or fetal nucleated RBCs from maternal
circulation—based on physical properties like size, deformability, dielectric mobility, or
surface protein markers (microfluidic immuno-affinity capture) (Sackmann et al., 2014).
Single-cell RNA sequencing (scRNA-seq) integrated with microfluidics allows researchers and
clinical pathobiologists to profile the transcriptomic fingerprint of individual leukemic stem

cells, resolving tumor heterogeneity that remains hidden in bulk cell analysis (Zheng et al.,

2017).

14.3 Molecular and Cytogenetic Frontiers in Hematological Malignancy

14.3.1 Next-Generation Sequencing (NGS) Panels in Hematological Neoplasms: Targeted
NGS has replaced single-gene Sanger sequencing in the diagnostic classification of acute
myeloid leukemia (AML), myelodysplastic syndromes (MDS), and myeloproliferative
neoplasms (MPN) (Ley et al., 2013). High-throughput DNA and RNA panels simultaneously
analyze dozens to hundreds of driver mutations (e.g., NPM1, FLT3, DNMT3A, TP53, and
JAK2 V617F) from a single bone marrow or peripheral blood aspiration. NGS provides
quantitative Variant Allele Frequency (VAF) -calculations, distinguishing clonal driver
mutations from secondary subclonal mutations (Papaemmanuil et al., 2016). This genomic
architecture directly informs risk stratification according to the World Health Organization

(WHO) and International Consensus Classification (ICC) systems.
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14.3.2 Polymerase Chain Reaction (PCR) and Digital Droplet PCR (ddPCR) for Minimal
Residual Disease (MRD): Detecting MRD—the small population of leukemic cells remaining
after chemotherapy—is critical for predicting disease relapse (Schuurhuis et al., 2018). Real-
Time Quantitative PCR (RT-qPCR) targeting chimeric fusion transcripts like BCR-ABLI in
Chronic Myeloid Leukemia (CML) or PML-RARA in Acute Promyelocytic Leukemia (APL)
offers high sensitivity (10~ to 107°). Digital Droplet PCR (ddPCR) further enhances MRD
monitoring by partitioning the sample into approximately 20,000 microscopic oil droplets and
performing independent PCR amplification in each droplet (Hindson et al., 2011). ddPCR
provides absolute target DNA copy quantification without requiring standard curves,
demonstrating high resilience against reaction inhibitors and detecting 1 mutant copy among
100,000 wild-type alleles (107 sensitivity) (Olsson et al., 2016).

14.3.3 Fluorescence in Situ Hybridization (FISH) and Spectral Karyotyping:
Conventional metaphase G-banding karyotyping requires viable dividing cells and offers
limited structural resolution (5-10 Mb). Interphase FISH uses locus-specific, dual-color break-
apart, or fusion DNA probes labeled with fluorophores to detect recurrent chromosomal
translocations, deletions, and duplications in non-dividing cells (Bishop, 2010). Spectral
karyotyping (SKY') and multiplex-FISH assign a unique combination of 24 distinct fluorescent
colors to each human chromosome, permitting rapid, automated visualization of complex
cryptic rearrangements and marker chromosomes in refractory acute leukemias (Schrock et al.,

1996).

14.4 Advances in Inmunophenotyping and Flow Cytometry

14.4.1 Multi-Color High-Dimensional Flow Cytometry (10+ Color Panels): Modern
clinical flow cytometers feature multiple spatial lasers (violet, blue, yellow-green, and red) and
up to 14 to 30 detector channels (Craig & Foon, 2008). Multi-color flow cytometry enables the
simultaneous fluorochrome-conjugated antibody staining of surface markers (e.g., CD19,
CD20, CD3,CD4, CDS, CD34,CD117, HLA-DR) and intracellular antigens (e.g., cytoplasmic
CD3, myeloperoxidase [MPO], terminal deoxynucleotidyl transferase [TdT]). Analyzing
numerous parameters on single cells allows for precise identification of rare cell populations,
detailed immunological staging, and sensitive detection of aberrant immunophenotypes
(LAIPs) in post-treatment MRD monitoring (Wood, 2020).

14.4.2 Role of Flow Cytometry in Acute Leukemia Lineage Assignment and Lymphoma

Subtyping: In acute leukemia diagnostic ~workflows, rapid flow cytometric
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immunophenotyping establishes lineage assignment (B-lymphoblastic, T-lymphoblastic, or
myeloid) within hours of specimen collection (Borowitz et al., 2017).
e B-ALL:CDI19%, CDI10", cCD79a", TdT".
e T-ALL: cCD3", CD7*, CD2*, CD5".
e AML: CD13", CD33", cMPO", CD117".
e Mixed Phenotype Acute Leukemia (MPAL): Co-expression of distinct dual-lineage
markers.

For mature lymphoproliferative disorders, flow cytometry evaluates immunoglobulin
light chain expression (kappa and lambda), confirming monoclonal B-cell restriction in
Chronic Lymphocytic Leukemia (CD5"/CD23") or Mantle Cell Lymphoma (CD57/CD23)
(Braylan, 2004).

14.4.3 Automated Gating Strategies and Machine Learning in Flow Cytometric
Interpretation: Manual 2D-dot plot gating in flow cytometry is time-consuming and
vulnerable to analytical bias. Computational flow cytometry incorporates automated clustering
algorithms—such as t-distributed Stochastic Neighbor Embedding (t-SNE), Uniform Manifold
Approximation and Projection (UMAP), and FlowSOM—to map high-dimensional datasets
into two-dimensional visualizations (Saeys et al, 2016). Machine learning classifiers
automatically identify abnormal population clusters compared against healthy age-matched
reference profiles, standardizing flow cytometric interpretation across multi-center clinical

trials (Aghaeepour et al., 2013).

14.5 Innovative Technologies in Hemostasis and Thrombosis

14.5.1 Viscoelastic Hemostatic Assays: Thromboelastography (TEG) and Rotational
Thromboelastometry (ROTEM): Conventional coagulation assays—such as Prothrombin
Time (PT) and Activated Partial Thromboplastin Time (aPTT)—measure the time to initial
fibrin formation in platelet-poor plasma, failing to assess complete clot dynamics, platelet-
fibrin interactions, or fibrinolysis (Ganter & Hofer, 2008). Viscoelastic assays, including TEG

and ROTEM, assess whole-blood dynamic clot formation under low-shear stress.
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Figure 1: Viscoelastic coagulation curve demonstrating the sequential phases of clot
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development and lysis.

e parameters allow clinicians to differentiate between specific deficiencies:
Prolonged R/CT time: Depletion of soluble coagulation factors > Transfuse Fresh
Frozen Plasma (FFP).
Reduced Alpha Angle / Low K-time: Fibrinogen deficiency > Transfuse
Cryoprecipitate.
Decreased Maximum Amplitude (MA): Quantitative/qualitative platelet dysfunction
- Transfuse Platelets.
Elevated LY30 / ML: Hyperfibrinolysis = Administer Tranexamic Acid (TXA)
(Gorlinger et al., 2013).

2 Microfluidic Platelet Function Assays and Point-of-Care (POC) Coagulation

Testing: Legacy platelet function tests like light transmission aggregometry (LTA) require

large sample volumes and extensive manual preparation. Microfluidic shear-flow chamber

assays mimic arterial vessel architecture by passing whole blood over collagen-coated micro-

channels at specific physiological shear rates (Li et al., 2014). High-speed microscopic imaging

quantifies real-time platelet adhesion, activation, and aggregate formation under flow. Point-
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of-Care (POC) devices utilize micro-capillary test strips or electrochemical detection to
monitor International Normalized Ratio (INR) or direct oral anticoagulant (DOAC) levels at
the patient bed, providing rapid results with capillary blood drops (Mani et al., 2021).

14.5.3 Molecular Diagnostics in Inherited and Acquired Thrombophilia: Molecular
screening for thrombophilia identifies genetic variations that increase venous
thromboembolism (VTE) risk.

e Targeted PCR assays routinely screen for: Factor V Leiden (G1691A mutation):
Alters the cleavage site, rendering Factor Va resistant to Activated Protein C (APC)
inactivation (Bertina et al., 1994).

e Prothrombin G20210A Gene Mutation: Increases 3'-untranslated region stability,
leading to elevated plasma prothrombin levels and hypercoagulability (Poort et al.,
1996).

e MTHFR Variant (C677T): Associated with mild hyperhomocysteinemia. High-
throughput targeted NGS panels are increasingly applied to unexplained familial
thrombosis to detect rare loss-of-function mutations in natural anticoagulant pathways

(antithrombin, protein C, and protein S) (Rosendaal, 1999).

14.6 Frontiers in Transfusion Medicine and Cellular Therapies

14.6.1 Chimeric Antigen Receptor (CAR) T-Cell Therapy and Companion Diagnostics:
CAR T-cell therapy represents a major development in cellular immunotherapy for refractory
hematological malignancies (June et al., 2018). Patient T-lymphocytes are harvested via
leukapheresis, genetically modified ex vivo using a viral vector to express a synthetic CAR
targeting specific surface antigens (e.g., CD19 on B-cell acute lymphoblastic leukemia or
BCMA on multiple myeloma), expanded, and re-infused into the patient. Companion
diagnostics in the hematology laboratory play a key role in candidate selection (confirming
target antigen expression); tracking in vivo CAR T-cell expansion via flow cytometry/qPCR;
and monitoring treatment-related complications like Cytokine Release Syndrome (CRS) and
Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) via automated multiplex
cytokine assays (IL-6, ferritin, CRP) (Maus et al., 2014).

14.6.2 Pathogen Reduction Technologies (PRT) in Blood Component Processing:
Transfusion-transmitted infections (TTIs) pose an ongoing challenge in blood banking. PRT
chemically disrupt infectious agents in collected blood products prior to release (AABB, 2020).
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e Psoralen + Ultraviolet A (UVA) Light (Amotosalen system): Intercalates into helical
nucleic acids of pathogens and leukocytes in platelet and plasma components,
preventing replication upon UVA irradiation.

¢ Riboflavin (Vitamin B2) + UV Light: Induces nucleic acid strand breaks via photo-
oxidation.

e Solvent-Detergent (SD) Processing: Dissolves lipid envelopes of enveloped viruses
(HIV, HBV, HCV) in pooled plasma.

PRTs reduce the risk of emerging viral pathogens, bacteria in platelet concentrates, and
transfusion-associated graft-versus-host disease (TA-GVHD) by inactivating residual donor
lymphocytes, reducing the need for gamma irradiation (Corash et al., 2014).

14.6.3 Artificial Blood Substitutes and Ex Vivo Bioengineered Red Blood Cells: To address
blood donor shortages and complex alloantibody profiles, researchers are developing artificial
oxygen carriers and bioengineered erythrocytes (Douay & Giarratana, 2009).

e Hemoglobin-Based Oxygen Carriers (HBOCs): Purified human/bovine cell-free
hemoglobin molecules polymerically cross-linked or encapsulated within liposomes to
prevent renal toxicity and nitric oxide scavenging.

¢ Fluorocarbon-Based Carriers (PFCs): Synthetic liquid fluorocarbons capable of
dissolving high volumes of molecular oxygen.

e Ex Vivo Cultured Red Blood Cells (cRBCs): Generated from CD34" hematopoietic
stem/progenitor cells or induced pluripotent stem cells (iPSCs) cultured in bioreactors
using cytokine cocktails (EPO, SCF, IL-3). These bioengineered cells match human
erythrocyte deformability and oxygen transport capacity, offering options for highly

alloimmunized patients (Giarratana et al., 2011).

14.7 Gene Editing and Targeted Molecular Therapeutics

14.7.1 CRISPR-Cas9 Gene Editing in Hemoglobinopathies (Sickle Cell Disease and beta-
Thalassemia): Genetic disorders of hemoglobin synthesis—Sickle Cell Disease (SCD) and
Transfusion-Dependent Beta-Thalassemia (TDT)—traditionally required lifelong blood
transfusions or matched allogeneic stem cell transplantation (Orkin & Zon, 2008). Gene-editing
platforms using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9
offer potential autologous curatives (Frangoul et al., 2021). CRISPR-Cas9 ribonucleoprotein
complexes target and disrupt the erythroid-specific enhancer region of the BCL11A gene in

patients' autologous CD34* hematopoietic stem cells. Because BCLI1A acts as a
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developmental suppressor of fetal hemoglobin (HbF, alpha gamma?2), its gene disruption
reactivates gamma-globin expression in mature erythroid descendants (Canver et al., 2015).
High circulating HbF levels prevent $SHbS$ polymerization in SCD and correct the alpha/beta-
globin chain imbalance in $\beta$-thalassemia, rendering patients’ transfusion-independent.

14.7.2 Targeted Tyrosine Kinase Inhibitors (TKIs) and Resistance Mutation Profiling:
The introduction of imatinib mesylate—a targeted TKI blocking the constitutively active BCR-
ABLI kinase domain—transformed CML from a fatal malignancy into a manageable chronic
condition (Druker et al., 2001). When patients experience sub-optimal treatment responses or
relapse on first- or second-generation TKIs (dasatinib, nilotinib), molecular hematology
laboratories perform targeted Sanger or NGS kinase domain mutation analysis. Identifying
specific point mutations—such as the gatekeeper $T315I$ mutation, which induces steric
hindrance against conventional TKIs—directs clinicians to select third-generation inhibitors

like Ponatinib or allosteric STAMP inhibitors like Asciminib (Hughes et al., 2006).

14.8 Artificial Intelligence, Laboratory Automation, and Quality 4.0

14.8.1 Predictive Analytics for Auto verification of Complete Blood Counts (CBC):
Modern high-volume core hematology laboratories utilize rule-based and machine-learning
auto verification systems within Laboratory Information Systems (LIS) (Streitberg et al.,
2012). Algorithms evaluate dynamic CBC parameters, delta checks (comparing current results

against patient historical baselines), flag codes, and internal quality control status in real time.
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Figure 2: Schematic workflow of the LIS auto verification process for automated

validation and release of laboratory test results

Samples meeting pre-validated criteria (e.g., normal cell counts without pathology flags or
delta check failures) are automatically verified and transmitted to the Electronic Health Record
(EHR) without manual technologist intervention, reducing turnaround time while directing
expert review toward complex pathological samples (Barnes et al., 2008).

14.8.2 AI-Driven Real-Time Internal Quality Control (IQC) and Anomaly Detection:
Traditional Internal Quality Control (IQC) relies on analyzing manufactured matrix controls at

fixed time intervals (e.g., once per shift), leaving operational gaps where analytical drift or
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reagent degradation could occur unnoticed between testing runs (Westgard, 2002). Next-
generation Quality 4.0 frameworks employ a real-time moving average of patients (Bull's
algorithm) and machine learning anomaly detection. LIS algorithms continuously compute
running truncated mean values of stable erythrocyte indices (MCV, MCH, MCHC) from
consecutive patient samples passing through analyzers. Any systemic shift in the moving mean
triggers immediate automated alarms, flagging microfluidic clogs, temperature instability, or
optical calibration drift before erroneous patient results are reported (Hoffmann, 1998).

14.8.3 Ethical Considerations, Data Security, and Validation of AI in Clinical
Hematology: Integrating Al, machine learning models, and cloud-based digital pathology
introduces important regulatory, technical, and ethical considerations (Maddox et al., 2019).

e Model Explainability: Machine learning algorithms ("black boxes") must offer
interpretable rationale for morphological pre-classifications or predictive clinical risk
scores.

e Data Privacy & Security: High-resolution digital slides and genomic data sets must
be encrypted and anonymized in compliance with international health data regulations
(e.g., HIPAA).

e Validation Standards: Clinical laboratories must conduct prospective local validation
of Al-driven diagnostic software to confirm accuracy across diverse patient populations

and sample matrices prior to routine clinical deployment (CLSI, 2021).

14.9 Summary

The field of clinical hematology is undergoing a rapid transition from legacy manual techniques
to integrated, automated, and molecularly driven frameworks. Innovations in high-throughput
7-part differential analyzers, automated digital morphology scanning, multi-color flow
cytometry, and microfluidic technologies have improved the precision and turnaround time of
blood cell characterization. Simultaneously, targeted next-generation sequencing, digital
droplet PCR, and advanced cytogenetics enable clear molecular risk stratification, accurate
sub-classification of hematological malignancies, and high-sensitivity minimal residual disease
tracking. In hemostasis and transfusion medicine, viscoelastic testing and cellular
immunotherapies provide personalized patient management, while CRISPR-Cas9 gene editing
offers curative potential for inherited hemoglobinopathies. Supported by Al-driven auto

verification rules and Quality 4.0 real-time analytics, these advanced methodologies prepare
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future medical laboratory professionals to deliver standardized, high-quality, and patient-

centered diagnostic care.
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“From understanding the foundations to exploring the frontiers, the future of

hematology lies in knowledge, innovation, and discovery.”
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