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Bone marrow examination has become
increasingly important for the diagnosis and
treatment of hematologic and other illnesses.
Morphologic evaluation of the bone marrow
aspirate and biopsy has recently been
supplemented by increasingly sophisticated
ancillary assays, including immunocyto-
chemistry, cytogenetic analysis, flow cyto-
metry, and molecular assays. With our
rapidly expanding knowledge of the clinical
and biologic diversity of leukemia and other
hematologic neoplasms, and an increasing
variety of therapeutic options, the bone
marrow examination has became more
critical for therapeutic monitoring and plan-
ning optimal therapy. Sensitive molecular

techniques, in vitro drug sensitivity testing,
and a number of other special assays
are available to provide valuable data to
assist these endeavors. Fortunately, im-
provements in bone marrow aspirate and
needle technology has made the procure-
ment of adequate specimens more reliable
and efficient, while the use of conscious
sedation has improved patient comfort. The
procurement of bone marrow specimens
was reviewed in the first part of this series.
This paper specifically addresses the diag-
nostic interpretation of bone marrow speci-
mens and the use of ancillary techniques.
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INTRODUCTION

Bone marrow examination has become increasingly

important for the diagnosis and treatment of hemato-

logic and other illnesses. Morphologic evaluation of the

bone marrow aspirate and biopsy has recently been

supplemented by increasingly sophisticated ancillary

assays, including immunocytochemistry, cytogenetic

analysis, flow cytometry, and molecular assays. With

our rapidly expanding knowledge of the clinical and

biologic diversity of leukemia and other hematologic

neoplasms, and an increasing variety of therapeutic

options, the bone marrow examination has became

more critical for therapeutic monitoring and planning

optimal therapy. Sensitive molecular techniques, in vitro

drug sensitivity testing, and a number of other special

assays are available to provide valuable data to assist

these endeavors. Fortunately, improvements in bone

marrow aspirate and needle technology has made the

procurement of adequate specimens more reliable and

efficient, while the use of conscious sedation has

improved patient comfort. The procurement of bone

marrow specimens was reviewed in the first part of this

series. This paper specifically addresses the diagnostic

interpretation of bone marrow specimens, including the
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practical use of ancillary techniques to supplement

morphologic examinatio.

NORMAL BONE MARROW

The bone marrow occupies the cavities of about 85%

of the skeletal system and weighs between 1,600 and

3,700 g in the normal adult (1). Functionally, the bone

marrow is the major site of blood cell formation

(hematopoiesis) in the body, and also serves as an

important element of the reticuloendothelial system.

The bone marrow normally produces approximately 2.5

billion red blood cells, 1.0 billion granulocytes, and 2.5

billion platelets daily per kilogram of body weight (2).

However, the marrow has an enormous reserve capacity

of 5–10 times normal in times of hematopoietic stress

(2). The major components of the bone marrow, as

classified by Brown and Gatter, are listed in Table 1 (3).

Histomorphology of Bone Marrow

Two types of bones are present in bone marrow

biopsy specimens. The cortex is a dense layer of cortical

(compact) bone covered by a continuous outer layer of

fibroelastic tissue (periosteum; periosteal membrane)

and lined by a single layer of cells (endosteum) (Fig. 1)

(4–6). The periosteum assists in the maintenance of bone

shape and plays an important role in ion exchange (7).

Cavities within the cortical bone contain a honeycomb

network of trabecular (cancellous) bone lined by a layer

of endosteal cells continuous with the cortical endo-

steum (4). The trabeculae are formed from parallel

layers of bone (lamellae) held together by cement lines.

The continuous process of bone formation and resorp-

tion (osseous remodeling) is most obvious in the

subcortical portion of the biopsy of a child. In this

region, bone-resorbing cells (osteoclasts) occupy small

niches on the surface of the trabeculae (Howship’s

lacunae, erosion cavities) interspersed by layers of bone

matrix-forming cells (osteoblasts) and osteoid (unminer-

alized bone). The osteoclasts are typically large multi-

nucleated cells, while the osteoblasts are small and

cuboidal. Osseous remodeling is a highly complex

process regulated by the interaction between a number

of hormones, growth factors, and cytokines.

TABLE 1. Components of the Normal Bone Marrow

Component Comment

Bone Cortex of dense bone. Trabeculae of lamellar

bone. Osteoblasts and osteoclasts along

endosteal surface

Stroma

Vessels Small arteries, capillaries, and venous sinusoids.

Sinusoids are normally thin-walled, collapsed,

and inconspicuous

Reticulin and

fibroblasts

Fine reticulin fibers form supporting network

throughout marrow. Produced by fibroblasts.

Most prominent around vessels

Adipose tissue Increases with age, most prominent in subcortical

region

Hematopoietic

tissue

Granulocytic

series

Predominant marrow cell type except very early in

life. Least mature forms normally along

endosteal surface and around small arteries,

most mature forms in intertrabecular region

Erythrocytic

series

Normally organized into small groups (erythroid

islands) associated with a macrophage

Megakaryocytic

series

Mature forms are largest cells in body. Non-

clustered, scattered, usually adjacent to venous

sinusoids

Lymphocytes Comprise up to 50% of marrow cells in infants

and young children. Small, inconspicuous, may

form small clusters

Plasma cells Occur individually or in clusters of 2–3 cells. Most

conspicuous around capillaries. Polyclonal

Mast cells Few in normal bone marrow

Macrophages Frequently occur in association with erythroid

precursors

Fig. 1. Structure of the bone marrow. (A) Low-power photomicro-

graph of bone marrow biopsy, showing various bone structural

components (H&E stain, 40 x), (B) Medium-power photomicrograph

of bone marrow biopsy, showing microanatomy of the bone marrow.

Including sinusoid (arrows) and hematopoietic elements (H&E stain,

400 x).
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Hematopoiesis occurs in the cavities of certain bones

that contain hematopoietically active marrow tissue (red

marrow). Red marrow is widespread in the bones of

children, but is restricted to the skull, sternum, scapulae,

vertebrae, ribs, pelvic bone, and the proximal ends of the

long bones of the extremities in adults (5,6,8). In these

cavities, clusters of stem cells and their progeny lie in the

extravascular spaces between a vast network of vascular

channels (sinusoids) (Fig. 1) (2). Cytoplasmic processes

extending from the fibroblastoid (reticular) cells cover-

ing the advential surface of the sinusoids form a support

lattice for hematopoietic cells. The fibroblastoid cells,

vascular endothelial cells, macrophages, extracellular

matrix molecules, and adipocytes comprise the bone

marrow stroma. This network of cells is important in

directing many of the soluble chemical factors (cyto-

kines) that regulate and control the process of hemato-

poiesis, in addition to providing an adhesive framework

onto which the developing cells are bound (8–13). These

factors are referred to collectively as the hematopoietic

microenvironment. An analogy is to think of the stem

cell as the seed and the microenvironment as the soil.

Both must be present for the crop (mature bone marrow

cells) to grow successfully. In addition to assuring that

the production rate of blood cells is equal to the

senescence rate, these substances are also important in

responding to disease and environmental stimuli. For

example, a bacterial infection leads to increased

neutrophil production, but not to erythrocyte produc-

tion, while erythrocytes, but not neutrophils, increase in

response to hypoxia.

Hematopoietic cells are not arranged at random, but

have a consistent spatial relationship to the other

components in normal samples. Early myeloid precur-

sors are found adjacent to the endosteal surface, while

mature myeloid cells, erythroid cells, and megakaryo-

cytes are found in the central intratrabecular region in

association with the marrow sinusoids (Fig. 1) (3,5,6,8).

However, this arrangement can be easily disrupted by

pathologic states. The cellularity of the bone marrow is

defined as the proportion of cellular elements relative to

adipose tissue (3,14). The cellularity is variable and

normally decreases with age. The cellularity for a given

age can be approximated by subtracting the patients age

from 100. The term hypocellular is used for a bone

marrow with decreased cellularity and increased adipose

content, while a bone marrow with an increased

proportion of hematopoietic cells, and decreased

amount of fat, is referred to as hypercellular. There

are other age-related changes in the bone marrow,

including a reduction in the volume of trabecular bone

and the number of endosteal cells, osteocytes, and

paratrabecular sinusoids (8). In addition, the subcortical

region of older individuals may contain a dispropor-

tionally large amount of adipose tissue (subcortical

hypoplasia), possibly leading to errors in interpretation

if an adequate sample is not available. The cellularity of

the bone marrow is not static. Cellularity can rapidly

increase in response to stress, infection, or other

diseases, while decreased cellularity for age is usually

the result of a pathologic disease.

Cellular Components of the Bone Marrow

Blood cells (i.e., red cells, white cells, and platelets) are

continuously renewed in the bone marrow from

progenitors of primitive mesenchymal cells known as

pleuripotential hematopoeitic stem cells (HSCs) (15).

The essential properties of the stem cell are self-renewal

and self-differentiation. Progenitor cells arising from the

HSC are multipotent, but their progeny are committed

to differentiation along the erythroid, granulocytic,

monocytic, megakaryocytic, or lymphocytic pathways.

Although HSCs form a very small proportion of the

total hematopoietic cells, they are maintained through-

out the life of the individual. Most HSCs are in a

reserve, nondividing pool, while a small fraction

continually divide but do not differentiate. HSC

survival, self-renewal, proliferation, and differentiation

require appropriate hormone-like chemical signals

(hematopoietic cytokines) and the ‘‘microenvironment’’

provided by the stromal cells and extracellular matrix of

the bone marrow. Hematopoietic cytokines are

20–50 kD glycoproteins that can be subdivided into

two types based on whether they consist of four or six

a-helices (16,17). Type I hematopoietic cytokines

include interleukins (IL) -2, -3, -4, -5, -6, -7, -9, -11,

-12, -13, 15, -21, -23, erythropoietin (EPO), thrombo-

poietin (Tpo), leukemia inhibitory factor, neurotrophin-

1/B-cell-stimulating factor-3, and colony-stimulating

factors for granulocytes (G-CSF), and granulocyte–ma-

crophages (GM-CSF). Interferons (IFN) and IL-10, -19,

-20, -22, and -24 are members of the type II cytokine

family (16). Hematopoietic cytokines are secreted by

various cells and tissues throughout the body and

regulate the production and function of hematopoietic

cells (16,18). The therapeutic potential of cytokines

makes them the focus of intense scientific and commer-

cial interest. The properties of the major hematopoietic

cytokines are summarized in Table 2.

The regulation of hematopoiesis is a complex process

that is incompletely understood. The details of this

process have been derived primarily from in vitro cell

culture experiments that analyze the molecular, immu-

nologic, biochemical, and morphologic effects of var-

ious cytokines on different populations of hematopoietic

cells. The cytokines exert their biologic effects through

interaction with specific receptors on hematopoietic cells
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that form the hematopoietic receptor superfamily

(16,19). Members of the hematopoietic receptor super-

family are membrane glycoproteins composed of

structurally similar extracellular domains, single trans-

membrane domains, and intracellular domains that are

constitutively associated with different signaling pro-

teins, the most critical being members of the Jak and

Btk/Tec nonreceptor tyrosine kinase families (i.e., Jak-1,

Jak-2, Jak-3, and Tyk-2) (16). Ligand binding brings the

associated Jaks into close proximity, leading to the

activation of transcription factors, the most important

being members of the signal transducers and activators

of transcription (Stat) family (16). The genes for many

of the hematopoietic receptors reside in a small region

on the long arm of chromosome 5. Genetic alterations

of the hematopoietic receptors or related signaling

components result in immunologic and hematologic

diseases, including immunodeficiency and leukemia.

Erythroid precursors

Erythropoiesis is a complex, highly regulated process

that results in the differentiation of hematopoietic stem

cells into mature red blood cells (20). In the adult, this

process normally results in the production of approxi-

mately 1010 red blood cells per hour to maintain the red

blood cell count within a narrow physiologic range.

Primitive erythroid precursors arise from the pluripotent

stem cell and subsequently undergo a progressive series

of structural and biochemical changes driven by EPO

and other hematopoietic cytokines (Fig. 2). The most

important of these changes include the following:

* Synthesis and cytoplasmic accumulation of hemo-

globin.
* Loss of protein-synthesizing apparatus and mito-

chondria.
* Chromatin condensation, contraction, and extrusion

of the nucleus.
* Loss of cell-surface membrane receptor expression

via exosome formation.
* Changes in membrane cholesterol and phospholipid

levels.
* Changes in various intracellular enzyme levels,

including glucose-6-phosphate dehydrogenase.

The erythroid burst-forming unit is the first lineage

committed erythroid cell detectable by cell culture

studies. Erythroid colony forming units (CFU-E) arise

under the influence of EPO. The pronormoblast results

from cell division of the CFU-E, and is the first

morphologically identifiable red blood cell. Subsequent

cellular stages in erythropoiesis include the basophilic

normoblast, polychromatophilic normoblast, ortho-

chromatic normoblast, reticulocyte, and mature red

blood cell (Fig. 2) (21,22). Together, the red blood cells

and the various morphologically identifiable red blood

cell precursors comprise the erythron.

The progression from a pronormoblast to a non-

nucleated red blood cell requires 3–5 days but can be

accelerated if biologically needed. The erythroid pre-

cursors are described below. The term ‘‘normoblast’’

should only be used in reference to normal erythropoi-

esis. The more general term, ‘‘erythroblast,’’ refers to

both normal and abnormal erythropoiesis.

* Pronormoblast (rubriblast): This is the largest of the

erythroid precursors (�20 mm). The nucleus has a

‘‘ropy,’’ relatively coarse chromatin and may contain

large nucleoli that are not prominent. There is a

moderate amount of agranular basophilic cytoplasm,

Pronormoblast

Bone

Marrow

Peripheral

Blood

(A)

(B)

Basophilic

Normoblast Polychromatophilic

Normoblast

Orthochromatic

Normoblast

Reticulocyte

Erythrocyte

Fig. 2. Erythropoiesis. (A) Illustration of stages of erythroid

development, (B) Bone marrow aspirate showing erythroid island

(Wright-Giemsa stain, 1000 x).
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a large Golgi zone, and a perinuclear halo of

mitochondria. Two basophilic normoblasts are

formed from the division of a pronormoblast.
* Basophilic normoblast (prorubricyte): The basophilic

normoblast I is slightly smaller than the pronormo-

blast (10–18 mm) and has intensely staining, slightly

coarse nuclear chromatin. Nucleoli are not promi-

nent. The cytoplasm is deeply basophilic because of

the presence of large amounts of RNA. A Golgi zone

may be present, as well as a perinuclear halo of

mitochondria. Siderosomes may be seen with an iron

stain. A second cell division produces the basophilic

normoblast II, characterized by condensed nuclear

chromatin arranged in spoke-like fashion.
* Polychromatophilic normoblast (rubricyte): The

polychromatophilic normoblast I is slightly smaller

than the basophilic normoblast (10–15 mm) and is

characterized by intensely staining ‘‘checkerboard’’

or ‘‘tortoise shell’’ chromatin that is distinct from the

lavender parachromatin. Nucleoli are not visible.

Hemoglobin production in the cytoplasm produces

polychromasia (varying shades of gray due to the

mixture of red hemoglobin and blue-staining RNA).

One or two mitotic divisions occur, with the

formation of polychromatophilic normoblast II,

which is usually classified as a separate stage of

maturation, the orthochromatic normoblast.
* Orthochromatic normoblast (acidophilic normoblast,

metarubricyte): This cell is smaller than the poly-

chromatophilic normoblast and is incapable of cell

division. It is characterized by a small and dense

nucleus (pyknotic). The cytoplasm remains polychro-

matic, but contains more hemoglobin and fewer

polyribosomes than the polychromatophilic normo-

blast. The reticulocyte results when the nucleus is

extruded with a small rim of cytoplasm.
* Reticulocyte (proerythrocyte): This is an anucleate

red blood cell, which is slightly larger than the mature

red blood cell (10–15 mm vs. 6–8 mm). The early

reticulocyte contains mitochondria, a small number

of ribosomes, the centriole, and remnants of Golgi

bodies. Early reticulocytes continue to synthesize

hemoglobin, and approximately 20–30% of the total

hemoglobin of the red blood cell is synthesized at this

stage of red blood cell development. However,

hemoglobin synthesis gradually decreases as cellular

organelles are progressively lost and the reticulocyte

becomes a mature red blood cell. Changes in the

surface membrane of the reticulocyte, including the

loss of the transferrin receptor, also occur during

differentiation. After about two days in the bone

marrow, reticulocytes are normally released into the

peripheral blood and undergo final maturation. The

term ‘‘reticulocyte’’ was derived from the deep blue

precipitate seen in these cells after staining with new

methylene blue and other tricyclic, heterochromatic,

cationic dyes that bind and cross-link RNA and

aggregate other organelles.
* Normocyte (erythrocyte, discocyte): The mature red

blood cell is 7–7.5 mm in diameter, similar to the

nucleus of a small lymphocyte. The cytoplasm is pale

red, with a central area of pallor approximately 1/3

the diameter of the cell. The central pallor is due to

the biconcave shape of the cell.

EPO is one of the hematopoietic growth factors and the

major chemical regulator of erythropoiesis. EPO is a

glycoprotein (34,000–39,000kDa) produced by the kidney

in response to reduced renal oxygen tension. Although

EPO accelerates the division of erythroblasts at all stages

of development, its major effect is to stimulate resting

committed erythroid progenitor cells to enter the cell cycle

(Fig. 3) (18,23). The binding of EPO to the EPO receptor

(EPO-R) induces a conformation change in the EPO

molecule that results in the activation of the tyrosine

kinase Janus kinase 2 and the subsequent tyrosine

phosphorylation of the transcription factors signal

transducer and activator of transcription 1 (STAT1),

STAT3, and STAT5a/b (24). Optimal oxygen delivery to

the tissues occurs at a hematocrit of 40–45% and thus the

production of red blood cells is very tightly regulated. Cell

death of unwanted erythroid precursors through apopto-

sis is one of the major mechanisms of regulation. Both the

intrinsic and extrinsic apoptotic pathways may be

activated by the withdrawal of EPO or the activation of

death receptors (25). Recent evidence suggests that

inappropriate activation of apoptosis is one of the major

pathophysiologic mechanisms of anemia (25).

Clones of nucleated erythroid precursors with a

macrophage (reticular cell and nursing cell) in the center

are termed erythroblastic islets or islands (26). This

‘‘nursing cell arrangement’’ is critical for erythropoiesis,

since the macrophage supplies iron and plays other

critical supporting roles. Transferrin is used to carry

stored iron released from hemosiderin in the macro-

phage to the erythroblast, where it is incorporated as a

membrane-bound body called a siderosome. The side-

rosomes transfer their iron into the mitochondria, where

the iron is integrated into the heme portion of the

hemoglobin molecule. The macrophage also keeps the

bone marrow in order by phagocytizing extruded

erythroblast nuclei and elderly or apoptotic hemato-

poietic precursors. The microscopic structure of the

erythropoietic islets is best appreciated in bone marrow

aspirate smears and may not be apparent in bone

marrow biopsy sections. Erythroid precursors normally

comprise about 25–35% of total bone marrow cellular-

ity (myeloid to erythroid ratio of 1.5:1 to 3:1). The more
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mature erythroid forms (polychromatophilic and orthro-

chromatic normoblasts) normally comprise the majority

of erythroid precursors, and are easily recognized in

aspirate and biopsy specimens by their ‘‘peppercorn-

like’’ apearance, with round nuclei and dark, condensed

nuclei.

Granulocytic precursors

Granulocytes consist of neutrophils, eosinophils, and

basophils. Although the term myeloid is used to

distinguish cells derived from the bone marrow from

cells derived from lymph tissue, it is also used in

reference to the neutrophil series. Neutrophils are the

most abundant cell type in the normal bone marrow.

The majority are neutrophilic myelocytes, metamyelo-

cytes, bands, and segmented forms. Immature myeloid

cells (myeloblasts) have round to irregularly shaped

nuclei with one or more nucleoli and pale basophilic

cytoplasm. Neutrophilic differentiation is reflected by

the appearance of cytoplasmic granules, a change in the

cytoplasm from light blue to clear, and a change in the

shape of the nucleus from bean-shaped to banded to

segmented. The early stages of granulopoiesis occur in

the paratrabecular and periarteriolar areas, while more

mature granulocyte precursors are found in the inter-

Fig. 3. The biological effect of erythropoietin.
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trabecular regions (Fig. 4). Normal neutrophilic

granulocyte precursors are described below.

* Myeloblast: The myeloblast is the earliest morpholo-

gically distinct bone marrow precursor. The normal

myeloblast is 15–20 mm with a large, round nucleus,

finely reticulated chromatin, and several small,

distinct nucleoli. The cytoplasm is moderately

basophilic and may contain a few azurophilic granules.

Ultrastructural studies reveal the nucleus to primarily

consist of euchromatin, while the cytoplasm contains

abundant ribosomes and a few profiles of rough

endoplasmic reticulum (27). Peroxidase activity may

be present. The myeloblast is capable of cell division.

Myeloblasts normally comprise approximately 1% of

the nucleated bone marrow cells.
* Promyelocyte (progranulocyte): Promyelocytes are

round to oval cells that are slightly larger than

myeloblasts (15–25 mm). The promyelocyte nucleus is

similar to that of the myeloblast, with fine chromatin

and distinct nucleoli. However, the cytoplasm con-

tains azurophilic (primary) granules that are formed

during this stage of maturation. The primary granules

bud from the inner, concave face of the Golgi

apparatus, and contain many enzymes, including

myeloperoxidase, lysozyme, elastase, cathepsin G,

and acid hydrolases (27). Some hematopathologists

classify promyelocytes as early or late, depending on

the number of primary granules. The nucleus is

slightly indented with one or two small nucleoli. A

prominent Golgi zone is present. Promyelocytes

retain proliferative capacity and comprise about 2%

of normal nucleated bone marrow cells.
* Myelocyte: The myelocyte is 10–20 mm in diameter.

This stage of maturation is characterized by the

formation of secondary granules that are not

azurophilic. Secondary granules contain lactoferrin,

lysozyme, vitamin B12-binding protein, phospholi-

pase A2, histaminase, and other substances (28).

Primary granules are no longer produced, and are

diluted out as maturation continues. The nucleus is

slightly eccentric, and round, ‘‘arrowhead’’-shaped,

or slightly indented with partially condensed chro-

matin. Nucleoli are not usually present. A small

Golgi zone may be present. The earliest myelocyte

forms are capable of cell division, but proliferative

capacity is lost as maturation progresses. Myelocytes

comprise approximately 10% of the nucleated

marrow cells.
* Metamyelocyte: The metamyelocyte is 10–18mm in

diameter, with abundant cytoplasm containing numer-

ous small secondary granules and rare primary granules.

Metamyelocytes have a ‘‘horseshoe’’-shaped nucleus

indented to less than one-half of the nuclear diameter.

Dark-staining heterochromatin replaces some of the

lighter-staining euchromatin of earlier myeloid stages

(27). Metamyelocytes comprise 15–30% of nucleated

marrow cells and are incapable of cell division.
* Band forms: Band neutrophils are 10–18 mm in

diameter and comprise 10–15% of nucleated marrow

cells. Band neutrophils are also found in the

peripheral blood. The nucleus is indented to more

than one-half of the nuclear diameter but never

restricted to a filament. The nucleus may be twisted

or folded and often assumes a C, S, or U shape. There

is a further loss of euchromatin, with a peripheral

localization of the heterchromatin under the nuclear

membrane. The cytoplasm is abundant and pinkish,

with numerous small secondary granules.
* Segmented forms: Segmented neutrophils (polymorpho-

nuclear leukocyte, PMN, 10–15mm) are the most

numerous leukocytes in the bone marrow and peripheral

blood. The nucleus is segmented with 3–5 lobes

connected by thin, narrow strands of dark nuclear

material. The nucleus consists largely of heterochroma-

tin, with only scattered patches of euchromatin. The pale

cytoplasm contains numerous small secondary granules.

The major function of the segmented neutrophil is the

phagocytosis and killing of microbes (29,30).

Megakaryocytes

Megakaryocyte colony-forming units (CFU-Meg) are

derived from the pleuripotential stem cell (31). The earliest

megakaryocyte has a normal (diploid) DNA content, but

the DNA content, as well as nuclear and cytoplasmic

mass, rapidly increase as the cell undergoes a series of

mitoses without cell division (endoreduplications) (Fig. 5).

Fig. 4. Bone marrow aspirate showing myeloid precursors at

different stages of maturation (Wright-Giemsa stain, 1000 x).
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Megakaryocytes are found in the intratrabecular

space adjacent to sinusoids and may be interposed

between endothelial cells. The sinusoids are usually

inconspicuous; however, and the megakaryocytes ap-

pear to be randomly dispersed. The following stages of

megakaryocyte maturation are recognized (8).

* Megakaryoblast: Immature megakaryocytes are

15–20 mm, with round to slightly lobulated nuclei

and scant amounts of deeply basophilic cytoplasm.
* Promegakaryocyte: The promegakaryocyte is

20–80 mm in diameter, with lightly basophilic, finely

granulated cytoplasm.
* Mature megakaryocyte: Mature, polyploid (4N to

64N) megakaryocytes are the largest hematopoietic

cell (80–150mm), with a volume of approximately

15,000 femtoliter (fL). These cells are characterized by

a multilobulated, cerebriform nucleus and eosinophilic

cytoplasm. As the megakaryocyte matures, cytoplas-

mic granules appear, followed by demarcation mem-

branes. When maturation is complete, cytoplasm

fragmentation occurs, with the production of 1,000 to

8,000 platelets, each with a volume of 7 to 9 fL (Fig. 5).

Platelets are shed into the sinuses of the bone marrow

on their way to the blood. Lymphocytes, granulocytes,

and erythroblasts may also be found within the

cytoplasm of the megakaryocyte, termed emperipoiesis.

The purpose of this phenomenon is not understood.

The regulation of platelet production is poorly

understood. Tpo is believed to be the major humoral

regulatory substance. This substance stimulates CFU-

Meg division, megakaryocyte production, and platelet

production from the megakaryocyte (32,33). The

peripheral blood is the normal reservoir for the majority

(�66%) of platelets within the body. Most of the

remaining platelets are stored in the spleen. The splenic

pool greatly expands in patients with splenomegaly

(enlargement of the spleen) or hypersplenism (a condi-

tion in which the spleen rapidly and prematurely

destroys red blood cells).

Lymphocytes

Small lymphocytes normally comprise 15–20% of the

nucleated cell population of the bone marrow in adults,

and a slightly larger proportion in children (8). There is

normally a predominance of T lymphocytes in both the

bone marrow and the peripheral blood. Lymphocytes

are normally present singly in the intratrabecular spaces,

but lymphoid clusters and aggregates of mature

lymphocytes are common with increasing age.

Monocytes and macrophages

Monocytes are produced in the bone marrow and

normally comprise a small proportion of morphologi-

cally indistinct cells. They are probably under-recog-

nized, since they are easily confused with granulocytic

precursors (8). Macrophages (reticular cells and histio-

cytes) are large cells with oval or kidney-shaped nuclei,

and variable amounts of cytoplasm that may contain

granules, vacuoles, cellular debris, or hemosiderin.

Macrophages are part of the reticuloendothelial (mono-

nuclear phagocyte) system, and are essential for the

removal of senescent cells and debris. They also serve as

the major marrow site for storage of iron, and play a

critical role as ‘‘nursing cells’’ for erythropoiesis. The

derivation of the macrophage is less well understood

than for other cells. They may represent a heterogenous

cell population derived not only from monocytes, but

also from fixed reticulocyte cells, or a granulocyte-

monocyte precursor (8).

Fig. 5. Megakaryocytes. (A) Megakaryocyte (arrow) in a bone

marrow biopsy (H&E stain, 400 x), (B) Megakaryocyte at high

magnification, showing granular cytoplasm and platelet release

(H&E stain, 1000 x).
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Plasma cells

Plasma cells are the final developmental stage of the B

lymphocyte, responsible for the production of immunoglo-

bulin. Plasma cells normally comprise about 1% of nucleated

marrow cells in the adult, and are equally distributed

throughout the active hematopoietic areas of the body. Frish

has calculated that 4100 million plasma cells in the bone

marrow are responsible for 490% of the serum immuno-

globulin synthesized in the body. Two histologic types of

plasma cells can be identified in the bone marrow (8).

* Reticular plasma cells: These are the most common

type of marrow plasma cell. They are 8–25 mm in

diameter, with deeply basophilic cytoplasm, coarse

chromatin arranged around the inner nuclear mem-

brane in a ‘‘spoke-wheel’’ pattern, and a clear area

adjacent to the nucleus representing the Golgi zone

(‘‘paranuclear hof’’). These cells are usually found in

close proximity to a blood vessel.
* ‘‘Lymphoplasmacytoid’’ plasma cells: These cells are

smaller than the reticular plasma cell, with a less well-

defined Golgi zone and a smaller amount of

cytoplasm. Lymphoplasmacytoid plasma cells pro-

duce low-affinity IgM.

Mast cells

Mast cells are derived from the basophil and

constitute a very small proportion of normal bone

marrow cellularity (34). Mast cells may resemble

basophils, or may have an elongated, spindle-shaped

appearance. They are most often found adjacent to

endothelial cells or marrow sinusoids, at the endosteal

surface of trabecular bone, in the walls of small vessels,

or at the periphery of lymphoid aggregates (8). Mast

cells are best visualized with special stains, including

Giemsa and toluidine blue, or immunohistochemical

stains (tryptase) (35).

Stroma

The supporting framework of the bone marrow

consists of a network of reticular fibers, blood vessels,

and nerves. Fibroblasts, adipose cells, extracellular

matrix proteins, and other components contribute to

the microenvironment of the bone marrow.

ROUTINE DIAGNOSTIC EVALUATION OF

HEMATOLOGIC SPECIMENS

Bone marrow examination provides both qualitative and

quantitative information about marrow cells and morpho-

logic information about each cell line. Information is

provided by the maturity and appearance of the cells of

each lineage. Immature cells are increased in hyperplastic

and reactive conditions and in the acute leukemias. Atypical

cells may be induced by reactive hyperplasia, vitamin B12

and folate deficiency, the myelodysplastic diseases, drugs,

toxins, or infectious agents. The amount of hemosiderin is

an important clue to the cause of anemia. This information

must be interpreted in the context of peripheral blood

findings and other clinical and laboratory data. Therefore,

diagnostic examination of the bone marrow is performed in

a systemic fashion, evaluating the following components.

* Review of patient history, recent laboratory data, and

past specimens.
* Examination of the peripheral blood smear, with

determination of the absolute and relative proportion

of each cell line and the presence of abnormal

morphologic features.
* Examination of the bone marrow aspirate under low,

intermediate, and high power, to assess cellularity,

the relative proportion of each cell type, the

morphology of each cell type, and the presence of

metastatic cancer cells or other ‘‘foreign’’ cells.
* Examination of a Perl’s Prussian blue-stained bone

marrow aspirate for storage iron (decalcification of

the bone marrow biopsy leaches out the iron, making

this specimen type less suitable).
* Examination of the bone marrow biopsy under low,

intermediate, and high power to assess cellularity, the

relative proportion of each cell type, morphology of

each cell type, presence of fibrosis, granulomatous

inflammation, lymphoid aggregates, metastatic tumors,

or other focal lesions.
* Evaluation of flow cytometric data, immunohisto-

chemical stains, special stains, or other ancillary tests.
* Assignment of a final histologic diagnosis.

Specimen quality is a major consideration in the

interpretation of bone marrow specimens. Diagnostic

interpretation is possible only if morphologically intact

cells are present in sufficient number to be representative of

the bone marrow. The bone marrow aspirate should

contain several particles, each with a ‘‘trail’’ of well-stained,

morphologically distinct bone marrow cells. A common

problem is the dilution of the bone marrow aspirate with

peripheral blood, leading to a paucity of particles and

hematopoietic precursors. The aspirate may also be

excessively thick, poorly stained, or prepared with excessive

pressure, so that the majority of cells are crushed and

morphologically unrecognizable. Smears from patients

with acute leukemia often have an overabundance of cells

and the thickness of the smear can hamper morphologic

evaluation. Adequate areas may sometimes be found at the

periphery of the smear; otherwise, additional smears should

be stained. Additional smears may be prepared from
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heparin-anticoagulated aliquots of bone marrow. Other

options include smears prepared from diluted marrow, a

buffy coat, or a specimen purified by density gradient

centrifugation in Ficoll–Hypaque or other media. The bone

marrow biopsy should be of adequate length, intact, and

well-stained. Repeat biopsy must be recommended to the

submitting physician if adequate specimens are not

available. Common problems that compromise bone

marrow specimen quality are summarized in Table 3.

Bone Marrow Cellularity

Bone marrow cellularity is a measurement of the ratio

of hematopoeitic cells to fat. Cellularity provides

important information about the activity of the bone

marrow. At birth the marrow space is nearly entirely

filled with active hematopoietic tissue. However, with

aging, a loss of hematopoietic tissue, a reduction in the

number of osteoblastic progenitors, and a reduction in

the amount of bone causes a gradual decrease in the

cellularity of the bone marrow (36). There is a

corresponding increase in the amount of adipose tissue,

which fills the nonhematopoietic marrow space. Several

studies of normal individuals have demonstrated a

relatively rapid decline in the cellularity of the iliac

crest bone marrow over the first two decades of life, and

a much more gradual decrease in middle-aged and older

individuals (Fig. 9) (37–39). Consequently, a normal

middle-aged individual will have approximately 50%

cells and 50% fat. However, because of the many

variables affecting bone marrow cellularity, including

location of the biopsy, 25–75% is usually considered

normal in individuals 20–70 years of age (Figs. 6 and 7).

Increased cellularity, termed hyperplasia (475% cells),

is a characteristic response to peripheral cytopenia due

to extramedullary cell destruction (i.e., regenerative

anemia, leukopenia, or thrombocytopenia) or an

increased demand for hematopoetic elements (i.e.,

infection and hypoxia). Decreased bone marrow cellu-

larity, termed hypoplasia or aplasia (o25% cellularity),

is characteristic of marrow insult or injury to one or

more of the hematopoietic cell lines due to infectious

agents, drugs, toxins, and immune-mediated diseases.

However, in many cases the cause of the insult cannot be

determined, and the case is classified as idiopathic.

Bone marrow cellularity is most accurately deter-

mined from H&E-stained sections of the bone marrow

biopsy, although a useful estimate can be obtained from

the bone marrow aspirate if biopsy cores are not

available (40–43). A subjective estimate of the relative

amount of adipose tissue and hematopoietic tissue is

usually made, although the cellularity can be precisely

determined by point-counting, image analysis, and other

techniques (44,45).

TABLE 3. Bone Marrow Artifacts

Specimen Artifact Cause

Bone marrow aspiration Suboptimal staining Old or contaminated staining solution, inadequate staining time

Inadequate particles Poor aspiration technique, ‘‘dry tap’’

Cell crushing and distortion Inadequate training, improper procedure

Thick smears Clotted specimen, inadequate training, improper procedure

Uneven cell distribution Clotted specimen, inadequate training, improper procedure

Clotted specimen Poor technique, multiple aspiration attempts with local activation of

coagulation system, hyperactive coagulation system

Bone marrow biopsy Aspiration artifact Biopsy of aspiration site, failure to obtain aspirate and biopsy

specimens from different areas

Suboptimal staining Inadequate fixation of processing, expired or contaminated staining

solution

Biopsy of previous aspiration or

biopsy site

Failure to reorient biopsy needle at a proper angle or to a proper site

Crushed or fragmented specimen Harsh handling during touch imprint preparation or processing,

inadequate microtomy

Inadequate fixation Inadequate volume of fixative solution, inadequate fixation time

Excessive decalcification Poor tissue fixation, excessive time in decalcification solution

Inadequate decalcification Poor tissue fixation, insufficient time in decalcification solution,

inadequate volume of decalcification solution

Uneven section thickness, ‘‘thick

and thin’’ sections, chatter,

‘‘Venetian blind effect’’

Inadequate decalcification, inadequate microtomy (dull knife blade,

improper handwheel tension, improper clearance angle, improper

pressure plate or spring balance tension, loose cassette clamp,

inadequate decalcification, worn equipment)

Compressed or wrinkled sections Inadequate microtomy (dull knife blade, warm specimen block,

improper clear angle, loose cassette clamp, worn equipment)

‘‘Scratched’’ or ‘‘split’’ sections Defective cutting blade, inadequate declacification, worn or improperly

adjusted microtome
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Differential Count and Myeloid:Erythroid (M:E)

Ratio

The differential count is performed by determining the

percentage of various marrow cell types on a well-

stained and technically adequate aspirate smear using a

manual or electronic differential cell counter. Depending

on the desired accuracy of the differential count, a total

of 100, 200, 500, or 1,000 cells may be examined. The

counts are compared with normal values and the total

cellularity of the specimen to determine whether any cell

line is increased (i.e., hyperplastic) or decreased (i.e.,

hypoplastic).

The M:E ratio is an important semi-quantitative

measurement of red and white blood cell development. It

is determined by dividing the proportion of cells in the

myeloid series by the proportion of erythroblasts (46). AFig. 6. Normal bone marrow cellularity relative to age. Data from

(37).

Fig. 7. Photomicrographs of bone marrow biopsies with (A) o5% cellularity, (B) 25% cellularity, (C) 50% cellularity, (D) 100% cellularity

(H&E stains, 400 x).
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subjective estimate of the M:E ratio can also be made on

sections of the bone marrow cores if an aspirate is not

available. The published values for the normal M:E ratio

vary considerably, but values between 1.5:1 and 4:1 are

usually considered normal (Fig. 8). An increased M:E

ratio indicates granulocytic hyperplasia or decreased

erythropoiesis, while a decreased M:E ratio suggests

decreased granulopoiesis or erythroid hyperplasia.

Storage Iron

The bone marrow is a major storage site for body iron,

so the amount of stainable iron in the bone marrow is an

accurate indication of body iron stores. The evaluation

of storage iron becomes extremely important in the

evaluation of anemia in which measurements of serum

iron do not reveal a definitive etiology.

Intracellular marrow iron is primarily in the form of

hemosiderin granules localized in macrophages, with

less in erythroblasts (‘‘sideroblasts’’). The structure of

hemosiderin is poorly defined, but appears to consist of

a complex of ferritin, ferritin degradation products, and

other substances. Individuals with very large quantities

of bone marrow iron show numerous irregular, yellow,

granular deposits of hemosiderin in macrophages.

However, smaller amounts of hemosiderin cannot be

visualized by light microscopy, and must be detected by

the Perl’s Prussian blue reaction. The reaction of iron

with potassium ferrocyanide [potassium hexacyanofer-

rate(III)] produces a deep blue precipitate that can be

visualized by light microscopy. Prussian blue stains of

bone marrow aspirate smears and bone marrow biopsy

imprints provide the most sensitive measure of hemosi-

derin content. Decalcification of the clot section and

bone marrow biopsy cores may decrease the amount of

iron, but these specimens should be used if a bone

marrow aspirate is not available (47).

The grading of the amount of storage iron is a routine

part of the bone marrow examination. Several spicules on a

Prussian-blue-stained bone marrow aspirate smear should

be examined under medium (40�) and high (100�)

magnification and the amount of hemosiderin estimated

according to the scale of Bain (Table 4) (48). The grading

should be based on the presence of intercellular storage

iron, and both the macrophages and erythroblasts should

be carefully examined. Most of the intracellular iron is in

macrophages, but normally 20–50% of the erythroblasts

contain one to four small granules of Prussian-blue positive

material. The smear must also be carefully examined for

the presence of ringed sideroblasts, which are abnormal

Fig. 8. Cellular composition of the bone marrow illustrating the

M:E ratio. Photomicrographs of bone marrow biopsy specimens with

(A) normal M:E ratio (approximately 3:1), (B) erythroid hyperplasia

(M:E ratio 1:2), and (C) myeloid hyperplasia (M:E ratio 410:1) (H&E

stains, 400 x).
TABLE 4. Bone Marrow Iron Content

Grade Features of Prussian blue stain

0 No stainable iron

11 Small intracellular iron stores using oil objective

21 Small, sparse intracellular iron particles at low power

31 Numerous small intracellular iron particles

41 Larger particles with a tendency to aggregate into clumps

51 Dense, large clumps

61 Very large clumps and extracellular iron
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cells with granular iron deposits in mitochondria, forming a

ring around the nucleus (Fig. 9).

Bone marrow iron stores are reduced or absent in

iron-deficiency anemia, but increased in patients with

anemia of chronic disease, iron overload, myelodysplas-

tic syndromes, sideroblastic anemias, and thalassaemia.

Ringed sideroblasts are characteristic of the myelodys-

plastic syndromes and sideroblastic anemias, and are

only rarely found in other diseases.

Reticulin and Collagen

Reticular fibers (i.e., reticulin) are formed by fibro-

blasts and comprise an important part of the stroma of

the bone marrow. In the normal bone marrow, reticular

fibers are few in number, and mainly concentrated

around the blood vessels and endosteum. An increase in

reticular fibers is characteristically associated with the

myeloproliferative diseases but may occur in other

conditions, including inflammatory diseases, lympho-

proliferative disorders, and metastatic tumors. Collagen

(bundles of reticular fibers) may also appear in these

diseases. A nonspecific marrow response with increased

reticular fibers and/or collagen is referred to as ‘‘fibrosis

of the bone marrow’’ or ‘‘marrow fibrosis,’’ while

‘‘myelofibrosis’’ is used to refer to marrow fibrosis in

patients with myeloproliferative diseases. Since fibrosis

is a frequent cause of a ‘‘dry tap’’ or failure to acquire

bone marrow particles during aspiration, the presence of

fibrosis is often suspected during the procedure. In these

cases, the Gordon–Sweet stain is used to confirm the

presence of increased bone marrow reticulin, while the

trichrome stain is employed to document the presence of

collagen (Fig. 10). The Gordon–Sweet stain is a silver

impregnation technique in which reticular fibers acquire

a dark gray or black color. Collagen has a blue color

with the trichrome technique. In the interpretation of

these stains, it is important to disregard areas with crush

artifact, as well as the normal reticulin found immedi-

ately around blood vessels and bony trabeculae. Other

factors that may affect the interpretation of reticulin

stains include the thickness of the tissue section and

cellularity of the tissue, as well as tissue fixation,

decalcification, embedding, and shrinkage of the tissue

during processing (39,49). The following grading scheme

for marrow fibrosis was proposed by Bauermeister

(Table 5) (50,51).

Histopathologic Manifestations of Infection and

Systemic Diseases

Acute inflammation and necrosis

The bone marrow of patients with septicemia may

show vascular congestion with interstitial edema, focal

hemorrhage, and fibrin deposition (52). Intravascular

coagulation may be present. Large areas of hemorrhage

may accompany hepatitis B infection with aplasia,

hemophagocytic histiocytosis, or T-cell lymphoma (52).

Ischemic necrosis of the bone marrow most commonly

occurs in patients with malignancies, either hematopoei-

tic or nonhematopoeitic, but has also been reported in

various of nonmalignant diseases, including sickle cell

disease, infection (fungal infections, typhoid fever,

diphtheria, Q fever, tuberculosis, toxoplasmosis), septi-

cemia, bacterial endocarditis, anorexia nervosa, anti-

phospholipid antibody syndrome, hemolytic uremic

syndrome, thrombotic thrombocytopenic purpura, dis-

seminated intravascular coagulation, and hemophago-

cytic histiocytosis (52–54). In addition, bone marrow

necrosis can be assocated with various drugs, including

G-CSF, interferon a, ATRA, and fludarabine (54).

Clinically, there are no pathognomonic symptoms of

bone marrow necrosis, but severe necrosis may be

accompanied by fever, bone pain, leukoerythroblastic

peripheral blood features, pancytopenia, and elevated

lactate dehydrogenase and alkaline phosphatase (53,55).

H&E-stained trephine biopsy in a patient with bone

marrow necrosis reveals intact cortical and trabecular

bone, with focal or extensive loss of fat spaces and

destruction of both hematopoietic stroma and hemato-

poietic cells (53,54,56,57). Stellate fibrin deposits may

also be present (52). Bone marrow necrosis has generally

been regarded as an uncommon lesion, but careful

microscopic evaluation reportedly revealed necrosis in

37% of bone marrow biopsies (58). Supparative necrosis

of the bone marrow is characteristic of osteomyelitis.

The necrosis destroys the bony trabeculae as well as

hematopoietic and adipose tissue (52).

Fig. 9. Photomicrograph of a bone marrow from a patient with a

myelodysplastic syndrome, showing numerous ringed sideroblasts

(arrowed cells) (Prussian blue stain, 1000 x).
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Granulomatous chronic infection

Granulomas are characterized by an ‘‘accumulation of

histiocytes or epithelioid cells organized in a nodular

pattern with sharp outlines (52).’’ Fibrinoid or caseous

necrosis may occupy the central portion of the

granuloma, while the periphery may contain a variable

number of lymphocytes, plasma cells, and eosinophils

(Fig. 11). Collagenous fibrosis may be found and

multinucleated giant cells may be present. These lesions

occur in association with chronic inflammatory condi-

tions, including infection (fungal, viral, bacterial, rick-

ettsial, and parasitic), autoimmune disease, drug

hypersensitivity, sarcoidosis, and some malignancies

(52). A fungal etiology must be excluded in all patients

with unexplained granulomas by special stains (Ziehl–

Neelsen, GMS, or PAS Light Green) and microbiolo-

gical culture. The exclusion of opportunistic agents such

as atypical Mycobacterium (avium intracellulare),

Histoplasma capsulatum, Toxoplasma gondii, and Cryp-

tococcus neoformans is especially important in immuno-

suppressed patients, including those with HIV infection

(52). A careful search for small numbers of organisms is

necessary, since patients with HIV/AIDS often have

small areas of necrosis and clusters of macrophages

without well-formed granulomas (Fig. 11). Recent

studies have shown the highest diagnostic yield of

bone marrow evaluation in HIV-infected patients

receiving antiretroviral treatment when there is coexist-

ing fever and cytopenia without localizing signs of

infection (59).

Lymphoid infiltrates and aggregates

Lymphocytes are a normal component of the bone

marrow, constituting up to 25% of marrow cellularity.

Normal lymphocytes are usually evenly interspersed

throughout the interstitial tissue of the bone marrow, but

may be clustered into lymphoid nodules or aggregates.

The incidence of benign lymphoid aggregates increases

with age, and may occur incidentally or in association

Fig. 10. Bone marrow reticulin fibers. Photomicrographs of a bone marrow biopsy of a patient with polycythemia vera in early spent phase

showing a mild increase in reticlin fibers (A—H&E stain, 400 x, reticulin fibers; B—Gordon-Sweet reticulin stain, 400 x). Photomicrographs from

a patient with primary myelofibrosis, showing a marked increase in reticulin fibers (C—H&E stain, 400 x, reticulin fibers; D—Gordon-Sweet

reticulin stain, 400 x).

TABLE 5. Reticulin Content

Grade Features of Gordon–Sweet and trichrome stains

0 No visible reticulin fibers

11 Occasional fine individual fibers

21 Fine fiber network throughout section, no coarse fibers

31 Diffuse fiber network with scattered thick coarse fibers,

no collagen

41 Diffuse, often coarse fiber network with areas of

collagenization
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with nonhematologic diseases such as autoimmune

disease, infection, or drug therapy. Since low-grade

lymphoproliferative diseases commonly involve the bone

marrow, and aggressive subtypes of non-Hodgkin

lymphoma can, the bone marrow pathologist is often

faced with determining the origin and clinical signifi-

cance of a lymphoid infiltrate or aggregate(s). A detailed

histopathologic evaluation will often discriminate the

benign or malignant nature of lymphoid aggregate(s),

but immunohistochemical examination is sometimes

necessary and polymerase chain reaction (PCR) for

T- and/or B-cell gene rearrangement studies is required

in a few cases. In our experience, immunophenotypic

analysis by flow cytometry is less useful for the

evaluation of nodular lymphoid aggregates, since the

neoplastic cells may not be present in the aspirated

specimen.

According to Foucar, benign lymphoid aggregates are

usually well-circumscribed, small (o4mm), few in

number, randomly distributed in the bone marrow,

and comprised of a predominance of T lymphocytes

with variable numbers of plasma cells, eosinophils, mast

cells, and histiocytes (60). On the contrary, the lymphoid

aggregates from a malignant lymphoproliferative dis-

ease show more variability in morphology, but are often

multiple, large, poorly circumscribed, and monomor-

phous in composition (Table 6) (Fig. 12). Certain

features of lymphoid aggregates may be useful in

differentiating their origin. For example, germinal

centers are most often present in benign lymphoid

aggregates, especially those from patients with

autoimmune disease, but may rarely be found in splenic

marginal zone lymphoma and follicular lymphoma.

Lymphoid aggregates in the bone marrow biopsies of

patients with HIV/AIDS infection present special

diagnostic problems. In these patients, benign lymphoid

aggregates are easily misdiagnosed as malignant, since

they are often large, poorly circumscribed, and show

nuclear atypia (61).

Bone marrow involvement in non-Hodgkin lympho-

ma can be classified into several morphologic patterns of

infiltration (Table 7) (62–65). According to a recent

study of 450 bone marrow specimens with non-Hodgkin

lymphoma, a mixed pattern of infiltration was most

common, followed by the paratrabecular, nodular,

diffuse, and intratrabecular/interstitial, and intrasinu-

soidal/intravascular patterns (66). The majority of

patients with follicular lymphoma showed paratrabecu-

lar infiltrates, germinal centers, and/or follicular

structures, while lymphoplasmacytic lymphoma usually

showed an interstitial pattern of involvement (67).

Discordance between the morphologic features of non-

Hodgkin lymphoma in the bone marrow and that at

other anatomic sites is another common problem in the

Fig. 11. Granulomatous inflammation in the bone marrow. Photomicrographs of bone marrow biopsies with (A) sarcoidosis, showing

extensive replacement of the bone marrow tissue by granulomatous inflammation, (B) well delineated granuloma in an HIV-infected patient with

disseminated cryptococcus, (C, D) unexpected granulomata occurring in bone marrow transplantation patients (H&E stains, 400 x).

275Bone Marrow Aspirate and Biopsy

J. Clin. Lab. Anal.



interpretation of bone marrow biopsies (65,68). Mor-

phologic discordance is particularly common in B-cell

diffuse large cell lymphoma, where the bone marrow is

‘‘down graded,’’ or involved with lower grade lympho-

ma than the primary lesion (68,69). Discordant bone

marrow involvement in DLCL is often paratrabecular,

and may lead to incorrect diagnosis and treatment if

correlation with lymph node histology is not available.

A very careful inspection of the paratrabecular regions

of every bone marrow biopsy is advised, since para-

trabecular lymphoid infiltrates may be subtle or

obscured by hypocellularity or fibrosis (68). Serial

sectioning of the specimen may assist in difficult cases,

as well as immunohistochemical staining with anti-

CD20 and other B-cell markers.

Nonhematopoietic tumors

The bone marrow is one of the most frequent sites of

metastatic disease. In adults cancers of the lung, breast,

and prostate most frequently metastasize to the

bone marrow, while in children, neuroblastoma,

rhabdomyosarcoma, medulloblastoma, and retinoblas-

toma are most frequently found in the bone marrow

(70). In patients with cancer, bone marrow evaluation

may be performed for staging or for the evaluation of

anemia, thrombocytopenia, or other hematologic

abnormalities. Occasionally, the tumor is initially

identified from a bone marrow study. With the advent

of immunohistochemistry and molecular assays such as

the polymerase-chain reaction, there is increasing

evidence in the identification of small numbers of

isolated tumor cells in the bone marrow below the limit

of detection by conventional histopathologic evaluation.

Although these bone marrow ‘‘micrometastases’’ can be

identified in 30–40% of patients with malignancy, their

prognostic significance remains controversial (71–73).

Bone marrow specimen adequacy is an important

practical factor in the detection of metastatic tumors,

Hodgkin disease, and non-Hodgkin lymphoma. The

trephine biopsy specimen should be at least 2 cm and

mostly comprised of trabecular bone (70). Bilateral bone

marrow samples should be obtained if possible, since

many studies have indicated a high higher incidence of

detection than with unilateral specimens (74–79). A

bone marrow aspirate and biopsy touch imprint should

be obtained if possible, since these specimens may

preempt the biopsy findings and guide the use of special

studies such as flow cytometry and fluorescence-in-situ

hybridization (80). Rarely, a metastatic tumor may be

present in the aspirated bone marrow and be absent

from the biopsy core. Immunohistochemical staining of

the bone marrow biopsy may be of great help in

detecting small tumor foci not apparent in routine

microscopic examination and confirming the diagnosis

is suspicious cases.

SPECIAL LABORATORY TECHNIQUES OF

HEMATOLOGIC EVALUATION

There are many ancillary tests useful in hematopathol-

ogy. The following are selected as special laboratory

techniques that:

* Differentiate between benign and malignant pro-

cesses.
* Determine the cell lineage (e.g., lymphocytes vs.

myelocytes, T vs. B lymphocytes, myelocytes vs.

monocytes, etc.).
* Provide some helpful prognostic parameters.

TABLE 6. Characteristics of Benign and Malignant Lymphoid Aggregates

Feature Benign Malignant

Number Few, usually single Variable, frequently multiple

Size Usually o1mm Variable frequently 41mm

Location Usually intertrabecular/interstitial, frequently

perivascular

Variable (paratrabecular, intertrabecular/interstitial,

or intrasinusoidal/intravascular). Usually

paratrabecular in non-Hodgkin lymphoma of

follicular origin

Circumscription Well defined (except HIV myelopathy) Variable defined, frequent interstitial spread (‘‘indian

file pattern’’)

Histomorphology Polymorphous, predominance of small lymphocytes

with uniform nuclear features, few admixed plasma

cells, larger cells

Monomorphous, lymphocytes may show atypical

morphology

Germinal centers Occasionally present Variable, may be present

Reticulin content Minimal (except HIV myelopathy) Moderate to marked

Immunohistochemistry Polyclonal mixture of T and B lymphocytes,

polyclonal immunoglobulin kappa and lambda

light chain expression

Marked predominance of T or B lymphocytes,

immunoglobulin light chain restriction in many

B-cell lymphomas

Genotypic analysis by

PCR

Lack clonality Clonal T-cell or IgH gene rearrangements
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These techniques are not diagnostic by themselves,

and should always be interpreted in light of the patient’s

clinical history and the morphological findings. They

should be considered complementary to other investiga-

tions rather than ‘‘stand-alone’’ tests.

The bone marrow aspirate and biopsy, peripheral

blood, and lymph node biopsies can be evaluated by

techniques such as cytochemical stains, immunopheno-

typic analysis by flow cytometry or immunohistochem-

ical staining, DNA ploidy and cell cycle analysis,

cytogenetic analysis, and molecular techniques. Since

these techniques are time consuming and expensive to

perform, selective use of these resources is necessary.

Routine specimens should be examined and the clinical

circumstances reviewed in order to determine the need

for additional studies.

Cytochemical Stains

Cytochemical stains, such as Sudan Black B, myelo-

peroxidase (MPO), specific and nonspecific esterases,

periodic acid-Schiff (PAS), and acid phosphatase (AcP)

were essential for the lineage determination of acute

leukemia in the past. Recently, cytochemical stains have

Fig. 12. Histopathology of bone marrow lymphoid aggregates. Photomicrographs of bone marrow biopsies of (A) Well defined

intertrabecular lymphoid aggregate with benign histopathologic features (H&E stain, 100 x), (B) Discrete interstitial lymphoid aggregate in a

patient with chronic lymphocytic leukemia (H&E stain, 40 x), (C) paratrabecular lymphoid aggregate in a patient with follicular lymphoma (H&E

stain, 100 x), (D) Extensive diffuse and nodular involvement of the bone marrow by marginal zone lymphoma (H&E stain, 40 x), (E, F) Extensive

interstitial involvement of the bone marrow by mantle cell lymphoma (H&E stains, 4 x, 400 x).
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been superceded by flow cytometry and immunohisto-

chemical staining.

Cytochemical stains detect enzymes or other intracel-

lular substances. When the appropriate reagents are

added to bone marrow aspirate smears, a color change is

produced in the cells. The need for cytochemical analysis

in individual bone marrow specimens is determined only

after a Wright–Giemsa-stained marrow aspirate is

reviewed by a pathologist. Extra smears are usually

prepared from every bone marrow aspirate for this

possibility. If marrow aspirate is unavailable and the

peripheral blood is involved, cytochemical analysis can

be performed on peripheral blood smears or cytospins of

body fluids. A summary of cytochemical stains and the

expected reactions with various cell types is shown in

Table 8.

Enzymatic cytochemical stains

Myeloperoxidase

MPO is an enzyme present in the azurophilic

(nonspecific) granules of mature neutrophils and their

granulated precursors (bands, metamyelocytes, myelo-

cytes, and progranulocytes). Functionally, MPO plays

an important role in cell activation (81). The assay is

performed by incubating smears fixed in a glutaral-

dehyde/acetone solution with 3-amino-9-ethylcarbazole

and hydrogen peroxide (H2O2). Neutrophilic granules

TABLE 7. Applications of Common Techniques for Bone Marrow Analysis

Procedure Specimen requirementsa Principal significance

Light microscopy Wright–Giemsa-stained biopsy imprints

and bone marrow aspirate smears

Cell lineage, individual cell morphology,

relative abundance of each cell type

H&E-stained sections of bone marrow

biopsy and clot sections

Marrow cellularity, megakaryocyte number,

focal lesions

Special histologic stains (Prussian blue,

Zeihl–Neelsen, Periodic-acid Schiff

(PAS), Gordon–Sweet reticulin,

trichrome, Congo red, Toluidine blue)

Unstained biopsy imprints and bone

marrow aspirate smears, unstained

sections of bone marrow biopsy and clot

sections

Prussian blue: iron stores, ringed sideroblasts;

Zeihl–Neelsen: acid-fast bacteria; GMS:

fungi; PAS: erythroblasts, plasma cells,

granulocytes; reticulin: reticulin fibers;

trichrome: collagen fibrosis; Congo red:

amyloid; Toluidine blue: mast cells

Cytochemical stains [PAS,

Myeloperoxidase, Sudan Black B, Acid

phosphatase, Acid phosphatase,

tartarate resistant (TRAP), Naphthol

AS-D chloroacetate esterase (NCAE),

a-naphthyl butyrate esterase (ANBE)]

Unstained biopsy imprints and bone

marrow aspirate smears

PAS: erythroblasts, plasma cells, granulocytes;

myeloperoxidase: granulocytic precursors

and mast cells; Sudan Black B: granulocytic

precursors and mast cells; acid

phosphatase: immature T lymphocytes

(focal staining); TRAP: hairy cell leukemia;

NCAE: granulocytic precursors and mast

cells; ANBE: monocytes

Immunophenotypic analysis (flow

cytometry, immunohistochemistry)

Flow cytometry: heparin-anticaogulated

bone marrow aspirate;

Immunohistochemistry: unstained

biopsy imprints and bone marrow

aspirate smears, unstained sections of

bone marrow biopsy and clot sections

Cell surface or internal antigen detection with

labeled antibodies for the diagnosis and

classification of malignant hematopoietic

diseases and detection of minimal residual

disease

Karyotypic analysis Heparin-anticoagulated peripheral blood

or bone marrow aspirate

Chromosomal numerical and structural

abnormality detection in cultured

metaphase cells for diagnosis and prognosis

Molecular studies [Fluorescence in situ

hybridization (FISH); Polymerase chain

reaction (PCR)]

EDTA-anticoagulated peripheral blood or

bone marrow aspirate

FISH: detection of chromosomal numerical

and structural abnormalities in interphase

or metaphase cells; PCR: sensitive detection

of antigen receptor rearrangements or

translocations specific to hematologic or

lymphoid diseases

Microbiologic analysis Sterile collection tubes Detection of bacterial, viral, and fungal

organisms through culture and other

techniques

Chimerism EDTA-anticoagulated bone marrow

aspirate

Engraftment and minimal disease detection by

analysis of donor and/or disease-specific

molecular markers

aSpecimen requirements vary at different laboratories, these are general guidelines only.
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exhibit a dark brown color that increases with the

maturity of the cell (Fig. 14). Eosinophilic granules

show a yellowish color (MPO-e), monocytes exhibit a

weak, diffuse cytoplasmic reaction with a few brown

cytoplasmic granules, and cells of the lymphoid and

megakaryocytic lineages are negative. Since MPO is a

labile enzyme, staining activity decreases with aging of

the smears. Optimal enzyme activity is obtained with

smears that are immediately air-dried and stained within

three days after preparation. The enzyme reaction is

dependent on the optimal H2O2 concentration; artifac-

tual nuclear staining indicates a suboptimal H2O2

concentration, while brown staining of erythrocytes

and weak staining of neutrophils indicates excess

H2O2 (82).

The primary use of the MPO stain is to differentiate

myeloblasts from lymphoblasts. A dual staining technique

for MPO-e and Naphthol AS-D chloroacetate esterase

(NACE) is available to detect the abnormal, NACE-

positive eosinophils of the AML-M4Eo subtype subtype of

acute myelomonocytic leukemia and the doubly positive

cytoplasmic granules of the abnormal progranulocytes of

AML-M3. Cytochemical stains for MPO are rarely used

today, with the recent availability of an immunoperoxidase

stain that can be used in deparaffinized issue sections as

well as smear preparations.

Specific and nonspecific esterases

Leukocyte esterases are enzymes that hydrolyze esters.

Cytochemical stains for esterases use ester derivatives of

naphthalene that liberate brightly colored naphthol (or

naphthyl) compounds at the site of enzyme reactivity.

Nonspecific estarases are characteristic of cells of

monocytic lineage, while specific esterases are found in

granulocytes.

The cytochemical assay for specific esterase uses

NACE as the substrate. An intense brick red color is

characteristic of mature neutrophils and their granu-

lated precursors, as well as Auer rods and tissue mast

cells. Eosinophils are negative, with the exception of the

NACE-positive eosinophils in AML-M4-Eo. Circulat-

ing basophils are negative, while monocytes may exhibit

a delicate weak granular pattern. Specific esterase is

more specific but less sensitive than MPO and Sudan

Black B for myeloid cell, but can be useful in

differentiating cells of the granulocytic lineage from

those of monocytic lineage. In addition, since neutrophil

esterase is resistant to decalcification, tissue fixation, and

paraffin embedding, the cytochemical stain can be

performed on deparaffinized bone marrow biopsy or

tissue sections (82).

Cytochemical assays for nonspecific esterases detect

various esterase and lipase enzymes that differ in cell

and organelle specificity, substrate requirements, and

resistance to inhibitors. Two different substrates,

a-naphthyl acetate esterase (ANAE) and a-naphthyl

butyrate esterase (ANBE), are commonly used as

substrates in the clinical laboratory. Cytochemical stains

for nonspecific esterases can be performed on both fixed

smears and cytospins, as well as deparaffinized tissue

sections. Generally, the ANAE and ANBE substrates

produce similar results, with the exception that the

esterase of platelets and megakaryocytes can only be

detected with ANAE (82). Monocyte esterase is

selectively inhibited by the addition of sodium fluoride.

Some lymphocytes, mostly mature T-helper lympho-

cytes and Sezary cells, show focal esterase activity that is

optimally visualized at an acid pH. Lymphocyte esterase

is generally limited to the Gall bodies, lysosomes that

hydrolyze esterified cholesterol taken up by receptor-

mediated endocytosis of low-density lipoproteins (82).

The nonspecific esterase stains were commonly used in

the past for the diagnosis of acute myelogenous

leukemias with monocytic differentiation (FAB types

M4 and M5). This has largely been replaced by the use

of flow cytometry.

Acid phosphatase

AcP is an ubiquitous enzyme that exists in five

isoenzyme forms. The cytochemical assay for AcP is

based on the reaction of AcP with a naphthol derivative,

resulting in the generation of naphthol that then reacts

with an aniline dye to produce a colored reddish or

reddish-purple product at the site of AcP reactivity.

AcP is present in most leukocytes, with the highest

activity in monocytes, macrophages, plasma cells,

megakaryocytes, and platelets. However, in contrast to

TABLE 8. Expected Reactions of Cytochemical Stains

Cell type Sudan Black B Peroxidase Specific esterase Nonspecific esterase PAS Acid phosphatase

Immature neutrophils Faintly 1 Strongly 1 Strongly 1 � To faintly 1 1 1

Mature neutrophils Strongly 1 Strongly 1 Strongly 1 � To faintly 1 1 (4Immature) 1

Eosinophils 1 Strongly 1 Strongly 1 � To faintly 1 1 1

Monocytes � To faintly 1 Faintly 1 � To faintly 1 Strongly 1 Faintly 1 Strongly 1

Lymphocytes – – – – � To faintly 1 B � T 1

Erythroid cells – – – – – –
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the diffuse cytoplasmic activity of these cells, AcP

activity in the erythroblast and immature T lymphocyte

is confined to the Golgi zone, resulting in a prominent

paranuclear staining focus. Therefore, AcP activity is

helpful in the differentiation between precursor T-cell

and precursor B-cell acute lymphoblastic leukemia,

where T cells are positive and B cells are negative for

AcP reactivity.

Among hematopoietic cells, AcP isoenzyme 5 is

restricted to the cells of hairy cell leukemia (HCL) and

is unique in its inability to be inhibited by tartaric acid

(tartrate-resistant acid phosphatase, TRAP). Therefore,

the ‘‘TRAP’’ stain is helpful if the diagnostic confirma-

tion of HCL, although a small proportion of cases are

negative.

Leukocyte alkaline phosphatase (LAP)

LAP (neutrophil alkaline phosphatase, NAP) activity

increases with maturation of the neutrophil. Further

increases in activity occur during infections and

inflammatory states, pregnancy, following treatment

with hematopoietic growth factors, such as G-CSF

and GM-CSF, and in some disease states, such as

Hodgkin disease, myelofibrosis, and essential thrombo-

cythemia. LAP activity is significantly decreased in a few

disease states, including chronic myelogenous leukemia

(CML), acute myelogenous leukemia, paroxysmal noc-

turnal hemoglobinuria, hereditary hypophosphatasia,

and the myelodysplastic syndromes (83,84). Until the

recent advent of the rapid RT-PCR assay for bcr-abl,

LAP was performed to differentiate CML from a benign

leukemoid reaction. The assay is usually performed on

smears prepared from heparin-anticoagulated periph-

eral blood, using a-naphthyl phosphate disodium salt as

the substrate (85,86). The assay is subjectively graded by

assigning a score between 0 (no staining) and 4 (heavy

staining) to one hundred neutrophils and totaling the

individual scores. A score between 50 and 150 is

characteristic of normal peripheral blood, while peri-

pheral blood from patients with CML usually have a

score of less than 10. Because of the subjective and

labor-intensive nature of the assay, it is justifiably no

longer available from many hematology laboratories.

Quantitative measurement of LAP by flow cytometry

has been described, but has not achieved routine clinical

use due to the more sensitive and specific molecular

technique of t(9;22) analysis (87).

Nonenzymatic cytochemical stains

Sudan Black B

Sudan Black B stains certain phospholipids and

sterols. Both the azurophilic (nonspecific) and specific

granules of the granulocytic cell line produce a positive

black reaction. Since Sudan Black B produces a negative

result in cells of lymphoid lineage, the assay is primarily

used to differentiate acute myelogenous leukemia from

acute leukemia of lymphoid origin. The reactivity and

sensitivity of Sudan Black B is similar to MPO, but it is

often preferred by many hematology laboratories, since

it is much easier and faster to perform and does not fade

with time. It is more sensitive but less specific than MPO

for identifying acute myelogenous leukemia.

Periodic acid-Schiff

The PAS stain is based on the reaction of periodic acid

with carbohydrates (i.e., polysaccharides and muco-

polysaccharides) and glycoproteins to produce a reddish

product. The stain is performed by incubating smears or

deparaffinized tissue sections sequentially in a periodic

acid solution and then Schiff’s reagent (a solution of

p-rosaniline, hydrochloric acid, and sodium metabisul-

phite in distilled water), followed by rinsing in sulphur-

ous acid (82).

In blood cells, a positive PAS reaction usually

indicates the presence of glycogen. Glycogen is present

in mature neutrophils and monocytes, mature mega-

karyocytes, and platelets. An intense PAS reaction may

result from the abnormal glycogen stores in the

erythroblasts of acute erythroluekemia (AML-M6) and

in the lymphoid cells of some patients with chronic

lymphocytic leukemia (CLL), Sezary cell leukemia, and

acute lymphoblastic leukemia. The PAS reaction in

erythroleukemia cells is often described as ‘‘chunky,’’

while abnormal lymphocytes contain a coarse, granular

‘‘string of pearls’’ around the nucleus.

A positive PAS reaction may result from abnormal

stores of glycosylated immunoglobulins in plasmacytoid

diseases, including intracytoplasmic Russell bodies and

the intranuclear Dutcher-Fahey bodies of Waldenstrom’s

macroglobulinemia. Mucoproteins are responsible for a

positive PAS reaction in progranulocytes and the

abnormal eosinophils of AML-M4-Eo (82).

Toluidine blue O

Toluidine blue O is a dye used for the identification of

basophils and mast cells on smears or in deparaffinized

tissue sections. These cells are unique for their cyto-

plasmic granules containing high concentrations of

heparin and histamine. Toluidine blue stains these cells

metachromatically, meaning that the tissue components

stain a different color than the dye, depending on the

dye concentration, pH, and temperature. Mast cells

usually exhibit reddish-purple granules (metachromatic

staining), while the background stains blue (orthochro-

matic staining).
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Immunophenotypic Analysis of Hematologic

Diseases

The identification and quantitation of cellular anti-

gens with fluorochrome-labeled antibodies (e.g., immu-

nophenotypic analysis) is one of the most important

medical developments of the past two decades (88–90).

Immunophenotypic analysis is critical to the initial

diagnosis and classification of the acute leukemias,

chronic lymphoproliferative diseases, and malignant

lymphomas since treatment strategy often depends upon

antigenic parameters. In addition, immunophenotypic

analysis provides prognostic information not available

by other techniques, provides a sensitive means to

monitor the progress of patients after chemotherapy or

bone marrow transplantation, and often permits the

detection of minimal residual disease (MRD) (91). The

analysis of apoptosis, multidrug resistance, leukemia-

specific chimeric proteins, cytokine receptors, and other

parameters may provide additional diagnostic or prog-

nostic information in the near future.

Basic principles of immunophenotypic analysis

In the late 1970s, the rapid development of mono-

clonal antibodies and the multiple commercial sources

providing these antibodies led to similar antibodies

marketed under a multitude of trade names and

designations. The confusion prompted a series of

International Workshops on Human Leukocyte Differ-

entiation Antigens (HLDA Workshops), sponsored by

the World Health Organization. At the first six work-

shops, the reactivity of different monoclonal antibody

preparations was compared. Antibodies with similar

antigenic reactivity were assigned to ‘‘clusters,’’ and a

‘‘cluster designation (CD)’’ was assigned to each group.

The most recent workshop was held in Adelaide,

Australia in December 2004, where ‘‘Human Leukocyte

Differentiation Antigens’’ was succeeded by ‘‘Human

Cell Differentiation Molecules’’ or ‘‘HCDM.’’ At these

workshops, consensus was reached on 339 clusters of

reactivity (‘‘CD1–CD339’’). Classification of the CD

antigens is difficult, since most are not lineage specific,

and several are widely expressed on various cell types.

The antibodies most commonly used in diagnostic

hematopathology are briefly described below. Addi-

tional information about each cluster of differentiation

can be found at ‘‘Protein Reviews on the Web,’’ a web

site maintained by the National Cancer Institute, and in

numerous books and literature reviews (92–98).

Immunophenotypic analysis by flow cytometry or

immunohistochemical staining is capable of determining

the lineage of neoplastic cells in most hematologic

malignancies (99,100). However, a thorough under-

standing of the advantages and disadvantages of each

technique is necessary for the optimal application of this

technology and the proper interpretation of the results.

Immunohistochemistry is a slide-based technique pre-

ferred when cellular antigen expression must be inter-

preted in the context of cell morphology and/or tissue

architecture. Although the single-cell suspension re-

quired for flow cytometric analysis disrupts tissue

architecture, the flow cytometer permits the rapid

analysis of large numbers of cells for multiple cell

properties, including cell size, granularity, surface and

intracellular antigens, and DNA content (101,102).

Immunophenotypic data must only be interpreted in

the context of morphologic findings and other clinical

and laboratory data. A panel of antibodies is usually

required for the analysis of most hematologic specimens,

since each HCDM antigen has a unique pattern of cell

expression that is rarely used alone. For example, to

establish monoclonality, a pan-B-cell panel usually

includes CD19, CD20, and CD22, while a pan-T-cell

panel incorporates CD2, CD3, CD4, and/or CD7.

Additional antibody panels may become necessary to

establish a specific diagnosis. To provide rapid, cost-

effective analysis, the antibody panel must be carefully

selected. Most hematology laboratories have ‘‘panels’’

of chosen antibodies for different purposes, such as

leukemia, lymphoma, or myeloma diagnosis, or the

detection of MRD.

Flow cytometric immunophenotypic analysis

Flow cytometry is a technique of quantitative single-cell

analysis. The flow cytometer was developed in the 1970s

and rapidly became an essential instrument for the biologic

sciences. Spurred by the HIV panendemic and a plethora

of discoveries in hematology, special flow cytometers for

the clinical laboratory were developed by several manu-

facturers. The major clinical application for the flow

cytometer is the diagnosis of hematologic malignancy, but

the instrument has found various other applications in

various laboratories. A recent trend is to develop

specialized flow cytometers for specific purposes, such

as reticulocyte enumeration, and to incorporate flow

cytometric technology into other forms of laboratory

instrumentation. This brief review of the principles and

major clinical applications of flow cytometry may be

supplemented by several recent review articles and books

(103–107).

The flow cytometer is an instrument for the ‘‘y

bringing of suspended cells one by one to a detector by

means of a flow channel (108).’’ Prepared single-cell

suspensions labeled with three to five monoclonal

antibodies tagged with different fluorescent dyes are

necessary for flow cytometric analysis. The flow
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cytometer uses a narrow, confined fluid stream to

transport individual cells into a focused light beam of

high intensity. A series of optico-electronic detectors

pick up and amplify the signal produced during the

interaction of the light beam with the cell. The resulting

electrical pulses are digitized, and the data is stored,

analyzed, and displayed through a computer system

(107,109). The end result is quantitative information

about every cell that was analyzed (Fig. 13). Since large

numbers of cells can be analyzed in a short period of

time (41,000/sec), statistically valid information about

cell populations can be quickly obtained. The present

Fig. 13. Flow cytometric data analysis. Data analysis requires selection of the cell population(s) or interest, followed by determination of the

proportion of positive cells for each antigen studied in each population. Typically, forward vs. side scatter or CD45 vs. side scatter are used to

identify the cell populations(s) of interest. (A) ‘‘Dot plot’’ two-dimensional histogram of a bone marrow aspirate from a child with precursor

B-cell lymphoblastic leukemia/lymphoma, showing a discrete cell population with decreased CD45 expression and variable side scatter. The bone

marrow predominately consists of blast cells and lymphocytes. This type histogram is usually used for leukemia analysis, since leukemic blast cell

usually show decreased CD45 expression, and appear in a region of the histogram where few other cells are present. (B) A ‘‘gate’’ has been drawn

around the blast cells, to restrict analysis to this cell population. (C) The gated blast cells have been analyzed for CD10 (x-axis) and CD19

(y-axis). The blasts show bright expression of CD10 and CD19, typical of childhood ALL, (A) The blast cells have been analyzed for HLA-DR

(x-axis) and CD34 (y-axis).
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‘‘state-of-the art’’ flow cytometers are capable of

analyzing up to 13 parameters (forward scatter, side

scatter, and 11 colors of immunofluorescence) per cell at

rates up to 100,000 cells per second. Automation and

robotics is increasingly being applied to flow cytometry

to reduce analytic cost and improve efficiency.

Immunohistochemistry

Immunohistochemistry (immunocytochemistry and

immunostaining) is a slide-based technique of antibody

analysis used for the demonstration of antigens in cells

or tissues. This technique can be performed on smears,

cytospins, tissue imprints, frozen, or fixed tissue sections

(110). Although quantitative single-cell analysis cannot

be obtained by routine immunostaining techniques,

morphologic examination can be performed and the

structural integrity of the cells and tissues is retained. In

addition, nuclear and cytoplasmic antigens are easily

evaluated by immunostaining, in contrast to flow

cytometry, which is best suited to the analysis of cell

surface antigens. However, a major drawback of

immunohistochemical detection of monoclonality, espe-

cially in B-cell lymphoproliferative disorders is the lack

of contrast between surface immunoglobulin staining

and extacellular immunoglobulin staining (101).

An indirect avidin–biotin staining technique has been

widely used for diagnostic immunohistochemistry,

although more advanced detection systems using

a streptavidin-biotin complex, alkaline phosphatase

anti-alkaline phosphatase, or biotinylated tyramine

complex are becoming more widely used. Since tissue

fixation may ‘‘mask’’ antigenic recognition, antigen

retrieval using heat and/or proteolytic enzymes may

be necessary to demonstrate the presence of some

substances (67).

Cellular antigens in diagnostic hematopathology

Various monoclonal antibodies against cellular anti-

gens are available for the immunophenotypic analysis of

hematologic diseases (Table 7). Monoclonal antibodies

against leukocyte common antigen (CD45) help to

differentiate hematologic malignancies from other neo-

plasms. CD45 also differentiates populations of blast

cells for further analysis, since almost all leukemias

show decreased (dim) CD45 expression compared with

normal leukocytes. The CD34 and HLA-DR antigens

are markers for hematopoietic stem cells used for the

diagnosis of acute leukemia and quality assurance in

bone marrow transplantation. Since most of the

remaining leukocyte surface antigens are lineage asso-

ciated, but not specific to a single lineage or stage of

cellular maturation, a panel of monoclonal antibodies is

commonly used in clinical diagnosis. Several antigens

expressed in the cell cytoplasm, such as cytoplasmic

CD3 (cyCD3), cytoplasmic CD22 (cyCD22), and MPO

are lineage specific, but the analysis of cytoplasmic

antigens by flow cytometry is technically difficult and

not routinely used at this time in the clinical laboratory

(Table 9).

At the HLDA Workshops antigenic molecules were

assigned to major subgroups (i.e., T-cell, B-cell, NK-cell,

myeloid, erythroid, platelet, endothelial cell, adhesion

structure, cytokine receptor, and nonlineage) based on

their principal pattern of expression (111). However, the

major diagnostic application of the corresponding

monoclonal antibodies in hematology does not follow

this categorization, and a more practical classification

by primary application is followed below.

Antigens with multi-lineage diagnostic applications

CD45: The leukocyte common antigens (LCA, T-200,

HLe-1, T29/33, BMAC1) comprise a family of at least

six antigens that are strongly expressed by nucleated

cells of hematopoietic origin, but are absent from most

other tissues (112,113). Functionally, CD45 plays a

central role in classical antigen receptor signal transduc-

tion, including both positive and negative regulation of

signalling through the activation of the Src family of

tyrosine kinases (114,115). CD45 also functions as a

Janus kinase PTPase to modulates signals originating

from integrin and cytokine receptors and plays a role in

lymphocyte development (113,116).

CD45 is expressed on all nucleated leukocytes in the

peripheral blood, peripheral and central lymphoid

organs, and bone marrow (117,118). CD45 is present

very early in erythroid development, but it is subse-

quently lost during development. CD45 is not present

on circulating erythrocytes or platelets.

Since antigens in the CD45 family are among the

few membrane components uniquely expressed on

hematopoietic cells, anti-CD45 antibodies have been

useful in studies of hematopoiesis, and in the

clinical differentiation of poorly differentiated hemato-

poietic neoplasms from carcinomas and sarcomas.

In flow cytometry, anti-CD45 monoclonal antibodies

are routinely used in quality control, and in the

differentiation of functional T-lymphocyte helper sub-

sets (119–123).

TdT: Terminal deoxynucleotidyltransferase (TdT) is a

primer-dependent DNA polymerase found in the nuclei of

T- and B-cell progenitor cells. TdT can be detected by

cytochemical staining, immunofluorescent microscopy,

flow cytometry, immunohistochemistry, or by more

sensitive molecular techniques such as RT-PCR (124).

Since the expression of TdT is restricted to immature T

and B cells, it is critical for the diagnosis of precursor T

and precursor B acute lymphoblastic leukemia/lymphoma.
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TdT expression is found in more than 490% of cases of

acute lymphoblastic leukemia, and in fewer than 5% of

acute leukemias classified as AML by the expression

of other markers (125). However, TdT is expressed in a

small proportion of normal bone marrow lymphoid

precursors (‘‘hematogones’’) in pediatric bone marrow

and during bone marrow reconstitution following che-

motherapy or bone marrow transplantation. Therefore,

other morphologic, immunophenotypic, and molecular

parameters must be used for the diagnosis of residual and

relapse leukemia (126). In precursor B-cell ALL the lack

of TdT expression has been correlated with a high white

blood cell count, the mixed lineage leukemia gene

rearrangement, and a lack of expression of CD10 and

CD34 (127).

CD43: The CD43 molecule (leukocyte sialoglycopro-

tein, leukosialin, sialophorin, LSGP, gp115) is a highly

sialylated glycoprotein with a molecular weight of

95 kDa (128). The CD43 molecule is expressed on most

leukocytes, excluding resting peripheral blood B cells

and myeloid cells. In fixed, paraffin-embedded tissue,

CD43 is expressed most strongly on T lymphocytes. The

use of anti-CD43 monoclonal antibodies for the

diagnosis and classification of lymphoproliferative dis-

eases is limited by their broad immunoreactivity

(129–131).

Antibodies specific for T-lineage differentiation

antigens

CD1: Monoclonal antibodies in the CD1 cluster define

four distinct isoforms (CD1a, CD1b, CD1c, CD1d)

(132–135). CD1 antigens mediate a novel, non-MHC

form of innate and adaptive immune recognition specific

for nonprotein antigens, including lipids and glycolipids

(136,137). Expression of the CD1 molecule by early

T lymphocytes defines the common thymocyte stage of

differentiation (Stage II). CD1 isoforms are expressed by

approximately 80% of thymocytes (essentially restricted

to the cortex), Langerhan’s and dendritic cells in the

skin, and specific cells in lymph nodes, and other tissues.

In addition, CD1 is expressed on approximately 50% of

splenic B cells, a minor population of circulating adult

B-lymphocytes. Anti-CD1a antibodies are usually in-

cluded in panels for the differentiation of T-cell

leukemias and lymphomas, since the CD1 antigens are

expressed on neoplastic T cells in many cases of

precursor T-cell lymphoblastic leukemia/lymphoma,

Sezary syndrome, and cutaneous T-cell lymphoma

(138–140).

CD2: CD2 is a 50-kDa single chain transmembrane

glycoprotein and member of the immunoglobulin gene

superfamily also known as the sheep red blood cell

(SRBC) receptor, T11, and the LFA-3 (CD58) receptor.

Functionally, the CD2 antigen is one of several cell

surface glycoproteins involved in T-cell and NK-cell

adhesion and activation, recently termed adhesion-

receptor-messenger systems (141–143).

CD2 is a ‘‘pan-T-cell’’ antigen, which is one of the

earliest T-specific antigens yet discovered. It is present on

thymocytes (cortical and medullary), mature circulating T

lymphocytes, as well as on activated T cells,

T-cell lines, and NK cells. The CD2 antigen is expressed

on tumor cells from patients with precursor T-cell acute

lymphoblastic leukemia/lymphoma, T-cell CLL, and the

Sezary syndrome. Anti-CD2 antibodies have been exten-

sively used for the clinical quantitation of pan

T lymphocytes (‘‘total T lymphocytes’’) in the evaluation

of patients with hematologic neoplasms of T-cell origin,

congenital and acquired immunodeficiency diseases, auto-

immune diseases, infectious diseases, and organ transplan-

tation (144). In acute promyelocytic leukemia, CD2

expression is associated with the short form of PML-

RAR a transcripts and a poor clinical prognosis (145,146).

CD3: The CD3 molecule (T-cell receptor, CD3

complex, TiT3 complex) consists of a complex of six

polypeptide chains associated with either disulfide-linked

a or b chains (a/b-TcR) or a g/d dimer (g/d-TcR) that

functionally serve as the primary recognition site of the T

lymphocyte (147,148). The CD3 complex is present as a

surface membrane component (mCD3) on virtually all

mature T lymphocytes in the peripheral circulation, and

shows bright surface expression on 20–30% of human

thymocytes (mature cortical thymocytes, medullary

thymocytes). On the contrary, the cytoplasmic CD3

antigen (cCD3) appears early in T-cell ontogeny.

Anti-CD3 antibodies are widely used in the clinical

laboratory for the quantitation of total T lymphocytes

in immunodeficiency diseases and the characterization

of hematopoietic neoplasms (144,149,150).

CD4: The CD4 antigen is a 59 kDa monomeric

transmembrane glycoprotein with four Ig-like domains

(151). The presence of CD4 functionally defines

the helper/inducer T-cell subset for T-T, T-B, and

T-macrophage interactions. In these interactions the

CD4 molecule of the T-helper cell serves as the

recognition structure for the HLA Class II molecules

of antigen-presenting cells or target cells, and may also

play a direct signaling role in T-cell activation (152).

CD4 is expressed by approximately 80% of cortical

thymocytes, 60% of circulating peripheral blood T

lymphocytes, by microglial and dendritic cells, and very

weakly by monocytes. Lymphocyte subtyping with anti-

CD4 monoclonal antibodies has been widely employed

in the diagnosis of HIV infection and in the clinical

monitoring of patients with this disease (144,150).

In addition, these antibodies have been helpful in

the phenotypic differentiation of hematopoietic neo-

plasms, and in the diagnosis and monitoring of
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autoimmune and infectious diseases (144). A minority of

tumor cells from patients with precursor T-cell ALL and

the majority of cells from patients with peripheral T-cell

acute lymphoblastic leukemia/lymphoma express CD4

(153,154).

CD5: The CD5 molecule (T1, Leu-1, Tp67, and

OKT1) is a 67 kDa monomeric glycoprotein that is a

member of the scavenger receptor superfamily (155).

The CD5 molecule is strongly expressed on a major

subset of peripheral blood T lymphocytes, where its

density increases with maturation of the T lymphocyte.

However, CD5 is also present on thymocytes (high

density on medullary thymocytes and in low density on

cortical thymocytes), and is weakly expressed by a

minor subset of mantle zone B lymphocytes, and by a

very small percentage of normal circulating B lympho-

cytes (CD51 B cells, B1a cells, Leu-1 B cells) (156).

Monoclonal antibodies directed against the CD5

antigen are used in the quantitation of T lymphocytes

in immunodeficiency states and other diseases and for

the immunophenotypic analysis of lymphoreticular

neoplasms. The CD5 antigen is expressed on most

neoplastic T cells in patients with precursor T-cell acute

lymphoblastic leukemia/lymphoma or T-cell lympho-

proliferative diseases. In addition, most cases of B-cell

CLL and mantle cell lymphoma (MCL) are neoplasms

of the CD51 B cell, which shows a predilection for

malignant transformation with age (156).

CD7: The CD7 antigen (gp40) is a single chain,

40-kDa polypeptide and member of the Ig superfamily

that appears early in T-cell differentiation and is

involved in T-cell adhesion, signal transduction, and

the regulation of peripheral T- and NK-cell cytokine

production (157,158). The CD7 antigen is present on T

progenitor cells from the thymus and bone marrow. It

has classically been recognized as the earliest T-cell-

specific molecule, although some studies do not support

this assumption (159). CD7 remains throughout T-cell

maturation and is present on the majority of peripheral

T lymphocytes.

Monoclonal antibodies in the CD7 cluster have been

used with other T-cell antigens in the characterization of

hematopoietic neoplasms of T-cell and NK-cell origin

(160,161). Reduced or absent expression of this antigen

has been observed in some T-cell neoplasms, and this

phenomenon of aberrant CD7 expression has been

helpful in the differentiation of early cases of cutaneous

T-cell lymphoma from benign T-cell infiltrates, although

there is evidence for the presence of CD7� T cells in

some benign dermatologic diseases as well (162).

Anamolous expression of the CD7 molecule is found

in approximately one-third of patients with acute

myelogenous leukemia, and may be associated with a

more aggressive clinical course (161,163).

CD8: The CD8 molecule (T8) is a 32 kDa transmem-

brane glycoprotein that consists of two chains (a and b).

The CD8 antigen is expressed by approximately 80%

of human cortical thymocytes and 35% of peripheral

blood T lymphocytes (164). Functionally, the CD8

antigen is the membrane receptor for MHC Class I

molecules. Antigenic recognition by the cytotoxic T

lymphocyte occurs via the T-cell antigen receptor, in

association with Class I MHC products (165,166).

The enumeration and monitoring of T suppressor

subsets has been useful in patients with immunodefi-

ciency, infectious, autoimmune, and lymphoprolifera-

tive diseases (167). Anti-CD8 monoclonal antibodies are

also used in the differentiation of chronic lymphocy-

tosis. The quantitation of soluble CD8 by enzyme

immunoassay may offer an alternative to immunophe-

notypic analysis for the detection and monitoring of

lymphocyte activation.

CD16: Leukocyte Fc g receptors (FcgR) include

three subclasses: FcgRIIa (CD32a), FcgRIIIa

(CD16a), and FcgRIIIb (CD16b) (168,169). The CD16

molecule is a complex polymorphic 50–65 kDa sialogly-

coprotein. CD16 functions as an important activation

receptor on NK cells, and is the functional receptor

for antibody-dependent cellular cytotoxicity (ADCC).

On neutrophils, CD16 functions as the low-affinity

receptor for complexed IgG (i.e., immune complexes).

Fcg receptors polymorphisms are associated with

infectious, inflammatory, allergic, and autoimmune

diseases (168).

The CD16 molecule is expressed on cytotoxic

large granular lymphocytes (NK cells), neutrophils,

macrophages, eosinophils, and basophils (170–172).

In addition, a small subset of CD161 T lymphocytes

has been defined that includes lymphocytes expressing

both a/b and d/g T-cell antigen receptors (173).

Anti-CD16 monoclonal antibodies have been widely

used in the quantitation and characterization of NK

cells.

CD56: The CD56 antigen (NKH-1, neural adhesion

antigen) is a heavily glycosylated isoform of the human

cell adhesion molecule (N-CAM) (174). CD56 is a pan-

NK-cell antigen that is also expressed on 7–10% of

peripheral blood mononuclear cells and tumor cells

derived from the neuroectoderm, including small-cell

carcinomas, neuroblastoma, medulloblastoma, retino-

blastoma, pheochromocytoma, and some melanomas

(174–176).

Anti-CD56 monoclonal antibodies are widely used in

the clinical quantitation of NK cells. CD56 is expressed

in some cases of acute myelogenous leukemia, where it is

associated with an adverse clinical prognosis (177–179).

The expression of CD56 assists in the differentiation of

multiple myeloma from a monoclonal gammopathy of
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undetermined significance and non-Hodgkin lympho-

mas with plasmacytoid differentiation (180).

CD57: The CD57 antigen (HNK-1) is a 220 kDa

chondroitin sulphate proteoglycan structurally similar

to a punitive natural ligand for cytotactin (181). CD57 is

expressed by 60% of NK cells, a T-cell subset without

NK-activity, some B-cell lines, and the white matter

tissue of the brain and central nervous system (181,182).

Anti-CD57 monoclonal antibodies have been used in the

clinical and clinical research enumeration of NK cells

and in the characterization of NK subsets. Clonal

expansion of CD81 CD571 cells has been reported in

viral infection and in matched unrelated T-cell-depleted

bone marrow transplant recipients (183–185).

CD246: CD246 (Anaplastic Lymphoma Kinase,

ALK, Ki-1) is a 200 kDa glycosylated, single chain

transmembrane tyrosine kinase and member of the

insulin receptor subfamily encoded by a gene at 2p23

(186). Overexpression of CD246 is characteristic of

neuroblastoma, some rhabdomyosarcomas, and rare

cases of B-cell lymphoma (186). In addition, mutations

involving the ALK gene lead to the expression of

oncogenic ALK fusion proteins in some human

malignancies, including anaplastic large cell lymphoma

(ALCL) and inflammatory myofibroblastic tumor

(186–188). In the hematopathology laboratory, anti-

CD246 monoclonal antibodies are routinely used for the

immunohistochemical evaluation of lymphomas with

large cell morphology (189–191).

Antigens characteristic of B lymphocytes

The B-cell associated antigens defined by the Eighth

International Workshop are described below and in

Table 8.

CD10: CD10 (Common Acute Lymphoblastic

Leukemia Antigen, CALLA) is a 95- to 100,000Da

glycoprotein (gp100) that functions as an enzyme

(human membrane-associated enzyme-neutral endopep-

tidase, NEP, metalloendopeptidase, enkephalinase,

membrane metalloendopeptidase) (192,193). The CD10

molecule is present on the pre-pre-B and pre-B stages of

B lymphocyte development but disappears with subse-

quent maturation of the B cell. CD10 has also been

identified on mature neutrophils, a small percentage of

cells in the normal bone marrow and fetal liver, and

various normal and malignant nonhematopoietic cells.

CD10 is expressed in more than 80% of cases of non-

T-cell ALL, in 40–50% of patients with CML in

lymphoid blast crisis, and in some B-cell and T-cell

lymphomas (PDLL, Burkitt’s lymphoma, T-cell lym-

phoblastic lymphoma). Anti-CD10 monoclonal anti-

bodies are essential for the diagnosis of B-ALL and

other B-cell neoplasms (194–197). In childhood ALL,

CD10 expression is associated with a favorable clinical

prognosis, while negativity for CD10 is characteristic of

mixed lineage leukemia (198).

CD19: The CD19 molecule is a 90 kDa Type I integral

membrane glycoprotein and member of the immuno-

globulin supergene family. The CD19 antigen is

expressed very early in B-cell differentiation (199).

From its appearance at the ‘‘pre-pre-B’’ stage of

B-cell differentiation, it remains until terminal differ-

entiation of the B lymphocyte into a plasma cell. The

CD19 molecule is present on all B lymphocytes in the

periphery and on approximately 5% of bone marrow

cells. Almost all tumors of B-cell deviation express this

antigen, where as tumors of T-cell origin do not, making

this antibody critical for B-cell enumeration and

characterization of B-cell neoplasms (160,200,201).

CD20 (L26): The CD20 antigen (Bp35) is an unusual

membrane-embedded nonglycosylated phospho-

protein that functions as a substrate for protein kinase

C. CD20 is encoded by a gene on chromosome ]11

and appears to regulate calcium flux in the B lympho-

cyte (202).

The CD20 molecule is expressed by all mature B cells

from the peripheral blood, lymph nodes, spleen, tonsil,

and bone marrow. CD20 is expressed in about 50% of

cases of precursor B-cell lymphoblastic leukemia/lym-

phoma, but not in tumors of T-cell, myeloid, or

monocytic origin. Anti-CD20 monoclonal antibodies

are widely employed for B-cell enumeration and the

diagnosis and treatment of B-cell neoplasms (203,204).

CD21: The CD21 molecule (C3d/EBV-Receptor, CR2

complement receptor) is a 113 kDa Type I integral

membrane glycoprotein originally described by Nadler

et al. (205,206). CD21 is the membrane receptor for

Epstein Barr virus (EBV) and C3d (207). The CD21

antigen appears on the B cell at approximately the same

time as surface Ig, and disappears in the early stages of

terminal B-cell differentiation (208). The CD21 antigen

is present on a fraction of mature B lymphocytes from

the peripheral blood, lymph nodes, spleen, and tonsil, as

well as follicular dendritic reticulum cells and phar-

yngeal epithelial cells (209). CD21 is expressed on tumor

cells from patients with B-cell lymphomas (diffuse and

nodular PDLL), B-CLL, and some cases of non-T ALL.

It is absent from normal circulating T lymphocytes,

tumor cells of T cell or myeloid origin, or diffuse or

nodular histiocytic lymphomas. Monoclonal antibodies

in the CD21 cluster are used in conjunction with other

anti-B-cell monoclonal antibodies for typing mature

lymphomas and leukemias of B-cell origin (210–212).

CD21 expression is associated with a relatively good

clinical prognosis in diffuse large B-cell lymphoma

(213).

CD38: The CD38 antigen (T10) is a 45kDa integral

membrane glycoprotein signaling molecule that plays an
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important role in B-cell growth and survival (214,215).

The CD38 antigen is expressed on hematopoietic stem

cells and blasts, prethymic cells, early thymic lympho-

cytes, and early B cells. As an activation marker, CD38 is

expressed in high density on plasma cells and activated T

cells. CD38 antigen expression is characteristic in ALL

(both T- and B-cell lineage), multiple myeloma, a subtype

of T-lymphoblastic lymphoma, follicular center cell

lymphomas, and some cases of AML. Anti-CD38

antibodies are most commonly used in the evaluation

of plasma cell disorders (216) and CLL, where CD38

expression correlates with aggressive disease (217–219).

CD138: CD138 (Syndecan-1, heparan sulfate proteo-

glycan) is a 30.5 kDa integral transmembrane proteo-

glycan produced by gene SDC1 on chromosome 2p24.1.

In the bone marrow, CD138 expression is restricted to

pre-B lymphocytes and plasma cells. Anti-CD138

antibodies can be detected by flow cytometry or

immunohistochemistry, and are useful for the quantita-

tion of plasma cells in patients with plasma cell

dyscrasias (220,221).

Cyclin D1: Cyclin D1 (bcl-1, PRAD-1) is a key

regulatory subunit of cyclin-dependent kinase-4, which

promotes cells from the G1 phase of the cell cycle into

the S phase. (222–224). Cyclin D1 is overexpressed in

B-cell malignancies (e.g., mantle cell lymphoma and

some cases of prolymphocytic leukaemia, plasma cell

leukaemia, splenic lymphoma with villous lymphocytes,

chronic lymphocytic leukaemia, and multiple myeloma),

invasive breast cancer, and other malignancies

(225–227). In the hematopathology laboratory, cyclin

D1 detection is mainly used in the diagnosis of mantle

cell lymphoma (MCL), that results from chromosomal

translocation t(11; 14)(q13; q32). In addition to cyclin

D1 expression, MCL is also characterized by the

expression of CD5, CD23, and B-cell antigens (CD19,

CD20) (228,229).

Bcl-2: Bcl-2 is a member of a small but important

family of apoptosis regulators controlling the level of B

and T lymphocytes (230,231). Bcl-2 protein is an

important diagnostic marker for follicular lymphomas,

the majority of which possess the t(14:18)(q32:q21)

translocation. Bcl-2 protein is usually detected by

immunohistochemical staining or flow cytometry, while

the t(14:18)(q32:q21) translocation can be detected by

conventional karyotypic analysis or PCR. Since some

normal T and B cells express bcl-2, immunostains or

flow cytometric data must be interpreted in the context

of other findings (232). Pitfalls in the interpretation of

bcl-2 immunostains include tangentially cut primary

follicles or mantle zones and follicles colonized by non-

FCC lymphomas that may be bcl-2 positive (232).

Bcl-6: Bcl-6 is a nuclear transcriptional repressor that is

functionally important in germinal center B-cell differ-

entiation and inflammation (233,234). Bcl-6 is expressed

in normal germinal center B cells, non-Hodgkin lym-

phomas of follicular center cell origin, Burkitt lympho-

ma, nodular, lymphocyte predominant Hodgkin disease,

and rare T-cell lymphomas. It is not expressed in other

lymphomas of B-cell origin, including mantle cell

lymphoma, marginal zone lymphoma, and HCL.

PAX-5: Pax-5 is a very specific B-cell lineage-specific

protein (B-cell-specific activator protein, BSAP) en-

coded by a gene on chromosome 9p13. Pax-5 appears

very early in B-cell differentiation but is also present on

mature B lymphocytes. Neither normal T lymphocytes

nor plasma cells nor T lymphocytes express PAX-5.

During B lymphoid cell development, BSAP is involved

in the regulation of other B-cell-specific genes, including

CD19 and CD20.

Commercial anti-Pax-5 monoclonal antibodies were

only recently introduced into the immunohistochemistry

laboratory, but appear to surpass the sensitivity and

specificity of CD20 for B cells, since they are expressed

on very early, as well as committed B cells (235). In this

regard, strong Pax-5 expression has been reported in the

majority of B-cell lymphomas, many cases of classical

Hodgkin disease, and rarely among T-cell lymphomas

(236–238). Unfortunately, Pax-5 appears less useful as a

diagnostic marker for the evaluation of acute leukemia,

since it is expressed in a substantial proportion of cases

of myeloid and T-cell origin (237).

Myeloid antigens

The myeloid-associated antigens classified by the

Eighth International Workshop are described below.

CD11b: Anti-CD11b monoclonal antibodies are

specific for an epitope on the 165 kDa a chain of the

LFA-1 complex (Mac-1a). CD11b/CD18 (CR3, C3bi

Receptor, Mac-1, Mo1) is a noncovalently linked, a/b

heterodimeric glycoprotein belonging to the LFA-1

family of cell adhesion molecules (239,240). CD11b is

expressed on monocytes, neutrophils, the suppressor

subpopulation of CD81 cells, NK cells, and ‘‘null cells’’

from the bone marrow and peripheral blood (240).

CD11b is frequently present on blast cells in acute

monocytic (AML FAB-M5) and acute myelomonocytic

leukemia (AML, FAB-M4) but is rarely expressed in

acute granulocytic leukemia (AML, FAB M1, FAB-M2).

CD11b monoclonal antibodies are widely used for the

detection and quantitation of granulocytes and mono-

cytes, and for the characterization of myelomonocytic

neoplasms. Since CD11b is present on the suppressor

subpopulation of CD81 cells, but not on the cytotoxic

subpopulation, anti-CD11b monoclonal antibodies have

also been used to differentiate these populations. In

AML, CD11b expression has been reported as an

unfavorable prognostic indicator (241).
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CD11c: Monoclonal antibodies in the CD11c cluster

react with an epitope on the 150 kDa a (p150,95 a) chain

of the LFA-1 complex (240). CD11c/CD18 is a member

of the LFA-1 family and functions in cell–cell interac-

tions. CD11c/CD18 (gp150/95) is expressed on NK cells,

granulocytes, monocytes, and a B-cell subset (weakly)

(240). It is expressed in HCL, dependent upon the

activation of the proto-oncogenes ras and junD

(242,243). Anti-CD11c monoclonal antibodies are used

in the characterization of myelogenous leukemias and

HCL.

CD13: Monoclonal antibodies in the CD13 cluster

react with an integral single-chain, heavily glycosylated

membrane protein (gp150) with a molecular weight of

150–170 kDa identical to aminopeptidase N. CD13

functions in cell adhesion and angiogenesis has been

proposed as a signal transduction molecule on the

myeloid cell (244–246)

CD13 is expressed on human myeloid cells, including

peripheral blood monocytes, basophils, neutrophils, and

eosinophils. In the normal bone marrow it is weakly

present on 5–40% of cells, including a subset of colony-

forming cells (CFU-C). It is not expressed on erythro-

cytes, platelets, or lymphocytes. CD13 is expressed in

approximately 75% of cases of AML but not by acute

lymphoblastic or CLL cells (247). Anti-CD13 MoAbs

are extensively used in the phenotyping of neoplasms of

myeloid origin (248–250).

CD14: The CD14 molecule (gp55) is a 55 kDa

phosphoinositol-linked single-chain surface membrane

glycoprotein encoded by a gene on chromosome 5

(251–253). CD14 is a component of the LPS receptor

complex (CD14, toll-like receptor 4, myeloid differentia-

tion protein-2) (254,255).

Anti-CD14 monoclonal antibodies are excellent mar-

kers for monocytes and macrophages, and are widely

used in the characterization of leukemias of monocytic

origin (acute monocytic and acute myelomonocytic

leukemia). In the peripheral blood, the CD14 molecule

is strongly expressed by more than 90% of monocytes,

and is weakly expressed by granulocytes (256). The

expression of CD14 on cells of B lineage has also been

reported (257). In the normal bone marrow, CD141

cells constitute approximately 5–10% of the total cell

population, which includes most cells of the monocyte

series. The CD14 molecule is expressed in approximately

40% of cases of AML, especially those of monocytic

and myelomonocytic origin (FAB classes M4 and M5).

CD15: CD15 (Lewis x, 3-FAL, X-Hapten, SSEA,

Lacto-N-fucopentaose III, LNF-III) is a human myelo-

monocytic antigen that is identical to a sugar sequence

found in lacto-N-fucopentaose III (Gal 1-4 (Fuc 1–3)

G1cNac) (258–260). CD15 is an adhesion molecule

involved in leukocyte adhesion to endothelial cells and

may be involved in structural stabilization of the cell

membrane (261).

Monoclonal antibodies in the CD15 cluster are

widely used in the phenotypic analysis of hematopoietic

neoplasms, and along with CD30, they are critical

for the diagnosis of Hodgkin lymphoma. CD15 is

expressed by the Reed–Sternberg cells of Hodgkin’s

disease and by granulocytes, but rarely by tissue

macrophages or histiocytes. In the peripheral blood,

anti-CD15 reacts with mature cells of myeloid and

monocytic origin, including 495% of neutrophils,

eosinophils, and basophils, and with 70–95% of

circulating monocytes. It is present on some erythroid

and T-cell lines, and on activated T cells, but not normal

T and B lymphocytes, B-cell lines, erythrocytes, or

platelets. Finally, CD15 is expressed in acute and CMLs

and some CD101 precursor B-cell acute lymphoblastic

leukemias.

CD33: Anti-CD33 monoclonal antibodies recognize a

67 kDa single-chain transmembrane glycoprotein (gp67)

and member of the immunoglobulin supergene family

encoded by a gene on chromosome 19 (262–264). CD33

is an inhibitory receptor that may function in myeloid

cell development and proliferation (265–267).

Monoclonal antibodies in the CD33 cluster (CMA-

676, Mylotarg) are used in the phenotypic analysis of

leukemias, and in purging bone marrow for autologous

transplantation (268). CD33 expression is largely

restricted to normal and neoplastic cells of myeloid

origin. In the peripheral blood, some monocytes express

CD33, but not granulocytes, lymphocytes, erythrocytes,

or platelets. Approximately 30% of the cells in the

normal bone marrow are positive, including myeloid

colony forming cells, myeloblasts, promyelocytes,

monocytes, and a subset of erythroid burst forming

cells. Approximately 80% of cases of acute myelogenous

leukemia (AML) are positive for CD33. It is rarely

expressed on neoplastic lymphoid cells, especially in

cases undifferentiated acute lymphoblastic leukemia and

mature B-cell lymphoproliferative disease (269).

CD34: The CD34 antigen is a highly acidic, highly

glycosylated single-chain transmembrane with a mole-

cular weight of 105–120 kDa, encoded by a gene

localized to chromosome 1 (270–272). Functionally,

the CD34 molecule serves as a phosphorylation target

for activated protein kinase C and may be involved in

signal transduction during early lymphohematopoiesis

(273,274).

The CD34 molecule is expressed on hematopoietic

precursor cells and capillary endothelial cells (275–277).

As a marker of hematopoietic precursor cells, CD34 is

‘‘stage-specific,’’ rather than lineage specific (278). It is

expressed in the greatest density on the earliest

lymphohematopietic cells, and progressively decreases
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with cell maturation (279). Neoplasms of more mature

hematopoietic cells (lymphomas, CLL) are almost

uniformly negative for CD34. Anti-CD34 monoclonal

antibodies are used in the identification and separation

of bone marrow hematopoietic cells, and for the

phenotypic analysis of hematopoietic neoplasms (280).

CD34 expression has been reported as an adverse

prognostic factor in AML, and a good prognostic factor

in ALL (281,282).

CD64: The CD64 molecule is a single-chain glycopro-

tein with a molecular weight of 75 kDa (283). CD64 is

the receptor for monomeric IgG (high-affinity Fc-IgG

receptor, FcgR) and functions as a signal transducer

(169,283). CD64 is expressed on monocytes, but is

absent from blood lymphocytes (283). Monoclonal

antibodies in the CD64 cluster are primarily used in

the diagnosis of acute myelogenous leukemia of the

FAB M4 and M5 subtypes (284).

CD68: The CD68 molecule (KP1) is an intracellular,

110 kDa protein of undefined biological function that is

highly expressed on monocytes and tissue macrophages

(285). Anti-CD68 monoclonal antibodies react with

various other tissue cells (histiocytes, mast cells,

synoviocytes, osteoclasts, giant cells, and kidney spindle

cells) (285). Anti-CD68 monoclonal antibodies are

primarily used as immunohistochemical reagents for

the identification of tissue macrophages and related cells

(286–288).

CD117: CD117 (c-KIT, stem cell factor receptor,

SCFR) is a 145 kDa member of the immunoglobulin

supergene family expressed on hemopoietic stem

and progenitor cells, tissue mast cells, melanocytes,

reproductive system, and embryonic brain cells (289).

CD117 has been recently used in the diagnostic

evaluation of acute leukemia, although its prognostic

significance is not fully understood (290–293). Since C-

Kit is a molecular target for imatinib mesylate (Gleevec;

Novartis Pharma, Basel, Switzerland), the diagnostic

and prognostic significance of CD117 expression is

under evaluation in a number of human tumors,

including uterine carcinosarcoma, renal oncocytomas

and chromophobe renal cell carcinomas, and small-cell

carcinoma of the urinary bladder.

Antigens characteristic of megakaryocytes and

platelets

CD41: Monoclonal antibodies in the CD41 cluster

are specific for an epitope on the calcium-dependent

GPIIb/IIIA complex. Functionally, the CD41 antigen is

a receptor for fibrinogen, fibronectin, and von Will-

ebrand factor that is essential for platelet aggregation

(294). CD41 is strongly expressed by platelets, mega-

karyoblasts, megakaryocytes, erythromegakaryoblas-

toid cell lines, splenic red pulp, and Kupffer cells

(295,296). Immature myeloid and lymphoid precursors

may also express CD41 at low levels. (297) Clinically,

CD41 monoclonal antibodies have been used in the

diagnosis of acute megakaryocytic leukemia (AML,

FAB-M7), congenital CD41 deficiency (Glanzmann

thrombasthenia), and in the detection of antiplatelet

alloantibodies (anti-Zwa,b, anti-Yuka,b, anti-Baka,b)

(298,299).

CD42a: The CD42a molecule (platelet GPIX) is a

23 kDa single-chain glycoprotein that forms a noncova-

lent complex with GPIb (GP1b/IX complex) (300). The

GP1b/IX complex functions as the von Willebrand

factor-dependent adhesion receptor and as the receptor

for the ristocetin-induced binding of von Willebrand

factor (301).

CD42a is expressed on platelets, megakaryocytes,

splenic red pulp, and Kupffer cells. CD42a monoclonal

antibodies (FMC25) have been used in the diagnosis of

acute megakaryocytic leukemia (AML, FAB-M7) and

congenital CD42 deficiency (Bernard–Soulier syndrome)

(298,299).

CD61: The CD61 antigen is a 110 kDa glycoprotein

(integrin b3, GPIIIa chain) that can associate with either

GPIIb or the VNR a-chain (302). CD61 is expressed on

platelets and platelet precursors, weakly on B cells, some

leukemic and EBV-cell lines, and on various nonhema-

topoietic cells. Monoclonal antibodies in the CD61

cluster are used for the diagnosis of megakaryoblastic

neoplasms, idiopathic thrombocythemia, and in the

detection of antiplatelet alloantibodies (anti-Zwa,b, anti-

Yuka,b, anti-Baka,b) (303,304).

Antigens characteristic of erythroid cells

CD235a: CD235 (glycophorin A) and band 3 are the

most abundant proteins of the erythrocyte cell mem-

brane (305–308). Owing to its very high content of sialic

acid, CD235 contributes most of the negative charge to

the erythrocyte membrane. This is essential for main-

taining structural integrity and preventing red cell

aggregation. CD235 also carries the MN blood group

(305). During erythropoiesis, CD235 first appears after

the erythroid CFU-E stage, reaches maximal expression

in the early normoblast stage and maintains its

expression for the life of the erythrocyte (309,310). The

detection of CD235 expression by immunohistochemical

staining or flow cytometry can be helpful in the

differentiation of erythroid precursors from other bone

marrow cells.

Spectrin: Spectrin is the major structural component

of the red blood cell membrane (311–313). Spectrin

mutations are one cause of hereditary elliptocytosis and

spherocytosis (314). Since spectrin is brightly expressed

on erythroblasts throughout erythroid maturation,

while glycophorin A is only weakly expressed on mature
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erythroblasts, antispectrin antibodies have been re-

ported as superior to antiglycophorin antibodies in the

immunohistochemical identification of erythroid pre-

cursors (311).

Antigens expressed by proliferating cells

Tumor stage and grade have been used for several

decades as the primary parameters for the prognostica-

tion of patients with malignant tumors, and as a guide

for the type and extend of therapy. Since these

parameters are entirely subjective in most cases and

semi-quantitative at best, and it is not surprising

that quantitative indicators of tumor biological

behavior have been evaluated. Quantitative analysis of

the cell cycle has accompanied other major scientific

discoveries and technological innovations of the

past four decades. Thus, the use of light microscopy

(mitosis counting, argyrophilic staining for nucleolar

organizer regions), autoradiography, and radiotracers

in the 1950s and 1960s was followed by the use of

DNA-specific fluorochromes, flow cytometry, and

image analysis in the 1970s and 1980s. More recently,

monoclonal antibodies specific for antigens that

appear during specific phases of the cell cycle have

been quantitated by flow cytometry, image analysis,

or immunohistochemistry. The next era in cell cycle

analysis will involve the use of recombinant DNA

technology.

Of the various proliferating cell antigens, Ki-67

and PCNA/cyclin are currently receiving the most

attention. Since Ki-67 protein is expressed on the

cell surface during active phases of the cell cycle, but

only in the nucleus of resting cells, the proportion of

surface-positive Ki-67 cells (the Ki-67 labeling index) is

a specific measure of growth fraction (315). In lympho-

proliferative disease, Ki-67 expression has a prognostic

significance similar to that of proliferative activity and

[3H]-TdR uptake (316). MIB-1 is a monoclonal anti-

body specific for the Ki-67 antigen that can be used in

formalin-fixed parafiin-embedded tissue. Proliferating

cell nuclear antigen (PCNA, cyclin) is a 36 kDa, DNA

polymerase cofactor found in the nuclei of actively

proliferating cells (317).

Detection of MRD

MRD is the persistence of malignant cells in the bone

marrow or other tissues after remission has been

achieved by conventional morphologic assessment

(318,319). It is believed that these residual cells are the

source of relapse in many patients who achieve

‘‘complete’’ morphologic remission from acute leukemia

or other malignant hematologic diseases, although

additional therapy to eradicate very small numbers of

residual cells does not improve survival in all patients.

Researchers are actively evaluating the clinical and

prognostic significance of MDR.

MRD detection by molecular techniques, especially

quantitative real-time PCR, is presently the ‘‘state-of-

the-art’’ for monitoring the response to treatment in

most hematologic neoplasms because of its high

sensitivity and specificity (320). Flow cytometric analysis

is less sensitive than the polymerase chain technique for

MRD, but it is simple and rapid, and provides

quantitative data. In many cases, flow cytometry has

adequate sensitivity. The detection of MRD by flow

cytometric analysis is based on the presence of cell

populations with aberrant immunophenotypic features.

For example, the discovery of CD101, TdT1, or CD341

cells in the cerebrospinal fluid is diagnostic of MRD,

since immature leukocytes with these markers are not

normally present in the CSF. The expression of TdT,

cytoplasmic CD3, CD1a, or the dual phenotype CD41/

CD81 is diagnostic of residual MRD in T-ALL, since

cells with this phenotype are normally confined to the

thymus. The detection of B-ALL MRD is more difficult,

since small numbers of immature B-cells are normally

present in the bone marrow. The majority of B-ALL

cases have aberrant antigenic features, however, includ-

ing cross-lineage antigen expression (i.e., TdT, T-cell, or

myeloid antigens), asynchronous antigen expression, or

changes in the level of antigen expression (i.e.,

‘‘dropped’’ or overexpressed antigens). The search for

new markers and techniques of immunophenotypic

analysis for MRD is underway by several investigators.

The vast scope of this subject precludes further review in

this publication.

Cytogenetic Analysis

Cytogenetics (chromosome analysis) is conventionally

performed on metaphase preparations of cells grown in

culture (321,322). In hematologic disease, two types of

samples can be used for cell culture: bone marrow cells

and peripheral blood. In the traditional tissue culture,

metaphase preparation requires dividing cells. In the

bone marrow, cells are in different stages of proliferation

and differentiation and there are many dividing cells that

can be captured for metaphase after a short-term culture.

For a peripheral blood sample, metaphases are obtained

after stimulation of T lymphocytes by PHA, which

activates the cells into the cell cycle. After three days in

culture medium, the cells are harvested, fixed with acetic

acid and methanol, and fixed onto slides. The most

commonly used technique to visualize the chromosome is

G banding, which is viewed by light microscopy after

pretreatment with trypsin and staining with Giemsa dye

(323). Each chromosome and chromosome segment has

294 Riley et al.

J. Clin. Lab. Anal.



a unique ‘‘banding’’ pattern that can be identified by an

experienced observer. Chromosomal deletions, translo-

cations, and other abnormalities can also be identified by

this procedure. The preparations can be stained with

fluorescent dyes, which intercalate into the grooves of the

DNA helix and viewed by fluorescence microscopy (‘‘Q

banding’’) (324). Q banding can be used as a adjunct to

G banding and is especially useful in identifying

translocations on the Y chromosome. Other staining

techniques are also available to specifically identify

chromosomal abnormalities in the centromeric or

telomeric regions. The innovative technique of multi-

color spectral karyotyping (SKY) uses 24 different

fluorescent-labeled chromosome-painting probes to per-

mit the simultaneous visualization of all human chromo-

somes (325,326). SKY is particularly sensitive for the

detection of complex chromosomal translocations, re-

arrangements, and other abnormalities that cannot be

resolved by conventional banding techniques.

In hematology, cytogenetic studies have provided

information for diagnosis, treatment, prognosis and

disease follow-up. Investigations of chromosome trans-

locations in acute myeloid leukemia (AML), acute

lymphoblastic leukemia (ALL), B and T-cell lympho-

mas, multiple myeloma, CML and myelodysplastic

syndrome (MDS) have demonstrated various

chromosomal abnormalities. The nonrandom transloca-

tions seen in the hematologic malignancies seem to

involve genes that regulate cell proliferation, differentia-

tion, and apoptosis. Some of those genes are proto-

oncogenes, while others have specific protein kinase

activities. In addition, the nonrandom chromosomal

deletions in other malignancies has contributed to our

understanding of tumor suppressor genes, which appear

to have a significant role in inherited malignancies and

are now being actively sought in many common cancers.

Finally, chromosome studies have helped to demon-

strate the clonal nature of most hematopoietic neo-

plasms and the importance in tumor progression of

sequential somatic genetic changes within the neoplastic

clone. This latter phenomenon appears to depend

primarily on acquired genetic liability in the tumor cell

population. Karyotypic data are providing leads to the

basis of this phenomenon, as well as to the significance

of constitutional chromosomal fragility and of specific

fragile sites within the genome of different individuals.

Detection and quantification of those changes are

significant for diagnosis, treatment, and disease follow-

up. Specific examples of cytogenetic abnormalities are

shown in Tables 8 and 10.

The use of conventional chromosome banding for

monitoring patient response to treatment and the early

detection of disease relapse has been supplemented in

recent years by molecular analysis of bone marrow

specimens. Fluorescence in situ hybridization (FISH) is

an alternative to chromosome banding that uses

fluorochrome-labeled DNA probes specific for

structural and numeric chromosomal abnormalities.

There are many types of probes used for FISH

techniques. For example, some of the specific repetitive

sequences located in the centromeres in compact clusters

are used for the detection of numerical changes of

certain chromosomes. Specific large DNA fragments,

which were cloned in to phage, cosmid, or yeast artificial

chromosome (YAC) vectors, are used for the detection

of specific translocations and deletions. Somatic hybrids

TABLE 10. Frequent Chromosomal Abnormalities in Hematologic Disease

Disease Subtypes Genetic abnormality Involved gene(s)

AML M0 t(9;22) BCR/ABL

M2 t(8;21) ETO/AML1

M3 t(15;17) PML/RARa

M4 inv(16) CBFB/MYH11

M5b 11q23 MLL rearranged

ALL t(12;21) TEL/AML1

t(1;19) PBX/E2A

t(v;11q23) MLL rearranged

t(9;22) BCR/ABL

MDS 5q-, del(7q), del(20)

CML t(9;22) BCR/ABL

Non-Hodgkin lymphomas Mantle cell t(11;14) Cyclin-D1/IgH

Burkitt t(8;14), t(2;8), t(8;22) C-MYC rearranged

Follicular t(14;18) BCL-2/IgH

Anaplastic t(2;5) NAM/ALK-1

Multiple myeloma del(13q14), t(11;14), t(4;14), t(14;16) RB1, Cyclin-D1, FGFR3, C-MAF
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DNA were also labeled as chromosomal painting

probes. Those probes are all commercially available.

FISH is technically rapid and easy to perform. DNA

is denatured, hybridized, and washed (327–329). The

hybridized signal can be recognized under the fluores-

cent microscope. If there are numerical changes such as

trisomy or monosomy, three or one single signal will be

scored, while translocation between chromosomes is

recognized by fusion of two signals of different colors

creating a third color. The DNA probes can hybridize to

the metaphase as well as interphase (330). The

advantage of hybridization to the interphase is that it

does not require dividing cells. This is very useful

because it is very difficult to obtain adequate metaphase

in some malignancies (331). Multiple myeloma is an

example of a disease that has greatly benefited from

FISH and other modern techniques of analysis

(332–334). Not only have new drugs with novel

mechanisms of action (thalidomide, arsenic trioxide,

and the proteasome inhibitor PS-341) been introduced,

but the unraveling of the genetics of the disease has led to

more accurate prognostic markers. Since plasma cells are

difficult to assay with conventional cytogenetics,

interphase FISH for immunoglobulin gene transloca-

tions [i.e., deletion of 13q14, t(11;14)(p16;q32),

t(11;14)(q13;q32), t(14;16)(q32;q23), etc.] has been used

for prognostic stratification and MRD detection after

bone marrow transplantation. In the future, these

discoveries may lead to targeted chemotherapy, such as

the use of tyrosine kinase inhibitors to target the ectopic

expression of receptor tyrosine kinase fibroblast growth

factor receptor 3 associated with the t(4;14) translocation

(335). Since FISH is a very sensitive technique for the

detection of chromosome abnormalities, it is widely used

both for diagnosis and for follow-up of MRD post

chemotherapy and bone marrow transplant (336–339).

Molecular Analysis

Besides FISH and cytogenetics, many molecular

assays have been developed for clinical use, such as

DNA Southern blot, mRNA Northern blot, and protein

Western blot. However, these techniques require large

quantities of sample DNA, RNA, or protein and

are time consuming. Since the advent of the PCR, a

unique DNA or complimentary DNA sequence can be

Fig. 14. Diagnostic application of immunoperoxidase staining and

RT-PCR for the detection of B-cell non-Hodgkin lymphoma. The

patient was a 53 year-old man with a history of follicular lymphoma.

(A) Photomicrograph of bone marrow aspirate showing rare large,

atypical cells (1000 x), (B) Photomicrograph of bone marrow biopsy

showing a small non-caseating granuloma and scattered lymphocytes

(400 x). No well-formed lymphoid aggregates were identified. (C)

Immunohistochemical stain of the bone marrow biopsy for CD20

(400 x). Several aggregates of CD20-positive cells are seen. For

molecular analysis, sections of the paraffin block of the bone marrow

clot section were deparaffinized and subject to standard phenol/

chloroform DNA extraction with ethanol preparation. The extracted

DNA was subjected to PCR using primers to the major breakpoint

region of the t(14;18) BCL-2. The specimen was positive. PCR analyses

run concurrently for T-cell and B-cell gene rearrangements were both

negative. The patient also had some pelvic lymphadenopathy. He

underwent an FNA and that material was positive for a B-cell gene

rearragement.
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amplified and detected in a few hours. The chief

advantage of such molecular analysis is high sensitivity,

but other virtues of PCR include minimal tissue

requirements, shortened laboratory turn around time,

and detection of submicroscopic abnormalities. In

addition, these assays do not require dividing cells

(340,341). PCR requires strategic use of nucleotide

sequences that flank the genetic region of interest.

PCR then amplifies this known DNA sequence flanked

by the two DNA primers through repeated cycles of

DNA denaturation, primer annealing, and extension

with a thermostable DNA–polymerase in a thermo-

cycler. PCR generates an exponential amount of

amplified product of the targeted genetic sequence.

Such amplified product can then be detected through

various methods, including gel electrophoresis or by

solution-based means, such as fluorescent or chemilu-

minescent systems (342).

As the World Health Organization has recently

demonstrated in its classifications, genetic analysis of

lymphomas and leukemias has prognostic and thera-

peutic implications (343). The molecular techniques in

use today, and those being developed for the future,

demonstrate either rearrangements in antigen receptors

or translocations specific to hematologic or lymphoid

disease (340). Immunoglobulin (Ig) and T-cell receptor

(TCR) genes undergo considerable rearrangement dur-

ing immunologic maturation. Monoclonal expression of

Ig and/or TCR is sometimes expressed in lymphoid

malignancies and is commonly detected by well-char-

acterized DNA PCR methods. Similarly, there is a

continuously expanding menu of assays using either

PCR or reverse transcriptase PCR (RT-PCR) to detect

chromosomal translocations described in hematologic

malignancies (320,344–346). The difference between

RT-PCR and DNA PCR is the starting material. In

RT-PCR the starting material is mRNA that is then

transcribed into cDNA by reverse transcriptase for

subsequent PCR steps. In DNA PCR, the starting

material is DNA. The breakpoint of the translocation

on the DNA level may span a region over 100 kb. This is

not suitable to amplify the fusion gene in different

patient by using DNA PCR. RT-PCR amplifies the

cDNA that is derived from mRNA. The breakpoint of

fusion mRNA is the same due to alternative splicing.

Examples from this list are t(11;14), t(9;22), and t(15;17)

of mantle cell lymphoma, CML, and acute promyelo-

cytic leukemia, respectively. Both FISH and various

types of PCR have proven highly sensitive for monitor-

ing the BCR-ABL gene in patients receiving imatinib

Fig. 15. Diagnostic application of RT-PCR for the detection of

BCR-ABL mRNA. This 48-year old man presented for medical care

with a two-week history of severe fatigue, and was admitted to the

hospital when his white cell count was found to be 4200,000/

microliter. His bone marrow biopsy was consistent with an acute

leukemia. (A) Photomicrograph of peripheral blood demonstrating a

cluster of blast cells (1000 x). (B) Photomicrograph of the bone marrow

aspirate smear showing numerous blast cells (1000 x), (C) Photo-

micrograph of the bone marrow biopsy demonstrating marrow

hypercellularity with numerous blast cells and rare megakaryocytes

(400 x). Subsequent PCR demonstrated a high quantitative level

(nearly 100%) of t(9;22). His disease is now thought to be precursor

B-cell acute leukemia with a p210 breakpoint t(9;22).

297Bone Marrow Aspirate and Biopsy

J. Clin. Lab. Anal.



mesylate (Gleevec) chemotherapy or bone marrow

transplantation (347–349) (Fig. 14). In childhood

ALL, the presence of clonal antigen receptor gene

rearrangements (IgH or TCRg) at 12 or 24 months from

diagnosis is highly predictive of relapse and reportedly

has independent prognostic significance (350).

Most PCR methods are qualitative and are thus most

useful for the initial diagnosis (Fig. 15). However,

various methods now allow PCR quantitation (351).

This technique allows monitoring of minimal residual

disease and has been found to have the highest

sensitivity, specificity, and reproducibility compared

with non-PCR molecular methods. The most commonly

used technique is real-time Taqman PCR, which, in

addition to the two fluorescence-labeled primers, also

uses a probe. The probe is a third primer that is labeled

with a target dye and a quencher dye. The target signal

is quenched by the quencher until the Taq polymerase

releases the target dye. Only then can the signal be

detected by the laser in the PCR machine. The

introduction of the probe increases the specificity of

the PCR reaction as well as sensitivity for detection.

Real time Taqman RT-PCR for the detection of BRC-

ABL mRNA is up to four orders of magnitude more

sensitive than cytogenetics or FISH (352).

Monitoring of patients over time intervals or measur-

ing more than one lesion at a time with PCR assays may

be necessary in future patient scenarios (353). A recent

study has demonstrated that simultaneous detection of

seven common leukemia translocations, using a multi-

plex RT-PCR system from a single patient specimen, is

extremely valuable for clinical practice (354). Other

studies have demonstrated that the use of peripheral

blood for monitoring disease by PCR may be used

instead of the bone marrow evaluation (320,355,356).

Thus, the noninvasive use of peripheral blood may be

used for molecular methods in the future in lieu of bone

marrow specimens for certain diseases or translocations.

The future of PCR-based tests will bring on an increased

number of assays and more sensitive tests. What must be

kept in mind is that false negative PCR results do occur.

Thus, the molecular-based assays in the future will still

be used in combination with bone marrow morphology

and other diagnostic tools.

Immunosuppressive and myeloablative chemotherapy

and pretransplant conditioning regimens allow residual

recipient hematopoietic cells to coexist with reconsti-

tuted hemopoietic tissue of donor origin following

bone marrow transplantation. This extraordinary

immunogenetic state, known as mixed chimerism, exerts

a significant influence on transplant outcome including

the rate of relapse, the severity of GVHD and the

antileukemic effect (357–360) Polymorphic markers of

the donor enable differentiation from the host. Cytoge-

netic markers are the most frequently used based on

gender differences (XX, XY) or on translocations

associated with malignancy (Ph chromosome) or other

chromosomal alterations present in the donor or

recipient. An informative disease phenotype may also

allow the detection of residual circulating malignant

cells by multicolor flow immunocytometry. However,

the most sensitive detection systems use DNA-based

methodologies including PCR and RT-PCR. In the case

of bone marrow transplantation, oncogenic markers

reflect not just the chimeric state but also the presence of

residual disease.

SUMMARY

Bone marrow specimens contain a wealth of diag-

nostic and prognostic information, necessitating prior

planning for the optimal use of this valuable resource.

This includes detailed knowledge of the patient’s

history, present indications for the procedure, available

ancillary assays, and the specimen requirements for each

assay. Light microscopy of the bone marrow aspirate,

core biopsy, biopsy touch imprints, and/or clot section

remains the fundamental component of diagnostic

interpretation, although morphologic evaluation is often

supplemented by immunophenotypic analysis, cytoge-

netic analysis, molecular studies, chimerism, microbio-

logic cultures, or other ancillary studies. The successful

interpretation of bone marrow specimens requires a

thorough understanding of the function and anatomy of

this organ, and the influence of different disease

processes, and the recognition of many technical and

procedural artifacts that may be present. Bone marrow

morphologic examination is essentially a matter of

pattern recognition, aided by detailed knowledge of

the subtle morphologic differences that may differenti-

ate some diagnostic entities. Some ancillary studies are

requested at the time of specimen procurement, as part

of a disease or treatment-specific protocol, while others

are ordered for the further evaluation a light micro-

scopic finding. However, all data obtained from

ancillary studies must be correlated with historical

information and morphological findings and a thorough

understanding of the technical aspects of the procedure

is necessary to resolve discrepancies.
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