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10.1	 �Introduction

Acute lymphoblastic leukemia (ALL) is a malig-
nant neoplasm of lymphocytes characterized by 
the clonal accumulation of immature blood cells 
in the bone marrow. These abnormal cells are 
arrested in the lymphoblast stage of the matura-
tion pathway. Aberrations in proliferation and 
differentiation of these cells are common, and 
normal hematopoiesis is suppressed. Symptoms 
result from varying degrees of anemia, neutrope-
nia, and thrombocytopenia or from infiltration of 
ALL cells into tissues. Although virtually any 
organ system may become involved once leuke-
mia cells enter the peripheral blood, the lymph 
nodes, spleen, liver, central nervous system 
(CNS), and skin are the most common sites 
detected clinically.

ALL is a heterogeneous disease with distinct 
biologic and prognostic groupings. Treatment 
strategies tailored to specific prognostic groups 
have already yielded dramatic improvements in 
the outcomes for children with ALL, and similar 
risk-adapted strategies based on the biological 

heterogeneity of the disease are now being 
applied to adults. Moreover, increasing knowl-
edge of the prognostic significance of recurrent 
cytogenetic abnormities plays an important role 
in the current WHO classification of precursor 
lymphoid neoplasms, and thus, cytogenetics will 
be emphasized in this review [1].

10.2	 �Clinical Presentation

10.2.1	 �Epidemiology

ALL is the most common malignant disease in 
childhood, peaking in incidence between ages 2 
and 5 years [2]. In contrast, ALL only accounts 
for approximately 20% of acute leukemia in 
adults. Despite this early peak incidence in child-
hood, nearly 45% of all new cases are diagnosed 
in adults (age > 20 years). This is due to a combi-
nation of ALL developing in all age groups and a 
steadily increasing incidence rate above the age 
of 50 years [3].

The worldwide incidence of ALL is estimated 
to be 1–5/100,000 [4]. ALL is slightly more com-
mon among males than females (1.3:1). 
Geographic variations with higher incidence 
rates in Spain and in Latin American countries 
are likely related to a number of factors including 
socioeconomics, ethnicity, and an urban or rural 
setting. A higher frequency of ALL has been 
reported in industrialized countries and in urban 
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areas. The incidence of ALL is more common in 
Caucasians compared with African-Americans 
with an age-adjusted overall incidence in the 
United States of 1.9/100,000  in whites and 
1/100,000 in blacks. Americans of Hispanic eth-
nicity have the highest incidence rate at 
2.5/100,000 compared to 1.6/100,000 for non-
Hispanic whites [3].

10.2.2	 �Presentation

The clinical presentation of ALL is often sudden. 
Patients commonly present with a recent history 
of fatigue or spontaneous bleeding. Malaise, leth-
argy, weight loss, fevers, and night sweats are 
often present but typically are not severe [5]. 
Compared to AML, patients with ALL experi-
ence more bone and joint pain. Rarely, they may 
present with asymmetric arthritis, low back pain, 
diffuse osteopenia, or lytic bone lesions [6]. 
Children experience these symptoms more fre-
quently than adults with young children often 
presenting with difficulty walking due to bone 
pain. Lymphadenopathy, splenomegaly, and hep-
atomegaly are more common than in AML and 
affect half of adults with ALL. CNS involvement 
is also more common in ALL compared to AML 
[7]. Patients may present with cranial neuropa-
thies, most commonly involving the sixth and 
seventh cranial nerves. Nausea, vomiting, head-
ache, or papilledema may result from meningeal 
infiltration and obstruction of the outflow of CSF 
leading to raised intracranial pressure. Patients 
may also present with a symptomatic mediastinal 
mass with symptoms of cough, dyspnea, and/or 
superior vena cava syndrome if it impinges on the 
great vessels. Testicular involvement, which 
presents as a painless unilateral mass, is noted at 
diagnosis in approximately 2% of boys. It is 
associated with infant or adolescent age, hyper-
leukocytosis, splenomegaly, and a mediastinal 
mass. The diagnosis of testicular involvement 
can be confirmed by wedge biopsy but is often 
not needed unless physical examination and 
imaging studies are equivocal. Bilateral biopsies 
have previously demonstrated the high incidence 
of contralateral testicular disease, necessitating 

radiation treatment to both testicles if testicular 
involvement persists after induction therapy [8, 
9].

The physical examination is often notable for 
pallor, generalized lymphadenopathy, hepato-
splenomegaly, and signs associated with throm-
bocytopenia, such as gingival bleeding, epistaxis, 
petechiae/ecchymoses, or fundal hemorrhages. 
Dermal involvement, known as leukemia cutis, 
may also be noted.

10.3	 �Diagnosis

10.3.1	 �Initial Laboratory Evaluation

The morphologic recognition and phenotypic 
characterization of lymphoblasts in the blood and 
bone marrow are of major importance in the cor-
rect diagnosis and classification of ALL.  These 
require careful evaluation of well-prepared 
peripheral blood and bone marrow aspirate 
smears and phenotypic analysis of the blasts by 
flow cytometry and immunohistochemistry with 
an appropriate panel of surface and cytoplasmic 
markers.

The settings in which lymphoblasts are seen in 
the peripheral blood and bone marrow aspirate 
can vary significantly. In the majority of cases, 
the counts and cellularity are high, but in some, 
there can be pancytopenia and hypocellularity, 
which make the recognition of the blasts more 
critical. A leukoerythroblastic picture can be seen 
in some cases, and in rare T-cell ALL cases, there 
may be dysplasia in the granulocytic elements. 
One unusual morphologic presentation of ALL is 
that of precursor-B ALL with eosinophilia. This 
entity can show eosinophilia preceding, concur-
rent with, or following ALL at either diagnosis or 
relapse. Sometimes the eosinophilia can be so 
extreme as to obscure the blasts. This entity is 
associated with the specific cytogenetic abnor-
mality, t(5;14)(q31;q32) [10]. In other cases, 
eosinophilia can be indicative of underlying rear-
rangements of PDGFRA, PDGFRB, FGFR1, and 
PCM-JAK2 rearrangements. Despite initial pre-
sentation as lymphoblastic leukemia, these disor-
ders arise from a pluripotent stem cell and are 
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classified as myeloid/lymphoid neoplasms with 
eosinophilia indicating propensity for presenta-
tion with many different morphologic features 
including myeloproliferative neoplasms and 
acute leukemia [1].

In addition to the peripheral blood and bone 
marrow, extramedullary involvement with predi-
lection for involvement of the central nervous 
system (CNS) is common. The evaluation of 
cytospin slides made from the cerebrospinal fluid 
(CSF) may indicate CNS involvement. The cur-
rent approach used to determine CNS involve-
ment by the Children’s Oncology Group (COG) 
has been to classify CNS leukemia into three 
groups: CNS 1 (<5  WBC/μL of CSF and no 
blasts), CNS 2 (<5 WBC/μL of CSF with blasts), 
and CNS 3 (≥5 WBC/μL of CSF with blasts, or 
cranial nerve findings) [11]. Moreover, some 
studies advocate using flow cytometry in addition 
to cytology to identify blasts in the CSF more 
accurately [12]. Whether this level of detection 
would affect outcomes is unclear.

In cases with a high cell turnover, the evalua-
tion of blood chemistries may reflect the evidence 
of tumor cell lysis, such as hypocalcemia, hyper-
kalemia, hyperphosphatemia, elevated LDH, 
hyperuricemia, and elevated creatinine.

10.3.2	 �Cytomorphology

The cytomorphologic characteristics of lympho-
blasts are varied, but are usually sufficient to sug-
gest a blastic or neoplastic process for which 
phenotyping can confirm and further characterize 
the process. The most typical lymphoblast is a 
small- to intermediate-sized cell with round or 
oval nucleus that has a smudgy nuclear chroma-
tin, absent or small nucleoli, and scanty cyto-
plasm. Comparison to normal appearing “mature” 
lymphocytes in the blood or marrow aspirate is 
useful for the assessment of size and degree of 
chromatin condensation. The scant cytoplasm is 
quite dramatic in many cells as the nucleus has an 
appearance of bulging out of the cell cytoplasm. 
The cytoplasm is pale blue and not intensely 
stained. In other cases, lymphoblasts exhibit sig-
nificant morphologic variation. Such lympho-

blasts are larger and have oval or irregular nuclear 
outlines and less homogeneous chromatin. Nuclei 
are variable but frequently prominent, and some-
times multiple. The cytoplasm is more abundant 
but still pale blue. The earlier FAB classification 
into L1 and L2 morphology is poorly reproduc-
ible and has little clinical significance. Therefore, 
the 2008 revision of the WHO classification of 
ALL adopted a classification based on immuno-
phenotype and genotype [13].

Similarly, while Burkitt lymphoma can have a 
leukemic presentation, it is now recognized as a 
malignancy of mature B cells to distinguish it 
from lymphoblastic leukemia/lymphoma that 
arises from precursor lymphoid cells. The so-
called L3 blasts (referred to as Burkitt leukemia 
for the remainder of this chapter) are usually 
quite distinctive. The blasts are large and homo-
geneous and have distinctive deep blue cyto-
plasm, which commonly contains sharply defined 
vacuoles. The nuclei of Burkitt cells are large and 
round or oval. They have a finely stippled chro-
matin and variable nucleoli, which sometimes are 
quite prominent. The larger size and intense cyto-
plasmic basophilia with vacuolization are decid-
edly the most distinctive features but are not 
entirely specific. Vacuoles can be seen in mono-
blastic and erythroid leukemia, and together with 
the deep blue cytoplasm, can be seen in other 
cases of ALL as well as in some cases of AML 
[14, 15]. Conversely, some cases of Burkitt leu-
kemia with the characteristic chromosomal trans-
locations lack the usual “L3” morphology [16].

A number of additional cytologic variants of 
lymphoblasts deserve mention. Although there 
are no particular clinical, phenotypic, or genetic 
correlates with these variant blasts, their recogni-
tion will help avoid exclusion of ALL from diag-
nostic consideration in cases where they are seen. 
Small lymphoblasts can be seen in rare cases of 
ALL [17]. These blasts are closer in size to small 
“mature” lymphocytes, making them difficult to 
distinguish from the small lymphoid cells of 
chronic lymphocytic leukemia (CLL). The small 
lymphoblasts also have more condensed chroma-
tin making the distinction difficult further. 
Lymphoblasts with cytoplasmic granulation can 
be seen in a small percentage of ALL cases  
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[18, 19]. The granules are usually present in the 
larger blasts; they are azurophilic and usually not 
numerous. Nuclear clefts can be seen in some 
lymphoblasts and are present as deep nuclear 
groves. The so-called hand mirror cell is proba-
bly not a defining characteristic for a distinct 
entity [20]. Whether such cells are due to an arti-
fact of the preparation is debatable. Different 
lymphoblasts are illustrated in Fig. 10.1.

10.3.3	 �Histology

Evaluation of the histology of ALL from biopsy 
sections becomes important when there are few 
circulating blasts in the blood and when the bone 
marrow is inaspirable. It is also critical in evalu-
ating extramedullary sites of involvement such as 
lymph nodes, testes, or skin. Whether bone mar-
row biopsies are necessary in the typical patient 
with a high number of blasts in the circulation 
and bone marrow aspirate is disputable. However, 
the biopsy may provide a baseline for cellularity, 
degree of residual normal hematopoiesis, and the 
presence of necrosis or other associated features.

In typical cases, the marrow cellularity is 
markedly increased due to the infiltration by the 
densely packed blastic elements with no particu-
lar pattern of involvement. Rare cases have a pre-
dilection for paratrabecular growth, but this is 
very unusual. On H&E-stained sections, the blas-
tic morphology is not easily distinguishable from 
myeloblasts. Burkitt leukemia does, however, 
have a particular histologic pattern. The features 
are similar to the lymph node involvement by 
Burkitt lymphoma.

Hypocellular presentations of ALL are rela-
tively rare, but can present a diagnostic challenge 
due to the paucity of cells and thus limited mate-
rial for immunophenotyping [21]. Some cases of 
ALL can present with frank fibrosis [22]. Inability 
to aspirate could be due to the fibrosis, or in some 
cases, due to the dense packing of the marrow by 
lymphoblasts. Necrosis is present in a small num-
ber of cases and can complicate the diagnosis, 
due to the lack of viable cells for either morpho-
logic evaluation or for immunophenotyping [23]. 
Necrosis can be focal or widespread and can 

recur with relapsed disease. Occasional cases can 
show bone changes, which include osteoporosis 
or osteopenia [24].

In some cases of ALL, the principle manifes-
tation of disease is extramedullary [25]. This is 
not uncommon in precursor T-cell ALL/lym-
phoma which can present with a mediastinal 
mass and lymphadenopathy. Other sites that may 
be identified prior to blood and bone marrow dis-
ease include lymph node, skin, testes, and 
CNS. Whenever there is concern for a lympho-
blastic process in an extramedullary location, 
careful review of the blood and evaluation of the 
marrow is imperative.

Differential diagnostic considerations are 
based on clinical presentation as well as cytomor-
phologic and histologic features of blasts in the 
peripheral blood and marrow. Reactive causes of 
lymphocytosis should be excluded particularly in 
the pediatric age group where the morphology of 
the peripheral blasts can be difficult to distin-
guish from mature lymphocytes. In pediatric 
patients with high peripheral blood counts, per-
tussis must be considered. Pertussis can result in 
lymphocytosis of 20–30,000/μL, and the lym-
phocytes can sometimes appear atypical, 
although they should have mature-appearing 
chromatin. Furthermore, unlike in B-ALL, the 
hemoglobin and peripheral platelet counts are 
usually preserved when the lymphocytosis is 
reactive. In the bone marrow, hematogones or 
normal B-cell precursors can be increased in 
number in regenerative situations (Fig.  10.2). 
These require careful evaluation, as they closely 
resemble malignant lymphoblasts [26]. Small 
round blue cell tumors seen in pediatric patients 
can also mimic ALL in the marrow, but immuno-
histochemical studies can usually resolve any 
diagnostic concerns. In adults, leukemic manifes-
tations of mature B-cell lymphoma, particularly 
the blastic variant of mantle cell lymphoma [27], 
can mimic ALL. Additionally, high-grade B-cell 
lymphomas can have a blast-like morphology. 
Immunophenotyping is needed to resolve the 
diagnosis in such cases. Mature B-cell lympho-
mas lack expression of precursor cell markers 
such as CD34 and terminal deoxynucleotidyl 
transferase (TdT), whereas they express surface 
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immunoglobulin (sIg) light chains (see discus-
sion on immunophenotyping below). In both 
children and adults, the differential also includes 
AML, mixed phenotype leukemia, and chronic 
myeloid leukemia (CML) presenting in lymphoid 
blast phase. In all except the latter, immunophe-
notyping by flow or by immunohistochemistry 
can resolve the diagnostic dilemma. These differ-
ential diagnostic considerations and a list of non-
hematologic processes that may resemble ALL 
are summarized in Table 10.1.

10.3.4	 �Immunophenotype

Enzyme cytochemistry, particularly the demon-
stration of reactivity to myeloperoxidase (MPO), 
can exclude the diagnosis of ALL.  Other cyto-

chemical reactions used in the past have been 
largely replaced by flow cytometry. Multicolor 
flow cytometry allows for simultaneous detection 
of multiple antigens on the surface of the leuke-
mic blasts, allowing not simply the correct diag-
nosis, but also providing a footprint for 
monitoring for residual disease post-therapy. 
Flow cytometry can be performed from the bone 
marrow aspirate or peripheral blood if adequate 
blasts were present. One should be careful when 
interpreting the immunophenotype of peripheral 
blood blasts particularly when the fraction of 
blasts is low and present with a left shift. The 
peripheral blood blasts could represent part of the 
left shift resulting from a leukoerythroblastic 
phenomenon and may not be representative of 
bone marrow leukemic blasts. 
Immunohistochemistry on biopsy sections should 
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Fig. 10.2  Distinguishing malignant B-lymphoblasts 
from hematogones by flow cytometry. Hematogones are 
normal B-cell precursors that can be morphologically dif-
ficult to distinguish in regenerative marrow aspirates from 
blasts. However, by flow cytometry, hematogones follow 
a distinct and predictable pattern of antigen expression 
(blue dots and black arrows) (a, c). In contrast, ALL blasts 

(red dots) show maturation arrest and differences in inten-
sity of the antigens normally expressed on hematogones. 
In the example shown here, when compared to hemato-
gones (blue), residual ALL blasts (red) express asynchro-
nous CD20 with weak CD45 (b), bright CD10 (d), bright 
CD58 (e), and bright CD34 (f)
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not be considered as an alternative to multicolor 
flow cytometry but can be used when a bone mar-
row aspirate is not available and peripheral blood 
shows no circulating blasts.

Consensus guidelines for immunophenotyp-
ing of leukemia have been proposed by several 
cooperative groups [28, 29]. While there is no 
consensus on a single panel, the initial flow 
cytometry should allow for distinction of leuke-
mic blasts from normal regenerative precursors 
in the bone marrow or thymus and correctly clas-
sify B, T, myeloid, acute leukemias of ambiguous 
lineage, and blastic plasmacytoid dendritic cell 
neoplasms. Commonly used markers are listed in 
Table 10.2B.

The large majority of cases of ALL (~85%) 
are of B-lineage. B-lineage assignment is based 
on expression of CD19, CD79a, and CD22. 
CD45 expression is characteristically weak or 

absent. In addition, TdT, CD34, and CD10 are 
variably expressed. Aberrant expression of 
CD13 and CD33 is common, and in the absence 
of MPO expression, the expression of these anti-
gens does not preclude a diagnosis of 
ALL. Combinations of antigens expressed by the 
leukemic blasts correspond to the degree of mat-
uration and associate with genetic features. The 
earliest stage of maturation (early precursor-B or 
pro-B) is characterized by the expression of 
CD19, cCD79a, and nuclear TdT. This subset is 
enriched for B-ALL with chromosome 11q23.3 
rearrangements. The intermediate stage or com-
mon B-ALL is characterized by the coexpres-
sion of CD10 along with the above B-cell 
antigens and is enriched for BCR-ABL1 and 
ETV6-RUNX1 rearranged cases. Finally, the 
most mature precursor-B cells are characterized 
by expression of cytoplasmic immunoglobulin 

Table 10.1  Differential diagnosis of ALL

Non-hematologic processes:
 � Tuberculosis
 � Heavy metals
 � Human immunodeficiency virus (HIV)
 � Infectious mononucleosis
 � Autoimmune diseases
 � Juvenile rheumatoid arthritis
 � Osteomyelitis
Hematologic processes: differential diagnostic 
considerations from cytomorphology and histology
 � In children
 �   Pertussis
 �   Hematogones
 �   Small round blue cell tumors
 � In adults
 �   Chronic lymphocytic leukemia (CLL)
 �   Prolymphocytic leukemia (PLL)
 � �  Lymphoma, especially blastic variant of mantle 

cell
 �   Plasmablastic myeloma
 � �  Blastic plasmacytoid dendritic cell neoplasm 

(BPDCN)
 � In children and adults
 �   Reactive lymphocytosis (mononucleosis)
 �   Thymoma
 � �  AML with minimal differentiation (M0) and 

without maturation (M1)
 �   Mixed phenotype acute leukemia
 �   CML presenting in lymphoid blast phase

Table 10.2  Immunophenotype

(A) �Pertinent markers available for 
immunohistochemical studies
General: TdT, CD34
B-cell markers: CD20, CD79A
T-cell markers: CD3, CD4, CD8, CD5, CD45RO
Myeloid: MPO, CD68, lysozyme, glycophorin A, 
Factor VIII, CD61
Other: keratin, NSE, myogenin, CD99

(B) �Commonly used markers for flow 
immunophenotyping in acute leukemia
General: CD34, HLA-DR, TdT, CD45
B-cell markers: CD10, CD19, cCD22, CD20, 
cCD79A, CD24, cytoplasmic μ, sIg
T-cell markers: CD1a, CD2, cCD3, CD4, CD8, 
CD5, CD7
Myeloid: cMPO, CD117, CD13, CD33, CD11c, 
CD14, CD15

(C) B-lineage ALL phenotypes
Pro-B: TdT+, CD19/22/79A+, CD10-, cytoplasmic 
μ−, sIg−
Common precursor-B: TdT+, CD19/22/79A+, 
CD10+, cytoplasmic μ−, sIg−
Pre-B: TdT+, CD19/22/79A+, CD10+, 
cytoplasmic μ+, sIg−

(D) T-lineage ALL phenotypes

Pro/immature thymocyte: TdT+, cCD3+, CD2/5/7+/−
Common thymocyte: TdT+, cCD3+, CD2/5/7+, 
CD4+/CD8+, CD1a+

Mature thymocyte: TdT+/−, CD3+, CD2/5/7+, 
CD4+ or CD8+, CD1a−
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mu chains and enriched for B-ALL with a TCF3-
PBX1 fusion.

While Burkitt lymphoma may have a leuke-
mic presentation, it is a malignancy of mature B 
cells that express CD19 and CD10. However, in 
contrast to B-ALL, the malignant cells also 
express bright CD45, CD20, and monotypic sIg 
light chains. Rare B-ALL cases can express sur-
face heavy chains (so-called transitional pre-B 
ALL) while others can show the expression of 
surface light chains without heavy chains. When 
seen in the context of appropriate morphology 
and markers of immaturity such as CD34 and 
TdT, the expression of surface heavy or light 
chains does not preclude the diagnosis of precur-
sor B-ALL [30]. B-ALL immunophenotypes are 
listed in Table 10.2C.

T-ALL accounts for only 15–20% of cases. 
While CD3 expression is lineage specific, surface 
CD3 is rarely present. The use of a cytoplasmic 
tube for flow cytometry to determine the expres-
sion of cytoplasmic CD3 is therefore required for 
definitive diagnosis of T-ALL.  Bright surface 
CD7 expression is invariable but is not T-lineage 
specific. Other markers that are expressed with 
variable frequency include CD1a, CD2, CD4, 
CD5, and CD8. In addition to CD1a, expression 
of TdT and CD34 are helpful in demonstrating 
the precursor cell origin of this T-cell malignancy. 
Similar to B-ALL, a characteristic combination 
of antigens expressed is indicative of the stage of 
maturation [31]. These stages are pro-T/T-I, pre--
T/T-II, cortical T/T-III, and medullary T/T-IV 
(Table  10.2D). Expression of myeloid antigens 
can also be seen in T-ALL.  CD13 and CD33 
expression has been described in 19–32% of 
cases [32]. CD117 expression is uncommon and 
appears to be associated with FLT3 mutations 
[33]. It is likely that the CD117-positive T-ALL 
cases described in the older literature represent 
mostly what is now recognized as early T-cell 
precursor ALL (ETP ALL). Initially identified by 
a distinct gene expression signature [34], this leu-
kemia can be diagnosed based on immunopheno-
type with the lack of expression of CD1a and 
CD8, usually negative for CD5, as well as strong 
positive expression of at least one of CD34, 
CD117, HLADR, CD13, CD33, CD11b, or 

CD65. If bright CD5 expression is noted in a 
CD1a-negative, CD8-negative T-ALL, the diag-
nosis of ETP ALL can still be made based on 
bright expression of at least two of the antigens 
associated with myeloid differentiation (CD13, 
CD33, CD11b, CD65) or with immaturity 
(CD34, HLADR, CD117) [29].

Differential diagnostic issues that have to be 
considered in immunophenotyping include 
hematogones, thymoma, mixed phenotype leuke-
mia, and CML presenting in lymphoid blast 
phase. Hematogones have the same immunophe-
notype as common precursor B-ALL cells, but 
the hematogones exhibit a spectrum of matura-
tion with a continuum of cells from immature to 
mature showing loss of CD34 and gain of CD20 
and sIg [35, 36].

Thymoma cells have the phenotype of com-
mon thymocytes and cannot be distinguished 
from common T-ALL/lymphoblastic lymphoma 
by immunophenotype alone. Correlation with 
clinical presentation and histology is important 
for the correct interpretation. When CML pres-
ents in lymphoid blast crisis, distinction from 
Philadelphia (Ph) chromosome-positive ALL 
cannot be made based on immunophenotype, as 
the blasts are frequently precursor B lympho-
blasts. In most Ph+ cases, the presence of a con-
current myeloid component to the leukemia will 
alert one to the correct diagnosis. If this were not 
present, lineage analysis showing the BCR/ABL1 
fusion in myeloid as well as lymphoid cells has 
been suggested as a means to differentiate the 
stem cell process, CML, from the lymphoid-
restricted process, ALL [37]. In some cases, only 
the emergence of a myeloid component after 
treatment can indicate the correct diagnosis.

10.3.5	 �Cytogenetic Evaluation

Specific and well-characterized recurring chro-
mosomal abnormalities facilitate diagnosis, con-
firm subtype classification, and have major 
prognostic value for treatment planning. 
Abnormalities in chromosome number or struc-
ture are found in approximately 90% of children 
and 70% of adult ALL patients [38]. These cyto-
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genetic abnormalities are acquired somatic 
(rather than germline) mutations that frequently 
result from translocations of chromosomal DNA, 
resulting in new (abnormal) protein products 
from the resultant fusion genes. It is assumed that 
the protein products from these fusion genes are 
responsible for the cellular dysregulation that 
leads to the malignant state. Deletions or loss of 
DNA may eliminate genes that have tumor sup-
pressor functions. Gains of additional chromo-
somes may lead to gene dosage effects that 
provide transformed cells with survival 
advantages.

Conventional cytogenetic analysis requires 
dividing cells, is technically difficult, and can be 
time consuming due to the presence of multiple 
abnormal cell lines and complex chromosomal 
banding patterns. Therefore, alternative diagnos-
tic methods have been sought, including fluores-
cence in situ hybridization (FISH), in which 
labeled probes are hybridized to either metaphase 
chromosomes or interphase nuclei and then 
detected with fluorochromes. This method of 
analysis is more rapid, and in some cases more 
sensitive, than conventional cytogenetic analysis. 
Additionally, FISH can be used to study differen-
tiated or nondividing cells. In B-ALL, most pedi-
atric and adult patients can be assigned to a 
genetic-based classification. The most recent 
revision of the WHO classification recognizes 
specific B-ALL subtypes with recurrent cytoge-
netic abnormalities. The inclusion of a given 
cytogenetic abnormality as a specific entity is 
based on distinctive clinical or phenotypic prop-
erties, prognostic implications, or evidence for 
biology that is exclusive of other entities. For 
example, B-ALL with iAMP21 has been added 
to the entities included in the fourth edition [39]. 
In addition, BCR-ABL1-like ALL has been 
included as a provisional entity to include a het-
erogenous group of B-ALL characterized by 
gene expression profiles indistinguishable from 
B-ALL with BCR-ABL1, but the former lacks the 
BCR-ABL1 translocation [40]. B-ALL with this 
gene expression profile is associated with cryptic 
translocations involving CRLF2 or a multitude of 
tyrosine kinases [41].

10.3.6	 �Molecular Evaluation

Polymerase chain reaction (PCR) is an enzyme 
assay that provides a more sensitive and rapid 
method to detect clonal gene rearrangements. 
Translocations that result in fusion genes are 
especially suited for analysis with reverse tran-
scriptase PCR (RT-PCR), a technique in which 
the fusion mRNA is reverse transcribed into 
cDNA, and then amplified by PCR using gene-
specific primers. Quantitative RT-PCR allows for 
quantification of measurable (minimal) residual 
disease (MRD). A number of large prospective 
studies in pediatric ALL have demonstrated the 
independent prognostic significance of MRD 
detection [42, 43]; less is known about the sig-
nificance of MRD detection in adult ALL [44].

10.4	 �Conclusion

In summary, the initial approach to the diagnosis 
of ALL still involves evaluation of the peripheral 
blood smear and bone marrow specimens with 
cytomorphology, immunohistochemistry, and 
cytogenetic analysis. Cytogenetic analysis and 
molecular methods are used to establish prognos-
tically distinct subgroups of ALL.  Through 
enhanced knowledge of the leukemogenic path-
ways involved in the different ALL subgroups, 
one can anticipate improved accuracy in diagno-
sis and prognosis, and ultimately, improved dis-
ease outcomes for these patients.
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