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Recently the World Health Organization
(WHO), in collaboration with the Euro-
pean Association for Haematopathology
and the Society for Hematopathology,
published a revised and updated edition
of the WHO Classification of Tumors of
the Hematopoietic and Lymphoid Tis-
sues. The 4th edition of the WHO classifi-
cation incorporates new information that

has emerged from scientific and clinical
studies in the interval since the publica-
tion of the 3rd edition in 2001, and in-
cludes new criteria for the recognition of
some previously described neoplasms as
well as clarification and refinement of the
defining criteria for others. It also adds
entities—some defined principally by ge-
netic features—that have only recently

been characterized. In this paper, the clas-
sification of myeloid neoplasms and acute
leukemia is highlighted with the aim of
familiarizing hematologists, clinical scien-
tists, and hematopathologists not only
with the major changes in the classifica-
tion but also with the rationale for those
changes. (Blood. 2009;114:937-951)

Introduction

In 2001, the World Health Organization (WHO), in collaboration
with the Society for Hematopathology and the European Associa-
tion of Haematopathology, published a Classification of Tumors of
the Hematopoietic and Lymphoid Tissues as part of the 3rd edition
of the series, WHO Classification of Tumors.1 That classification
reflected a paradigm shift from previous schemes in that, for the
first time, genetic information was incorporated with morphologic,
cytochemical, immunophenotypic, and clinical information into
diagnostic algorithms for the myeloid neoplasms. The 2001WHO
classification was prefaced with a comment predicting that fu-
ture revisions would be necessary because of rapidly emerging
genetic and biologic information. Recently, a revised classifica-
tion has been published as part of the 4th edition of the WHO
monograph series.2 The aim of the revision was to incorporate new
scientific and clinical information to refine diagnostic criteria for
previously described neoplasms and to introduce newly recognized
disease entities. Our purpose in this communication is to highlight
major changes in the revised WHO classification of myeloid
neoplasms and acute leukemia and to provide the rationale for
those changes.

Background of the WHO
classification/revision

The principles of the WHO classification have been described
previously.3,4 Briefly, the classification uses all available informa-
tion—morphology, cytochemistry, immunophenotype, genetics,

and clinical features—to define clinically significant disease enti-
ties. It is a consensus classification in which a number of experts
have agreed on the classification and the diagnostic criteria used for
defining the entities that compose it. Nearly 30 clinicians and
clinical scientists from around the world who are recognized for
their expertise in myeloid neoplasms and acute leukemia were
invited to be members of the Myeloid and Acute Leukemia Clinical
Advisory Committee (CAC). The CAC met with the pathology
committee and made a number of recommendations that were
incorporated in the revision to ensure that the classification would
be clinically useful. Representatives of international consensus
groups such as the International Working Group for Myelofibrosis
Research and Treatment and the European Group for the Immuno-
logic Classification of Leukemia were included in the CAC.

Proposals for revisions and for recognition of new entities for
the 4th edition were based on studies published in the recent
literature with the goal of providing a classification that can be used
in daily clinical practice as well as serve as a common language for
clinical trials and laboratory investigation. However, even during
the revision process, new information was being published regard-
ing a number of the myeloid neoplasms. To be incorporated in a
universally accepted classification scheme, recent data need to
“mature” and their significance needs to be widely acknowledged.
Therefore, to accommodate such recent information, a number of
“provisional entities” are found within the major subgroups of
diseases. These are newly described or characterized disorders that
are clinically and/or scientifically important and should be consid-
ered in the classification, but for which additional studies are
needed to clarify their significance. It is likely that many of these
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provisional categories will be incorporated as confirmed entities in
the next revision process.

Guidelines for using the WHO classification
of myeloid neoplasms

In the WHO classification, the term “myeloid” includes all cells
belonging to the granulocytic (neutrophil, eosinophil, basophil),
monocytic/macrophage, erythroid, megakaryocytic and mast cell
lineages. The WHO criteria for myeloid neoplasms apply to initial
diagnostic peripheral blood (PB) and bone marrow (BM) speci-
mens obtained prior to any definitive therapy for a suspected
hematologic neoplasm. Morphologic, cytochemical, and/or immu-
nophenotypic features are used for establishing the lineage of the
neoplastic cells and for assessment of their maturation. The blast
percentage remains a practical tool for categorizing myeloid
neoplasms and judging their progression. In the WHO scheme, a
myeloid neoplasm with 20% or more blasts in the PB or BM is
considered to be acute myeloid leukemia (AML) when it occurs de
novo, evolution to AML when it occurs in the setting of a
previously diagnosed myelodysplastic syndrome (MDS) or myelo-
dysplastic/myeloproliferative neoplasm (MDS/MPN), or blast trans-
formation in a previously diagnosed myeloproliferative neoplasm
(MPN). In some cases associated with specific genetic abnormali-
ties, however, the diagnosis of AML may be made regardless of the
blast count in the PB or BM (see “Acute myeloid leukemia and
related precursor neoplasms”). The 20% blast threshold is not a
mandate to treat the patient as having AML or blast transformation;
therapeutic decisions must always be based on the clinical situation
after all information is considered. A tumoral proliferation of blasts
in an extramedullary site (myeloid sarcoma) is also considered to
be AML when it is found de novo or in a patient with MDS or
MDS/MPN, and blast transformation in cases of MPN. Blast
percentages should be derived, when possible, from 200-cell
leukocyte differential counts of the PB smear and 500-cell differen-
tial counts of all nucleated BM cells on cellular marrow aspirate
smears stained with Wright-Giemsa (see Table 1). Blasts are
defined using the criteria recently proposed by the International
Working Group on Morphology of Myelodysplastic Syndrome.5

Determination of the blast percentage by assessment of CD34�

cells by flow cytometry is not recommended as a substitute for
visual inspection; not all leukemic blasts express CD34, and
hemodilution and processing artefacts can produce misleading
results. For acute leukemia, multiparameter flow cytometry (3 or
more colors) is the method of choice for determining the blast
lineage as well as for detecting aberrant antigenic profiles that may
prove useful for disease monitoring.

Although a BM core biopsy may not be required in every case,
an adequate biopsy does provide the most accurate assessment of
the marrow cellularity, topography, stromal changes, and matura-
tion pattern of the hematopoietic lineages, and it can be invaluable
in detecting residual disease following therapy. In addition, the
biopsy provides material for immunohistochemical detection of
antigens that can be diagnostically and prognostically useful, such
as CD34, TdT, and Ki67, particularly if marrow aspirate smears are
poorly cellular.6

A complete cytogenetic analysis of BM cells is essential during
initial evaluation for establishing a baseline karyotype; repeat
analyses are recommended as needed thereafter for judging the
response to therapy or for detecting genetic evolution. Additional
genetic studies should be guided by the results of the initial

karyotype and by the diagnosis suspected based on the clinical,
morphologic, and immunophenotypic studies. In some cases,
reverse transcriptase–polymerase chain reaction (RT-PCR) and/or
fluorescence in situ hybridization (FISH) may detect variants of
well-recognized cytogenetic abnormalities or submicroscopic ab-
normalities not detected by routine karyotyping, such as the
FIP1L1-PDGFRA fusion in some myeloid neoplasms associated
with eosinophilia.7 In addition, gene mutations are increasingly
being recognized as important diagnostic and prognostic markers
in myeloid neoplasms. These include, among others, mutations of
JAK2, MPL, and KIT in MPN8-13; NRAS, KRAS, NF1, and PTPN11
in MDS/MPN14-19; NPM1, CEBPA, FLT3, RUNX1, KIT, WT1, and
MLL in AML20-24; and GATA125 in myeloid proliferations associ-
ated with Down syndrome. Many of these gene mutations figure
importantly in the revised WHO classification. Although over- and
underexpression of genes has proved to affect the prognosis in
some myeloid neoplasms,21 at the present time analyses of gene

Table 1. Guidelines for using the revised WHO classification of
myeloid neoplasms

Specimen requirements

PB and BM specimens collected prior to any definitive therapy.

PB and cellular BM aspirate smears and/or touch preparations stained with

Wright-Giemsa or similar stain.

BM biopsy, at least 1.5 cm in length and at right angles to the cortical bone, is

recommended for all cases if feasible.

BM specimens for complete cytogenetic analysis and, when indicated, for flow

cytometry, with an additional specimen cryopreserved for molecular genetic

studies. The latter studies should be performed based on initial karyotypic,

clinical, morphologic, and immunophenotypic findings.

Assessment of blasts

Blast percentage in PB and BM is determined by visual inspection.

Myeloblasts, monoblasts, promonocytes, megakaryoblasts (but not dysplastic

megakaryocytes) are counted as blasts when summing blast percentage for

diagnosis of AML or blast transformation; count abnormal promyelocytes as

�blast equivalents� in APL.

Proerythroblasts are not counted as blasts except in rare instances of �pure�

acute erythroleukemia.

Flow cytometric assessment of CD34� cells is not recommended as a substitute

for visual inspection; not all blasts express CD34, and artifacts introduced by

specimen processing may result in erroneous estimates.

If the aspirate is poor and/or marrow fibrosis is present, IHC on biopsy sections for

CD34 may be informative if blasts are CD34�.

Assessment of blast lineage

Multiparameter flow cytometry (at least 3 colors) is recommended; panel should

be sufficient to determine lineage as well as aberrant antigen profile of

neoplastic population.

Cytochemistry, such as myeloperoxidase or nonspecific esterase, may be helpful,

particularly in AML, NOS, but it is not essential in all cases.

IHC on biopsy may be helpful; many antibodies are now available for recognition

of myeloid and lymphoid antigens.

Assessment of genetic features

Complete cytogenetic analysis from BM at initial diagnosis when possible.

Additional studies, such as FISH, RT-PCR, mutational status, should be guided

by clinical, laboratory, and morphologic information.

Mutational studies for mutated NPM1, CEBPA, and FLT3 are recommended in all

cytogenetically normal AML; mutated JAK2 should be sought in

BCR-ABL1–negative MPN, and mutational analysis for KIT, NRAS, PTNP11,

etc, should be performed as clinically indicated.

Correlation/reporting of data

All data should be assimilated into one report that states the WHO diagnosis.

WHO indicates World Health Organization; PB, peripheral blood; BM, bone
marrow; IHC, immunohistochemistry; AML, acute myeloid leukemia; APL, acute
promyelocytic leukemia; NOS, not otherwise specified; FISH, fluorescence in situ
hybridization; RT-PCR, reverse transcriptase–polymerase chain reaction; and MPN,
myeloproliferative neoplasm.
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dosage by quantitative RT-PCR is not practical on a daily basis, nor
have gene expression arrays been introduced into routine use, and
therefore such data are not included in this revision.

Revised WHO classification of myeloid
neoplasms and acute leukemia

Table 2 lists the major subgroups of myeloid neoplasms and acute
leukemia in the WHO classification, and the specific entities of
which they are composed. The nomenclature for the myeloprolifera-
tive entities is changed from “chronic myeloproliferative disease”
to “myeloproliferative neoplasms” in order to accurately reflect
their neoplastic nature. To be consistent, the subgroup formerly
designated as “myelodysplastic/myeloproliferative diseases” has
been renamed “myelodysplastic/myeloproliferative neoplasms.” In
addition, a new subgroup, “Myeloid and lymphoid neoplasms with
eosinophilia and abnormalities of PDGFRA, PDGFRB, and FGFR1”
has been added. Within each of the major subgroups of myeloid
neoplasms and acute leukemia, new entities have been added
and/or diagnostic criteria have been changed.

Myeloproliferative neoplasms and myeloid
neoplasms associated with eosinophilia

The MPNs are listed in Table 2. The revisions in the criteria for the
WHO classification of MPN have been influenced by 2 factors:
(1) the discovery of genetic abnormalities that can be used as
diagnostic markers in BCR-ABL1–negative MPN and (2) better
characterization of histologic features that aid in the identification
of MPN subtypes.

In the previous WHO scheme, detection of the Philadelphia
(Ph) chromosome and/or BCR-ABL1 fusion gene was used to
confirm the diagnosis of CML, whereas the BCR-ABL1–negative
MPN subtypes were diagnosed according to their clinical and
laboratory features supported by minor contributions from histopa-
thology.1 A number of criteria were required for distinguishing the
MPN subtypes not only from each other, but also from reactive
granulocytic, erythroid, and/or megakaryocytic hyperplasia that
often mimics MPN. Now it is recognized that in the other MPNs, as

Table 2. WHO classification of myeloid neoplasms and acute
leukemia

Myeloproliferative neoplasms (MPN)

Chronic myelogenous leukemia, BCR-ABL1–positive

Chronic neutrophilic leukemia

Polycythemia vera

Primary myelofibrosis

Essential thrombocythemia

Chronic eosinophilic leukemia, not otherwise specified

Mastocytosis

Myeloproliferative neoplasms, unclassifiable

Myeloid and lymphoid neoplasms associated with eosinophilia and

abnormalities of PDGFRA, PDGFRB, or FGFR1

Myeloid and lymphoid neoplasms associated with PDGFRA rearrangement

Myeloid neoplasms associated with PDGFRB rearrangement

Myeloid and lymphoid neoplasms associated with FGFR1 abnormalities

Myelodysplastic/myeloproliferative neoplasms (MDS/MPN)

Chronic myelomonocytic leukemia

Atypical chronic myeloid leukemia, BCR-ABL1–negative

Juvenile myelomonocytic leukemia

Myelodysplastic/myeloproliferative neoplasm, unclassifiable

Provisional entity: refractory anemia with ring sideroblasts and thrombocytosis

Myelodysplastic syndrome (MDS)

Refractory cytopenia with unilineage dysplasia

Refractory anemia

Refractory neutropenia

Refractory thrombocytopenia

Refractory anemia with ring sideroblasts

Refractory cytopenia with multilineage dysplasia

Refractory anemia with excess blasts

Myelodysplastic syndrome with isolated del(5q)

Myelodysplastic syndrome, unclassifiable

Childhood myelodysplastic syndrome

Provisional entity: refractory cytopenia of childhood

Acute myeloid leukemia and related neoplasms

Acute myeloid leukemia with recurrent genetic abnormalities

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11

APL with t(15;17)(q22;q12); PML-RARA

AML with t(9;11)(p22;q23); MLLT3-MLL

AML with t(6;9)(p23;q34); DEK-NUP214

AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1

AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1

Provisional entity: AML with mutated NPM1

Provisional entity: AML with mutated CEBPA

Acute myeloid leukemia with myelodysplasia-related changes

Therapy-related myeloid neoplasms

Acute myeloid leukemia, not otherwise specified

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Acute erythroid leukemia

Pure erythroid leukemia

Erythroleukemia, erythroid/myeloid

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Table 2. WHO classification of myeloid neoplasms and acute
leukemia (continued)

Acute leukemias of ambiguous lineage

Acute undifferentiated leukemia

Mixed phenotype acute leukemia with t(9;22)(q34;q11.2); BCR-ABL1

Mixed phenotype acute leukemia with t(v;11q23); MLL rearranged

Mixed phenotype acute leukemia, B-myeloid, NOS

Mixed phenotype acute leukemia, T-myeloid, NOS

Provisional entity: natural killer (NK) cell lymphoblastic leukemia/lymphoma

B lymphoblastic leukemia/lymphoma

B lymphoblastic leukemia/lymphoma, NOS

B lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities

B lymphoblastic leukemia/lymphoma with t(9;22)(q34;q11.2);BCR-ABL 1

B lymphoblastic leukemia/lymphoma with t(v;11q23);MLL rearranged

B lymphoblastic leukemia/lymphoma with t(12;21)(p13;q22) TEL-AML1

(ETV6-RUNX1)

B lymphoblastic leukemia/lymphoma with hyperdiploidy

B lymphoblastic leukemia/lymphoma with hypodiploidy

B lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32) IL3-IGH

B lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3);TCF3-PBX1

T lymphoblastic leukemia/lymphoma
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in CML, the abnormal proliferation is due to clonal rearrangements
or mutations of genes that encode surface or cytoplasmic protein
tyrosine kinases (PTKs) that lead to constitutively activated signal
transduction pathways.8-13,26,27 In some cases, the genetic abnormal-
ity, such as the BCR-ABL1 fusion gene in CML, is associated with
consistent clinical, laboratory, and/or morphologic features that
allow the genetic abnormality to be used as a major criterion for
diagnosis. Other abnormalities, such as mutated JAK2 or KIT, are
not specific for any single MPN but provide proof that the
proliferation is clonal and thus, when present, eliminate further
consideration of a reactive process.

At the present time, the most commonly recognized mutation in
BCR-ABL1–negative MPN is JAK2 V617F.11,26-28 This mutation is
found in more than 90% of patients with polycythemia vera (PV)
and in nearly one-half of those with primary myelofibrosis (PMF) or essential thrombocythemia (ET).11,27 Therefore, JAK2 V617F is

not specific for any single MPN, nor does its absence exclude any
MPN. In the few PV patients who lack this mutation, a similar
activating JAK2 exon 12 mutation may be found,29 and a small
proportion of patients with PMF and ET who lack mutated JAK2
may instead demonstrate activating mutations of MPL, such as
MPL W515K or MPL W515L.12 The WHO diagnostic algorithms
for PV, ET, and PMF require analysis for mutated JAK2 and if
absent, for other relevant genetic abnormalities that may provide
proof of clonality of the proliferative process. Still, additional
parameters are required to ensure accurate diagnosis and subclassi-
fication regardless of whether a mutation is or is not found. Clinical
and laboratory findings form the backbone of these diagnostic
criteria, but histopathologic findings characteristic of each MPN
subtype have been included in the criteria as well.30 The revised
criteria for PV, ET, and PMF are listed in Tables 3, 4 and 5,
respectively. For ET some investigators have argued that patients
with clinical and morphologic findings of ET may have platelet
counts that exceed the normal range, but that fail to meet the
diagnostic threshold previously required.31-33 In the revised criteria,
the platelet threshold for the diagnosis of ET has therefore been
lowered from 600 � 109/L to 450 � 109/L.

Recently, some authorities have raised concerns regarding the
inclusion of histologic features as diagnostic parameters for PV,
ET, and PMF. In particular, the histologic distinction between the
“prefibrotic” stage of PMF (a stage often associated with marked
thrombocytosis in the PB and granulocytic and atypical megakaryo-
cytic proliferation with minimal, if any, fibrosis in the BM) and ET

Table 3. Criteria for polycythemia vera (PV)

Diagnosis requires the presence of both major criteria and one minor criterion
or the presence of the first major criterion together with two minor criteria:

Major criteria

1. Hemoglobin � 18.5 g/dL in men, 16.5 g/dL in women or other evidence of

increased red cell volume*

2. Presence of JAK2 V617F or other functionally similar mutation such as JAK2

exon 12 mutation

Minor criteria

1. Bone marrow biopsy showing hypercellularity for age with trilineage growth

(panmyelosis) with prominent erythroid, granulocytic, and megakaryocytic

proliferation

2. Serum erythropoietin level below the reference range for normal

3. Endogenous erythroid colony formation in vitro

*Hemoglobin or hematocrit � 99th percentile of method-specific reference range
for age, sex, altitude of residence

or hemoglobin � 17 g/dL in men, 15 g/dL in women if associated with a
documented and sustained increase of at least 2 g/dL from a person’s baseline value
that cannot be attributed to correction of iron deficiency

or elevated red cell mass � 25% above mean normal predicted value.

Table 4. Criteria for essential thrombocythemia (ET)

Diagnosis requires meeting all 4 criteria

1. Sustained platelet count � 450 � 109/L*

2. Bone marrow biopsy specimen showing proliferation mainly of the

megakaryocytic lineage with increased numbers of enlarged, mature

megakaryocytes. No significant increase or left-shift of neutrophil granulopoiesis

or erythropoiesis.

3. Not meeting WHO criteria for polycythemia vera,† primary myelofibrosis,‡

BCR-ABL1–positive CML,§ or myelodysplastic syndrome,� or other myeloid

neoplasm.

4. Demonstration of JAK2 V617F or other clonal marker, or in the absence of JAK2

V617F, no evidence of reactive thrombocytosis¶.

ET indicates essential thrombocythemia; BM, bone marrow; WHO, World Health
Organization; and CML, chronic myelogenous leukemia.

*Sustained during the work-up process.
†Requires the failure of iron replacement therapy to increase hemoglobin level to

the polycythemia vera range in the presence of decreased serum ferritin. Exclusion of
polycythemia vera is based on hemoglobin and hematocrit levels, and red cell mass
measurement is not required.

‡Requires the absence of relevant reticulin fibrosis, collagen fibrosis, peripheral
blood leukoerythroblastosis, or markedly hypercellular marrow accompanied by
megakaryocyte morphology that is typical for primary myelofibrosis—small to large
megakaryocytes with an aberrant nuclear/cytoplasmic ratio and hyperchromatic,
bulbous, or irregularly folded nuclei and dense clustering.

§Requires the absence of BCR-ABL1.
�Requires the absence of dyserythropoiesis and dysgranulopoiesis.
¶Causes of reactive thrombocytosis include iron deficiency, splenectomy, sur-

gery, infection, inflammation, connective tissue disease, metastatic cancer, and
lymphoproliferative disorders. However, the presence of a condition associated with
reactive thrombocytosis does not exclude the possibility of ET if other criteria are met.

Table 5. Criteria for primary myelofibrosis (PMF)

Diagnosis requires meeting all 3 major criteria and 2 minor criteria

Major criteria

1. Presence of megakaryocyte proliferation and atypia,* usually accompanied by

either reticulin or collagen fibrosis,

or,

in the absence of significant reticulin fibrosis, the megakaryocyte changes

must be accompanied by an increased bone marrow cellularity characterized

by granulocytic proliferation and often decreased erythropoiesis (ie, prefibrotic

cellular-phase disease)

2. Not meeting WHO criteria for polycythemia vera,† BCR-ABL1–positive chronic

myelogenous leukemia,‡ myelodysplastic syndrome,§ or other myeloid

disorders

3. Demonstration of JAK2 V617F or other clonal marker (eg, MPLW515K/L),

or,

in the absence of the above clonal markers, no evidence that bone marrow

fibrosis is secondary to infection, autoimmune disorder or other chronic

inflammatory condition, hairy cell leukemia or other lymphoid neoplasm,

metastatic malignancy, or toxic (chronic) myelopathies�
Minor criteria

1. Leukoerythroblastosis¶

2. Increase in serum lactate dehydrogenase level¶

3. Anemia¶

4. Palpable splenomegaly¶

*Small to large megakaryocytes with an aberrant nuclear/cytoplasmic ratio and
hyperchromatic, bulbous, or irregularly folded nuclei and dense clustering.

†Requires the failure of iron replacement therapy to increase hemoglobin level to
the polycythemia vera range in the presence of decreased serum ferritin. Exclusion of
polycythemia vera is based on hemoglobin and hematocrit levels. Red cell mass
measurement is not required.

‡Requires the absence of BCR-ABL1.
§Requires the absence of dyserythropoiesis and dysgranulopoiesis.
�It should be noted that patients with conditions associated with reactive

myelofibrosis are not immune to primary myelofibrosis, and the diagnosis should be
considered in such cases if other criteria are met.

¶Degree of abnormality could be borderline or marked.
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has been questioned.34 It is important to note that the histopatho-
logic features included in the WHO criteria for PV, PMF, and ET
were derived from a number of clinical-pathologic studies35-37 and
that the WHO classification does not advocate that any single
histologic feature is sufficient for a diagnosis of any MPN, but must
be interpreted in the context of other clinical and laboratory
criteria.

Since the last edition of the WHO classification, it has been
appreciated that some cases of eosinophilia, including cases
formerly designated as chronic eosinophilic leukemia (CEL) or the
“hypereosinophilic syndrome,” are caused by abnormalities in
genes that encode the alpha or beta moieties of the platelet-derived
growth factor receptor (PDGFR). Rearrangements of PDGFRB at
chromosome band 5q33 were first recognized in cases variably
reported as chronic myelomonocytic leukemia (CMML) with
eosinophilia, or less commonly, as CEL.38-41 More recently, the
gene that encodes the alpha chain of PDGFR, PDGFRA, located at
chromosome band 4q12, was found to be involved in cryptic
translocations in cases of CEL and in a substantial number of cases
reported as idiopathic hypereosinophilic syndrome.7 Rearrange-
ments of FGFR1 have also been implicated in myeloproliferations
with prominent eosinophilia, that is, the “8p11.2 myeloproliferative
syndrome.”42 Patients with FGFR1 rearrangements, however, may
initially have T- or B-lymphoblastic leukemia/lymphoma associ-
ated with prominent tissue eosinophilia that may later evolve to a
myeloid neoplasm with eosinophilia.42,43 Rare cases associated
with PDGFRA rearrangements have also been reported to initially
have a lymphoblastic neoplasm.44 Therefore, although it might
seem less confusing to categorize cases with rearranged PDGFRA,
PDGFRB, or FGFR1 and eosinophilia as CEL within the MPN
category, this would ignore cases with PDGRB rearrangements that
have CMML as well as cases with rearrangements of FGFR1 and
PDGFRA that may have a lymphoid component. For these reasons,
as well as for the therapeutic implications of specific identification
of rearranged PDGFRA and PDGFRB that are sensitive to imatinib
therapy, these cases were assigned to a new subgroup, “Myeloid/
lymphoid neoplasms with eosinophilia associated with rearrange-
ments of PDGFRA, PDGFRB, or FGFR1.” Cases of myeloid
neoplasms with eosinophilia that lack these rearrangements should
be classified as CEL, not otherwise specified (NOS), if the
following criteria are met: eosinophil count is 1.5 � 109/L or
greater, blasts are less than 20% in the PB and BM, there is no
BCR-ABL1 fusion gene, inv(16)(p13.1q22) or t(16;16)(p13.1;q22),
and no evidence of another MPN or MDS/MPN, but there is a
clonal, myeloid-related cytogenetic or molecular genetic abnormal-
ity, or blast cells are more than 2% in the PB or 5% in the BM.
Cases with eosinophilia that lack evidence of clonality may be
diagnosed as “idiopathic hypereosinophilic syndrome” after all
causes of reactive eosinophilia have been excluded.40

The appreciation of the role abnormal PTKs play in the
pathogenesis of the MPNs argued for the inclusion of other chronic
myeloid proliferations related to constitutively activated PTKs
under the MPN umbrella. Thus, systemic mastocytosis, which has
many myeloproliferative features and is almost always associated
with the KIT D816V mutation,45 has been added to the MPN
category. Still, the pathogenesis of nearly one-half of cases of ET
and PMF, all cases of chronic neutrophilic leukemia, and a number
of cases of CEL remains unknown. For these, reliance on clinical,
morphologic, and laboratory features is essential for diagnosis and
classification.

Significant changes in the diagnosis and classification of MPN

1. The nomenclature has been changed from “myeloproliferative
disorders” (MPDs) to “myeloproliferative neoplasms” (MPNs).

2. Diagnostic algorithms for PV, ET, and PMF have substantially
changed to include information regarding JAK2 V617F and similar
activating mutations. Additional clinical, laboratory, and histologic
parameters have been included to allow diagnosis and subclassifica-
tion regardless of whether JAK2 V617F or a similar mutation is or
is not present.

3. The platelet count threshold for the diagnosis of ET has been
lowered from > 600 � 109/L to > 450 � 109/L.

4. Some cases previously meeting the criteria for chronic eosinophilic
leukemia (CEL) may be categorized in a new subgroup, “Myeloid
and lymphoid neoplasms with eosinophilia and abnormalities of
PDGFRA, PDGFRB, or FGFR1.”

5. Systemic mastocytosis has been included in the MPN category.

Myelodysplastic/myeloproliferative
neoplasms

The MDS/MPN category was introduced in the 3rd edition to
include myeloid neoplasms with clinical, laboratory, and morpho-
logic features that overlap MDS and MPN. This subgroup includes
chronic myelomonocytic leukemia (CMML), atypical chronic
myeloid leukemia (aCML), juvenile myelomonocytic leukemia
(JMML), and a provisional entity within the MDS/MPN unclassifi-
able group, refractory anemia with ring sideroblasts and thrombo-
cytosis (RARS-T). A few cases of CMML and aCML have been
reported to demonstrate JAK2 mutations,27,46,47 but the proliferative
aspects of most cases are related to aberrancies in the RAS/MAPK
signaling pathways. In JMML, nearly 75% of patients demonstrate
mutually exclusive mutations of PTPN11, NRAS or KRAS, or NF1,
all of which encode signaling proteins in RAS dependent path-
ways.14,16 Approximately 30% to 40% of cases of CMML and
aCML also exhibit NRAS or KRAS mutations.17-19,48 There is
therefore currently no convincing evidence to suggest that the
MDS/MPN entities should be reclassified as either MPN or
MDS, and the “mixed” MDS/MPN subgroup remains in the
revised classification (Table 2). The distinction between CMML-1
and CMML-2, based on the percentage of blasts plus promono-
cytes in the PB and BM (CMML1 � � 5% blasts plus promono-
cytes in the PB and � 10% blasts plus promonocytes in the BM;
CMML2 � 5% or more PB blasts plus promonocytes or 10% or
more BM blasts plus promonocytes) suggested in the 3rd edition
of the WHO classification has proved to be clinically signifi-
cant49,50 and is again recommended in the revised edition. Cases
of CMML with eosinophilia should be investigated for the
PDGFRB abnormality and if it is found, the case should be
classified as a myeloid neoplasm with eosinophilia associated
with PDGFRB rearrangement.

During the revision process, the greatest controversy regarding
MDS/MPN was related to the provisional entity RARS-T. A substan-
tial proportion of cases of RARS-T are reported to demonstrate
JAK2 V617F or, much less commonly, mutated MPL (reviewed in
Hellström-Lindberg51), and the percentage of patients with RARS-T
who have such mutations have been reported to vary directly with
the height of the platelet count.52 These findings have prompted
some authorities to suggest that RARS-T should be moved to the
MPN category, whereas others argued that RARS-T is not a distinct
entity at all, but rather an MPN that has undergone genetic
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evolution to acquire ring sideroblasts. The few cases of RARS-T
that have been studied by in vitro culture, however, including some
with JAK2 V617F, have shown poor colony formation with lack of
endogenous growth—features that are more in keeping with MDS
than with MPN.53,54 Taken together, the JAK2 data and the in vitro
culture studies suggest that RARS-T is probably a distinct disease
that is appropriately classified in the MDS/MPN category. If so, the
major question regarding RARS-T involves the precise criteria for
its definition, and in particular, how to distinguish it from RARS, in
which modestly elevated platelet counts are often reported. This
point is even more important in view of the revised criteria for
RARS-T that lower the platelet threshold from 600 � 109/L to
450 � 109/L (in keeping with the revised criteria for ET). The
revised criteria for RARS-T require not only that there be
refractory anemia accompanied by thrombocytosis (� 450 � 109/L)
and dyserythropoiesis including ring sideroblasts that account for
15% or more of the erythroid precursors, but also that there is also a
proliferation of large megakaryocytes, resembling those in ET or
PMF. Such megakaryocytes are not likely to be seen in RARS.
Still, because more studies are necessary for a clear definition of the
boundaries of this disease, particularly the lower platelet threshold,
RARS-T remains as a provisional entity in the revised classification.

Significant changes in the diagnosis and classification of
MDS/MPN

1. Some cases of CMML with eosinophilia are relocated to the
category “Myeloid/lymphoid neoplasms with eosinophilia and PDG-
FRB rearrangement.”

2. The category atypical CML has been renamed atypical CML,
BCR-ABL1–negative to emphasize that it is not merely a variant of
CML, BCR-ABL1–positive.

3. RARS-T remains as a “provisional entity” classified as MDS/MPN,
unclassifiable, RARS-T. The criteria have been modified to include
refractory anemia, dyserythropoiesis in the bone marrow with ring
sideroblasts accounting for 15% or more of erythroid precursors,
and megakaryocytes with features resembling those in PMF or ET;
the platelet threshold is lowered to 450 � 109/L.

Myelodysplastic syndromes

Myelodysplastic syndromes (MDS) remain among the most chal-
lenging of the myeloid neoplasms to diagnose and classify,
particularly in cases in which the blast percentage is not increased
in the PB or BM. Diagnostic problems can arise when the clinical
and laboratory findings suggest MDS but the morphologic findings
are inconclusive; when there is secondary dysplasia caused by
nutritional deficiencies, medications, toxins, growth factor therapy,
inflammation or infection; or when marrow hypocellularity or
myelofibrosis obscures the underlying disease process.6,55-58 In
addition, for occasional patients in whom the diagnosis of MDS is
clear, there may be difficulties in subclassification according to the
previous WHO scheme, for example, in patients with isolated
refractory thrombocytopenia accompanied by unilineage dysplasia
of megakaryocytes. Although some diagnostic issues can be
addressed in individual patients only by clinical evaluation and
follow-up, the members of the CAC recommended that the
minimal diagnostic criteria be more clearly stated, particularly for
cases in which there is no increase in the blast percentage in the PB
and/or BM, that the diagnostic role of cytogenetics and flow
cytometry be clarified, and that the classification be modified to

allow for more clinically relevant classification of patients who
currently may fall into the “MDS, unclassifiable” category. Lastly,
the CAC suggested that the WHO monograph should address
diagnostic problems related to hypocellular MDS and MDS with
myelofibrosis (MDS-F).

The “minimal” morphologic criteria for the diagnosis of MDS
remain similar to those stated in the 3rd edition: in the appropriate
clinical setting, at least 10% of the cells of at least one myeloid BM
lineage (erythroid, granulocytic, megakaryocytic) must show un-
equivocal dysplasia for the lineage to be considered as dysplas-
tic.56,59,60 Causes of secondary dysplasia as well as congenital
abnormalities such as congenital dyserythropoietic anemia should
be excluded before a diagnosis of MDS is rendered. If, however, a
patient with clinical and other laboratory features consistent with
MDS has inconclusive morphologic features, a presumptive diagno-
sis of MDS can be made if a specific clonal chromosomal
abnormality, listed in Table 6, is present. It is important to note that
some recurring cytogenetic abnormalities observed in MDS, particu-
larly del(20q), �8, and �Y, are not included in the list. These
abnormalities have been reported to occur in some patients with
aplastic anemia or other cytopenic syndromes who have a good
response to immunosuppressive therapy and/or who show no
morphologic evidence of MDS with prolonged follow-up.61-63

Moreover, loss of the Y chromosome in hematopoietic cells has
also been reported to be a phenomenon associated with aging.64

Thus, it is not yet clear that these abnormalities are necessarily
indicative of MDS when the morphologic features are not conclu-
sive. If only unilineage dysplasia is present in the BM but one of the
recurrent cytogenetic abnormalities listed in Table 6 is not present,
and there is no increase in blasts in the PB or BM, and ring
sideroblasts are less than 15% of the erythroid precursors, an
observation period of 6 months and repeat bone marrow investiga-
tion is recommended prior to making the diagnosis of MDS. This
will ensure that the clinical and morphologic features persist and
are not secondary to any other disorder that emerges in that period.

Whether phenotypic abnormalities demonstrated by flow cytom-
etry, such as asynchronous expression of maturation-associated
antigens on myeloid cells, are diagnostic of MDS when morpho-
logic features are inconclusive was considered at the CAC meeting.
The consensus was that, although numerous authors have reported
aberrant antigen expression patterns characteristic for MDS cells,65-67

sufficient numbers of cases with secondary dysplasia have not been
adequately evaluated so that it can be proved that the changes are
specific for MDS. Until such data are available, it is recommended
that, if 3 or more phenotypic abnormalities are found involving one
or more of the myeloid lineages the findings can be considered as

Table 6. Recurring chromosomal abnormalities considered as
presumptive evidence of MDS in the setting of persistent cytopenia
of undetermined origin, but in the absence of definitive
morphologic features of MDS

Unbalanced abnormalities Balanced abnormalities

�7 or del(7q) t(11;16)(q23;p13.3)

�5 or del(5q) t(3;21)(q26.2;q22.1)

i(17q) or t(17p) t(1;3)(p36.3;q21.1)

�13 or del(13q) t(2;11)(p21;q23)

del(11q) inv(3)(q21q26.2)

del(12p) or t(12p) t(6;9)(p23;q34)

del(9q)

idic(X)(q13)

Complex karyotype (3 or more chromosomal abnormalities) involving one or

more of the above abnormalities.
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“suggestive” of MDS, but in the absence of conclusive morpho-
logic and/or cytogenetic features, flow cytometric abnormalities
alone are not diagnostic of MDS. Patients whose cells exhibit
aberrant phenotypic features suggestive of MDS should be care-
fully followed for morphologic features sufficient to substantiate
the diagnosis.

Despite clarifications of the diagnostic criteria for MDS, there
will be a number of patients with persistent cytopenia(s) who lack
sufficient morphologic or cytogenetic evidence for a definitive
diagnosis of MDS. Some authors have suggested the term “idio-
pathic cytopenia of undetermined significance” (ICUS) for such
cases.68 Although this term is reasonable, it should be construed not
as an entity in the WHO classification of MDS, but as a description
for patients who do not fulfill the minimal WHO criteria. These
patients should be carefully monitored for emerging morphologic
or cytogenetic evidence of MDS.

The revised WHO classification of MDS has been further
refined to allow for a more precise and prognostically relevant
subclassification of patients with unilineage dysplasia who, in the
previous scheme, were considered as “unclassifiable.” Such cases
included patients with isolated thrombocytopenia with dysplasia

limited to the megakaryocytic lineage or neutropenia with only
granulocytic dysplasia, and no blasts in the blood and fewer than
5% blasts in the bone marrow. The category of “refractory
cytopenia with unilineage dysplasia” has been expanded and
redefined to include MDS patients with less than 1% blasts in the
PB and less than 5% in the BM, but 10% or more dysplastic cells in
a single myeloid lineage. This category includes the entities of
refractory anemia (RA) for those with anemia and only dyserythro-
poiesis (but in whom ring sideroblasts account for less than 15% of
the erythroid precursors), refractory neutropenia (RN) for those
with neutropenia and only dysgranulopoiesis, and refractory throm-
bocytopenia (RT) for those with thrombocytopenia and morpho-
logic dysplasia limited to the megakaryocytic lineage. The criteria
also permit patients to be included in one of these categories if the
dysplasia is unilineage but there is bi-cytopenia in the PB. On the
other hand, patients with pancytopenia and unilineage morphologic
dysplasia are classified as having MDS, unclassifiable, because of
the uncertain clinical significance of such findings. These changes
are outlined in Table 7.

Some authors suggested that the previous WHO classifica-
tion failed to emphasize the prognostic significance of increased

Table 7. Peripheral blood and bone marrow findings in myelodysplastic syndrome (MDS)

Disease Blood findings BM findings

Refractory cytopenia with unilineage dysplasia

(RCUD): (refractory anemia �RA	; refractory

neutropenia �RN	; refractory thrombocytopenia

�RT	)

Unicytopenia or bicytopenia*

No or rare blasts (� 1%)†

Unilineage dysplasia: � 10% of the cells in one myeloid

lineage

� 5% blasts

� 15% of erythroid precursors are ring sideroblasts

Refractory anemia with ring sideroblasts (RARS) Anemia

No blasts

� 15% of erythroid precursors are ring sideroblasts

Erythroid dysplasia only

� 5% blasts

Refractory cytopenia with multilineage dysplasia

(RCMD)

Cytopenia(s)

No or rare blasts (� 1%)†

No Auer rods

� 1 � 109/L monocytes

Dysplasia in � 10% of the cells in � 2 myeloid lineages

(neutrophil and/or erythroid precursors and/or

megakaryocytes)

� 5% blasts in marrow

No Auer rods


 15% ring sideroblasts

Refractory anemia with excess blasts-1 (RAEB-1) Cytopenia(s)

� 5% blasts†

No Auer rods

� 1 � 109/L monocytes

Unilineage or multilineage dysplasia

5%-9% blasts†

No Auer rods

Refractory anemia with excess blasts-2 (RAEB-2) Cytopenia(s)

5%-19% blasts‡

Auer rods 
‡

� 1 � 109/L monocytes

Unilineage or multilineage dysplasia

10%-19% blasts‡

Auer rods 
‡

Myelodysplastic syndrome—unclassified

(MDS-U)

Cytopenias

� 1% blasts†

Unequivocal dysplasia in � 10% of cells in one or more myeloid

lineages when accompanied by a cytogenetic abnormality

considered as presumptive evidence for a diagnosis of

MDS (see Table 6)

� 5% blasts

MDS associated with isolated del(5q) Anemia

Usually normal or increased platelet count

No or rare blasts (� 1%)

Normal to increased megakaryocytes with hypolobated nuclei

� 5% blasts

Isolated del(5q) cytogenetic abnormality

No Auer rods

*Bicytopenia may occasionally be observed. Cases with pancytopenia should be classified as MDS-U.
†If the marrow myeloblast percentage is � 5% but there are 2% to 4% myeloblasts in the blood, the diagnostic classification is RAEB-1. Cases of RCUD and RCMD with

1% myeloblasts in the blood should be classified as MDS-U.
‡Cases with Auer rods and � 5% myeloblasts in the blood and less than 10% in the marrow should be classified as RAEB-2. Although the finding of 5% to 19% blasts in the

blood is, in itself, diagnostic of RAEB-2, cases of RAEB-2 may have � 5% blasts in the blood if they have Auer rods or 10% to 19% blasts in the marrow or both. Similarly, cases
of RAEB-2 may have � 10% blasts in the marrow but may be diagnosed by the other 2 findings, Auer rod� and/or 5% to 19% blasts in the blood.
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blasts in the PB.69 To address this criticism, the revised
classification redefines the criteria for refractory anemia with
excess blasts (RAEB-1) to include patients with PB smears that
consistently show 2% to 4% blasts in the blood, even if the blast
percentage in the BM is less than 5%. Patients with 5% to 19%
PB blasts or 10% to 19% blasts in the BM are classified in the
highest WHO grade, RAEB-2.

A minority of patients with MDS initially have hypocellular
or myelofibrotic bone marrow specimens.70,71 Hypoplastic MDS
has no independent prognostic significance per se, but such
cases can pose diagnostic problems because they may show
some morphologic similarities with aplastic anemia, such as
macrocytic red blood cells. Also, MDS-F can be difficult to
diagnose and subclassify because cellular BM aspirate smears
cannot be obtained for evaluation of either dysplasia or blast
percentage. Furthermore, distinction of MDS-F from other
myeloid neoplasms with fibrosis, such as acute panmyelosis
with myelofibrosis and acute megakaryocytic leukemia, is often
difficult. Although criteria for the diagnosis of “hypocellular
MDS” and “MDS-F” have been suggested by various investiga-
tors,70,72 none are universally accepted nor, in the opinion of the
members of the CAC and pathology committees, is it clear that
they define a unique type of MDS that cannot be otherwise
accommodated within the framework of current MDS criteria.
Therefore, the revised WHO classification does not recognize
hypocellular MDS and MDS-F as distinct entities, but recom-
mends that, once such cases are found to meet the criteria for
MDS, they should be subclassified according to the MDS
guidelines, followed by “hypoplastic” or “with myelofibrosis”
as modifiers to the WHO subgroup, for example, “RAEB-2 with
myelofibrosis.” In MDS with hypocellularity or fibrosis, careful
examination of the PB for dysplasia, estimation of CD34� blasts
by immunohistochemistry in the BM biopsy, and correlation
with cytogenetic findings will usually allow the correct diagno-
sis and subclassification of the case.6,73,74 Most cases with
myelofibrosis will demonstrate an excess of blasts that can be
readily appreciated by immunohistochemical stains for CD34 on
the biopsy, whereas those with hypoplastic bone marrow
specimens are often in the lower grade groups. On the other
hand, in a hypocellular bone marrow that shows only unilineage
dysplasia—particularly of the erythroid lineage—and no cytoge-
netic abnormalities or increase in blasts, a diagnosis of MDS
should be deferred for an observation period of 6 months if
possible, as suggested for cases of RA without cytogenetic
abnormalities.

The 3rd edition of the WHO classification was criticized by
some pediatric hematologists for failing to recognize differences
between the clinical and pathologic features of MDS in children
and MDS in adults.75 At the CAC meeting it was the consensus of
the pediatric hematologists and hematopathologists that children
with MDS and 2% to 19% blasts in the PB and/or 5% to 19% blasts
in the BM may be categorized according to the same criteria as for
adults with MDS. However, in contrast to adults, isolated refractory
anemia is uncommon in childhood MDS, which more commonly is
initially associated with thrombocytopenia and/or neutropenia,
often accompanied by a hypocellular BM.75 In order to emphasize
the unique features of these cases of childhood MDS, the 4th edi-
tion of the WHO devotes a section to childhood MDS, in which a
provisional entity, refractory cytopenia of childhood (RCC), is
introduced in the classification. The category of RCC is reserved
for childhood cases with less than 2% blasts in the blood and less
than 5% in the marrow and persistent cytopenias associated with

dysplasia in at least 2 cell lineages. Often, BM specimens in RCC
are hypocellular, and if no MDS-related cytogenetic abnormalities
are present, the distinction between RCC and aplastic anemia or
congenital bone marrow failure syndromes may be very difficult.
Furthermore, the distinction, if any, between RCC and refractory
cytopenia with multilineage dysplasia as defined in adults is not
clear at this time. More study is needed to clarify these questions,
thus RCC is considered as a provisional entity.

Significant changes in the diagnosis and classification of MDS

1. Patients with refractory cytopenia(s) suspected to have MDS, but
who lack diagnostic morphologic features may be considered to
have presumptive evidence of MDS if they have specific MDS-
related cytogenetic abnormalities.

2. An over-arching category of MDS, refractory cytopenia with
unilineage dysplasia, has been added to incorporate patients who
exhibit unilineage dysplasia associated with refractory anemia
(unilineage erythroid dysplasia), refractory neutropenia (unilin-
eage dysgranulopoiesis), or refractory thrombocytopenia (unilin-
eage dysmegakaryocytopoiesis), and who have fewer than 1%
blasts in the blood and fewer than 5% in the bone marrow.

3. The category of refractory cytopenia with multilineage dysplasia is
no longer subdivided according to whether 15% or more of the
erythroid precursors are ring sideroblasts (RS), that is, the former
category of RCMD-RS is now incorporated in RCMD.

4. Patients with 2% to 4% blasts in the blood and less than 5% blasts
in the bone marrow should be diagnosed as having RAEB-1 if other
clinical and laboratory findings of MDS are present.

5. A provisional entity, refractory cytopenia of childhood (RCC), has
been added to include children with cytopenia(s) with less than 2%
blasts in the peripheral blood and less than 5% in the bone marrow
and evidence of dysplasia in 2 or more lineages. For children with
2% to 19% blasts in the blood and/or 5% to 19% in the bone
marrow, the MDS subclassification should be made using the same
criteria used for adults.

Acute myeloid leukemia and related precursor
neoplasms

The previous edition of the WHO classification ushered in the era
of incorporation of genetic abnormalities into diagnostic algo-
rithms for the diagnosis of AML. The 4 abnormalities initially
included in the subgroup “AML with recurring genetic abnormali-
ties” involved rearrangements of genes (RUNX1, CBFB, RARA,
and MLL) that encode transcription factors and that are associated
with fairly distinct clinical and morphologic features. Since the
publication of the 3rd edition of the classification, it has become
more widely appreciated that multiple genetic lesions—including
not only microscopically detectable chromosomal rearrangements
or numerical abnormalities but also submicroscopic gene muta-
tions—cooperate to establish the leukemic process and influence its
morphologic and clinical characteristics.76 Although rearrange-
ments of genes that encode transcription factors may lead to
impaired maturation of one or more myeloid lineages, mutations of
genes such as FLT3, JAK2, RAS, or KIT that encode proteins
involved in signal transduction pathways may be required for the
proliferation and/or survival of the neoplastic clone. The discovery
of the importance of gene mutations in leukemogenesis has also
paved the way for the genetic characterization of many cases of
cytogenetically normal AML.20,21,23,77 In cytogenetically abnormal
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as well as in cytogenetically normal AML, these newly discovered
genetic abnormalities may be associated with clinical, morpho-
logic, and/or phenotypic features that allow identification of a
specific leukemic entity, and in other instances have proved to be
powerful prognostic indicators even when they do not define a
specific leukemic subtype.77

One of the major challenges in the revision of the WHO
classification of AML was how to incorporate important and/or
recently described genetic aberrations into a classification scheme
of AML and yet adhere to the WHO principle of defining
homogeneous, biologically relevant, and mutually exclusive enti-
ties based not only on the prognostic value of a genetic abnormal-
ity, but on morphologic, clinical, phenotypic, and/or other unique
biologic properties. This was particularly problematic for the most
frequent and prognostically important mutations currently recog-
nized in cytogenetically normal AML, mutated FLT3, NPM1, and
CEBPA. These mutations are associated with few, if any, entirely
consistent morphologic or clinical features. Most notably, they are
not entirely mutually exclusive of each other or, particularly in the
case of FLT3, of other well-recognized cytogenetic defects.20,78

Yet, in the context of cytogenetically normal AML, they are each
important prognostic factors. Mutated NPM1 is found in 50% to
60% of cases of cytogenetically normal AML, and when only the
NPM1 mutation status is considered, is reported to be associated
with approximately 50% survival at 4 years.21,77 The FLT3-ITD
mutation is found in approximately 30% to 40% of cases of
cytogenetically normal AML, and when only the FLT3-ITD status
is considered is associated with a survival rate of only 20% to 25%
at 4 years. Mutations of CEBPA are found in approximately 15% of
cytogenetically normal AML cases and these patients have a nearly
60% 4-year survival rate. When NPM1 and FLT3-ITD status are
considered together, patients who have mutated NPM1 and are
FLT3-ITD–negative have a 4-year survival similar to that of the
CEBPA-mutated cases at approximately 60%, whereas the remain-
ing cases, being either NPM1 wild-type or FLT3-ITD–positive or
both, have a dismal 30% survival rate at 4 years.21,77

Despite the dilemma and controversy regarding how to incorpo-
rate recently described and clinically important genetic lesions into
the revised scheme, the framework of the classification proved
flexible enough so that new, well-defined entities could be incorpo-
rated as could provisional entities—those for which more data need
to be collected so that they can be better characterized. Table 2
shows the revised AML classification. In the subgroup of AML
with recurrent genetic abnormalities, 3 entities included in the
previous edition are retained: (1) AML with t(8;21)(q22;q22);
RUNX1-RUNX1T1; (2) AML with inv(16)(p13.1q22) or t(16;
16)(p13.1;q22); CBFB-MYH11; and (3) acute promyelocytic leuke-
mia (APL) with t(15;17)(q22;q12); PML-RARA. However, variant
RARA translocations, such as those involving ZBTB16 at 11q23,
NUMA1 at 11q13, NPM1 at 5q35, or STAT5B at 17q11.2, should be
diagnosed as AML with the variant partner specifically desig-
nated.79 For these entities alone [AML with t(8;21)(q22;q22), AML
with inv(16)(p13.1q22) or t(16;16;)(p13.1;q22), and APL with
t(15;17)(q22;q12)] the genetic abnormality is sufficient for the
diagnosis of AML in the appropriate setting regardless of the blast
percentage in the PB or BM. For all other entities within the
category of AML with recurrent genetic abnormalities, 20% or
more blasts must be present in the PB or BM to establish the
diagnosis of AML. Although these leukemias are recognized as
unique entities, it is important to realize that additional genetic
abnormalities may coexist and influence their biologic and clinical
behavior, including response to therapy and the overall survival

(OS). For example, mutated KIT is not uncommon in core-binding
factor AML, that is, those with rearranged RUNX1 and CBFB
genes. In the case of t(8;21)(q22;q22); RUNX1-RUNX1T1, most
published reports indicate a higher relapse rate and lower OS when
mutated KIT is present, whereas its impact in the presence of the
inv(16)(p13.1q22) or t(16;16)(p13.1;q22) remains to be firmly
established.20,22 Deciding how to incorporate coexisting genetic
abnormalities that are of prognostic importance or that provide a
target for molecularly directed therapy will likely be increasingly
important in future revisions of the classification, particularly as
targeted therapies become available.

One entity included in the recurring genetic abnormality
subgroup in the 3rd edition, “AML with abnormalities of 11q23;
MLL,” has been revised to focus on the most frequent and best
characterized of the MLL abnormalities, AML with t(9;11)(p22;
q23); MLLT3-MLL. More than 80 partner genes participate in
translocations with MLL, and in addition, “abnormalities of MLL,”
as used in the previous edition, would include the partial tandem
duplication of the gene.80-82 The AMLs that result from these
various rearrangements and aberrations of MLL are not identical,
and, in the case of translocations, the biology is influenced by the
partner gene. Although the t(9;11)(p22;q23) is specifically listed in
the classification, it is recommended that variant MLL transloca-
tions be also specified in the diagnosis, for example, AML with
t(11;19)(q23;p13.3); MLL-ENL.

Studies of AML associated with the chromosomal rearrange-
ments t(6;9)(p23;q34); DEK-NUP21, inv(3)(q21q26.2) or t(3;
3)(q21;q26,2); RPN1-EVI1, and t(1;22)(p13;q13); RBM15-MKL1
have provided evidence that these genetic rearrangements, al-
though uncommon, are associated with distinctive morphologic
and clinical features that argue for their incorporation in the revised
listing of AML with recurrent genetic abnormalities.83-85 A more
controversial issue is whether leukemia initially demonstrating a
blastic myeloid proliferation associated with the Ph chromosome or
BCR-ABL1 is a distinct and easily defined entity. Although
BCR-ABL1–positive AML has been reported,86-88 criteria for its
distinction from CML initially manifesting in a blast phase are not
entirely convincing, and for this reason, BCR-ABL1–positive AML
is not recognized in this classification. Many cases of BCR-ABL1–
related acute leukemia will meet the criteria for acute lymphoblas-
tic leukemia or mixed phenotype acute leukemia (see“Acute
leukemia of ambiguous lineage”), provided that a blast phase of a
previously unrecognized CML can be excluded.

In addition to the newly listed leukemias associated with
cytogenetically detectable rearrangements, AML with mutated
NPM1 or CEBPA have been added to the classification as “provi-
sional entities.” Because mutated FLT3 frequently accompanies
other genetic lesions, including well-recognized abnormalities such
as the t(15;17)(q22;q12) and the t(6;9)(p23;q34), it is not included
as a defining criterion for any distinct entity in this revision.
Nevertheless, because of its prognostic importance, the mutational
status of FLT3 should always be ascertained in AML, particularly
in cytogenetically normal AML.

AML with multilineage dysplasia was initially introduced in the
WHO classification to encompass cases of AML characterized by
MDS-like features, including unfavorable cytogenetic abnormali-
ties, overexpression of multidrug-resistance glycoprotein, and an
unfavorable response to therapy. Dysplasia in at least 50% of the
cells in 2 or more hematopoietic lineages was used as a surrogate
marker for these MDS-related biologic features. Although the
prognostic significance of AML with multilineage dysplasia has
been verified in some studies,89-91others showed that morphologic
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multilineage dysplasia had no independent prognostic significance
when cytogenetic findings were incorporated in the analysis.92,93 To
address these studies, this subgroup has been renamed as “AML
with myelodysplasia-related changes,” and the criteria have ex-
panded to include a history of MDS or MDS/MPN and cytogenetic
findings. Patients may be assigned to this category if they have 20%
or more blasts in the PB or BM and (1) evolve from previously
documented MDS or MDS/MPN, (2) have specific myelodysplasia-
related cytogenetic abnormalities (see Table 8), or (3) exhibit
dysplasia in 50% or more of the cells in 2 or more myeloid lineages.
The diagnosis should state the reason(s) for placing the patient in
this category, for example, “AML with myelodysplasia-related
changes with myelodysplasia-related cytogenetic abnormalities.”
Patients who are categorized in this subgroup and have a normal
karyotype should be analyzed for FLT3, NPM1, and CEBPA
mutations, and, if present, the abnormality should be noted in the
diagnosis. Currently, the significance of one or more of these
mutations in the setting of morphologic dysplasia is not known.

Therapy-related myeloid neoplasms (t-AML/t-MDS and t-AML/
t-MDS/MPN) remain as a distinct subgroup in the AML classifica-
tion. Although cases may be designated as t-AML, or as t-MDS or
t-MDS/MPN depending on the blast count, it is useful to think of
them as a single biologic disease with similar genetic features, so
that the designation as t-AML/t-MDS is appropriate as well.94,95

Most patients who develop therapy-related myeloid neoplasms
have received alkylating agents and/or radiation as well as topoisom-
erase II inhibitors, so that a division according to the type of
therapy is usually not practical and is no longer recommended. It
has been argued that 90% of patients with therapy-related neo-
plasms have cytogenetic abnormalities identical to those observed
in AML with myelodysplasia-related features or in AML with
recurrent cytogenetic abnormalities, therefore such cases would be
more appropriately classified in those categories rather than in a
separate, therapy-related category. However, except for some
patients with t-AML associated with inv(16)(p13.1q22), t(16;
16)(p13.1;q22) or t(15;17)(q22;q12), patients with therapy-related
myeloid neoplasms have a significantly worse outcome than do
their de novo counterparts with the same genetic abnormalities,
suggesting that there are biologic differences.94,96-99 Furthermore,
the study of therapy-related neoplasms may provide valuable
insight into the pathogenesis of de novo disease by providing clues
as to why only a few patients develop leukemia, whereas most

patients treated with the identical agents do not. It is recommended,
however, that the cytogenetic abnormality be included in the
diagnostic report, for example, “therapy-related AML with
t(9;11)(p22;q23).”

Acute myeloid leukemia, not otherwise specified (AML, NOS)
encompasses those cases that do not fulfill the criteria for any of the
other AML categories. This category accounts for only 25% to 30%
of all cases, and it will continue to diminish as more genetic
subgroups are recognized. One of the lively discussions at the CAC
meeting was whether to recommend continued subclassification
within this group by criteria similar to those of the previous
French-American-British (FAB) classification scheme for AML, or
to designate all such cases merely as AML, NOS. The argument
that specific genetic abnormalities may yet be found that will
further characterize some AML, NOS subgroups prevailed as a
reason for maintaining the subclassification. Furthermore, for
prognostic purposes, it may still be important to recognize some
disorders such as acute megakaryoblastic leukemia, acute panmy-
elosis with myelofibrosis, and pure acute erythroleukemia. How-
ever, it is important to note that the information used to characterize
the subgroups in this category, such as epidemiologic or clinical
outcome data, is often based on older studies that included patients
who would now be assigned to different WHO diagnostic catego-
ries. Therefore, such information may no longer be reliable for
patients now classified in this subgroup.

Three additional myeloid neoplasms in the AML listing include
myeloid sarcoma, the myeloid proliferations related to Down
syndrome, and blastic plasmacytoid dendritic cell neoplasm. My-
eloid sarcoma, previously known as granulocytic sarcoma or
chloroma, is a pathologic diagnosis for an extramedullary prolifera-
tion of blasts of one or more of the myeloid lineages that disrupts
the normal architecture of the tissue in which it is found.100 Any site
of the body can be affected, particularly the skin, gastrointestinal
tract, lymph nodes, and bone. Most often, myeloid sarcoma is
found concurrently in a patient with previously or recently
recognized AML, but it may also precede the appearance of blood
or bone marrow disease. In this latter case, the diagnosis of myeloid
sarcoma should be considered as synonymous with AML, and the
tumor should be evaluated for morphologic, phenotypic, and
genetic features that would allow it to be classified further into one
of the subgroups of AML. A myeloid sarcoma is evidence of
relapse in a patient thought to be in remission of a previously
diagnosed AML, is evidence of evolution to AML in a patient with
a previously diagnosed MDS or MDS/MPN, and is blast transfor-
mation in a patient with MPN. The myeloid proliferations related to
Down syndrome—transient abnormal myelopoiesis and myeloid
leukemia—have unique morphologic, immunophenotypic, clinical,
and molecular features, including GATA1 mutation, that justify
their separation from other myeloid neoplasms.25,101-103 MDS
related to Down syndrome is biologically identical to Down-related
AML; therefore they are considered as a single entity, myeloid
leukemia associated with Down syndrome, in the classification.
The neoplasm referred to in the WHO 3rd edition as “blastic
NK-cell lymphoma” or in the literature as “agranular CD4�/
CD56� hematodermic neoplasm” is now known to be in virtually
all cases a tumor that is derived from precursors of a specialized
subset of dendritic cells, plasmacytoid dendritic cells, and hence is
a myeloid-related neoplasm.104-107 It is a clinically aggressive
neoplasm that is usually characterized at its onset by solitary or
multiple skin lesions, often with associated regional lymphadenopa-
thy. Many cases will ultimately progress to involve the PB and BM
as well. The blasts in such cases do not express myeloperoxidase or

Table 8. Cytogenetic abnormalities sufficient for diagnosis of AML
with myelodysplasia-related changes when 20% or more PB or BM
blasts are present

Complex karyotype*

Unbalanced abnormalities Balanced abnormalities

�7 or del(7q) t(11;16)(q23;p13.3)†

�5 or t(3;21)(q26.2;q22.1)†

i(17q) or t(17p) t(1;3)(p36.3;q21.1)

�13 or del(13q) t(2;11)(p21;q23)†

del(11q) t(5;12)(q33;p12)

del(12p) or t(12p) t(5;7)(q33;q11.2)

del(9q) t(5;17)(q33;p13)

idic(X)(q13) t(5;10)(q33;q21)

t(3;5)(q25;q34)

*Three or more unrelated abnormalities, none of which are included in the �AML
with recurrent genetic abnormalities� subgroup; such cases should be categorized in
the appropriate cytogenetic group.

†These abnormalities most commonly occur in therapy-related disease, and
therapy-related AML should be excluded before these are used as evidence for
diagnosis of AML with myelodysplasia-related changes.
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nonspecific esterase, and they are characterized by the expression
of CD4, CD43, CD56, CD123, BDCA-2/CD303, TCL1, and CLA;
CD7 and CD33 are not uncommonly expressed as well, and TdT is
expressed in approximately 30% of cases. There is no expression of
CD34 or CD117.106,107

Significant changes in the diagnosis and classification of AML
and related precursor neoplasms

1. AML with recurrent genetic abnormalities
a. As in the previous edition, AML with t(8;21)(q22;q22),

inv(16)(p13.1q22) or t(16;16)(p13.1;q22), and APL with t(15;
17)(q22;q12) are considered as acute leukemia regardless of
blast count in the PB or BM, but in contrast to the previous
edition, for AML with t(9;11)(p22;q23) or other 11q23 abnor-
malities, as well as for all other subgroups (except the rare
instance of some cases of erythroleukemia) blasts of 20% or
more of white blood cells in PB or of all nucleated BM cells is
required for the diagnosis of AML.

b. In APL with t(15;17)(q22;q12); PML-RARA, variant RARA
translocations with other partner genes are recognized sepa-
rately; not all have typical APL features and some have all-trans
retinoic acid (ATRA) resistance.

c. The former category, AML with 11q23 (MLL) abnormalities
has been redefined to focus on AML with t(9;11)(p22;q23);
MLLT3-MLL. Translocations of MLL other than that involving
MLLT3 should be specified in the diagnosis. Other abnormali-
ties of MLL, such as partial tandem duplication of MLL should
not be placed in this category.

d. Three new cytogenetically defined entities are added: (1) AML
with t(6;9)(p23;q34); DEK-NUP214, (2) AML with
inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1; and (3) AML
(megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1.

e. Two provisional entities are added: AML with mutated NPM1
and AML with mutated CEBPA. Although not included as a
distinct or provisional entity, examination for mutations of
FLT3 is strongly recommended in all cases of cytogenetically
normal AML.

2. AML with myelodysplasia-related changes
a. The name was changed and expanded from “AML with

multilineage dysplasia” to “AML with myelodysplasia-related
changes.”

b. Cases of AML are assigned to this category if (1) they have a
history of MDS or MDS/MPN and have evolved to AML, (2)
they have a myelodysplasia-related cytogenetic abnormality, or
(3) at least 50% of cells in 2 or more myeloid lineages are
dysplastic.

3. Therapy-related myeloid neoplasms
Cases are no longer subcategorized as “alkylating agent related” or
“topoisomerase II-inhibitor related.”

4. AML, NOS
a. Some cases previously assigned to the subcategory of AML,

NOS as acute erythroid leukemia or acute megakaryoblastic
leukemia may be reclassified as AML with myelodysplasia-
related changes.

b. Cases previously categorized as AML, NOS, acute megakaryo-
blastic leukemia should be placed in the appropriate genetic
category if they are associated with inv(3)(q21q26.2) or t(3;
3)(q21;q26.2); RPN1-EVI1, or AML (megakaryoblastic) with
t(1;22)(p13;q13); RBM15-MKL1. Down syndrome–related cases
are excluded from this category as well.

5. Myeloid proliferations related to Down syndrome
This new category incorporates transient abnormal myelopoiesis as
well as MDS and AML that is Down syndrome–related. MDS and
AML related to Down syndrome are biologically identical and
thus are considered together as “Myeloid leukemia associated with
Down syndrome.”

6. Blastic plasmacytic dendritic cell neoplasm
This is a new category that includes most cases previously classified
as blastic NK-cell lymphoma/leukemia or agranular CD4� CD56�

hematodermic neoplasm; it is derived from a precursor of plasma-
cytoid dendritic cells.

Acute leukemia of ambiguous lineage

Acute leukemias of ambiguous lineage show no clear evidence of
differentiation along a single lineage. In some cases, no lineage-
specific antigens are present, whereas in others the blasts express
antigens of more than one lineage to such a degree that it is not
possible to assign the leukemia to a specific lineage-related
category. Historically, there has been confusion in the definition,
terminology, and the criteria used for subclassification of such
cases.108-110 In an attempt to clarify the definition of this group of
diseases and to simplify their diagnosis, the 4th edition of the WHO
classification not only places acute leukemias of ambiguous lineage
in a chapter distinct from those of AML and ALL, but has
significantly altered the criteria used to define the largest subset of
these cases—those that express antigens of more than one lineage.
Cases with no lineage-specific markers are designated as acute
undifferentiated leukemia (AUL). Such cases often express CD34,
HLA-DR, and/or CD38, and sometimes TdT, but lack specific
myeloid or lymphoid antigens.111-113 Leukemias with blasts that
coexpress certain antigens of more than one lineage on the same
cells or that have separate populations of blasts that are of different
lineages are referred to as mixed phenotype acute leukemia
(MPAL). These cases may be further designated as B-myeloid or
T-myeloid, irrespective of whether one or more than one population
of blasts is found. The requirements for assigning specific lineages
to the blasts are given in Table 9. Only a limited number of antigens
are used in defining the pattern of lineage involvement. It should be
pointed out that the requirement for myeloperoxidase positivity to
prove myeloid lineage should be applied to MPAL only and not to

Table 9. Requirements for assigning more than one lineage to a
single blast population in mixed phenotype acute leukemia (MPAL)

Myeloid lineage

Myeloperoxidase (flow cytometry, immunohistochemistry, or cytochemistry)

or

Monocytic differentiation (at least 2 of the following: nonspecific esterase, CD11c,

CD14, CD64, lysozyme)

T lineage

Cytoplasmic CD3 (flow cytometry with antibodies to CD3 epsilon chain;

immunohistochemistry using polyclonal anti-CD3 antibody may detect CD3 zeta

chain, which is not T cell–specific)

or

Surface CD3 (rare in mixed phenotype acute leukemia)

B lineage (multiple antigens required)

Strong CD19 with at least 1 of the following strongly expressed: CD79a, cytoplasmic

CD22, CD10

or

Weak CD19 with at least 2 of the following strongly expressed: CD79a, cytoplasmic

CD22, CD10
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cases of AML with minimal differentiation that do not show any
lymphoid-associated antigens. In general, leukemias that can be
classified according to a specific genetic defect, such as the
t(8;21)(q22;q22), are excluded from the MPAL category, with the
exception of some acute leukemias associated with the BCR-ABL1
fusion gene or with MLL rearrangements. In the specific case of
acute leukemia with the Ph chromosome or BCR-ABL1 fusion, if
the requirements for assigning the blast population to more than
one lineage are fulfilled, a diagnosis of MPAL with t(9;22)(q34;
q11.2) can be made, provided the blast phase of CML can
be excluded.

There is one provisional entity included in this category,
“natural killer cell lymphoblastic leukemia/lymphoma.” Most
cases previously designated as “blastic natural killer cell leukemia/
lymphoma” are now recognized as the myeloid-related “blastic
plasmacytoid dendritic cell neoplasm.”105,106 The defining pheno-
type of true NK-cell precursor neoplasms is not clear, although the
diagnosis might be considered when the blasts express CD56 with
immature T-associated antigens such as CD7 and CD2, in the
absence of any B or myeloid antigen expression, particularly if no
rearrangement of T-cell receptor genes can be detected. However,
this provisional subtype needs further study and clarification.

Summary of changes in the diagnosis and classification of
acute leukemia of ambiguous lineage

1. Leukemia formerly designated as “bilineal acute leukemia” and
“biphenotypic acute leukemia” are now collectively considered as
“mixed phenotype acute leukemia”(MPAL).

2. The criteria that define the myeloid, T-lymphoid, and B-lymphoid
components of mixed phenotype acute leukemia have been signifi-
cantly altered (see Table 9).

3. Cases of BCR-ABL1–positive and MLL-positive acute leukemias
may meet the criteria for MPAL; in the case of BCR-ABL1–positive
disease, CML in blast phase should be excluded.

4. Blastic natural killer cell leukemia/lymphoma is not easily defined
and is considered as a provisional entity in this category; most cases
previously designated as such are now recognized as blastic
plasmacytoid dendritic cell neoplasms.

Precursor lymphoid neoplasms:
B lymphoblastic leukemia/lymphoma and
T lymphoblastic leukemia/lymphoma

The classification of precursor B-cell and T-cell neoplasms is
shown in Table 2. Although the distinction between lymphoblastic
leukemia and lymphoblastic lymphoma is obvious when the patient
has a mass composed of B or T lymphoblasts and no blasts in the
blood or marrow, it is more arbitrary when there is a mass and
limited marrow involvement. This revision follows the convention
used in many treatment protocols and suggests that when a mass is
present and 25% or more of the nucleated cells in the bone marrow
are lymphoblasts, a diagnosis of lymphoblastic leukemia is pre-
ferred over lymphoblastic lymphoma. Because ALL rarely presents
with low BM blast counts, the diagnosis of ALL should be deferred
if there are fewer than 20% blasts in the BM until there is definitive
evidence to confirm the diagnosis. However, in the unusual case
that a patient presents with less than 20% lymphoblasts in the BM
and no evidence of an extramedullary mass, but demonstrates one
of the known recurring cytogenetic abnormalities associated with
ALL (see Table 2), the patient may be considered to have

lymphoblastic leukemia. However, the finding of less than 20%
unequivocal lymphoblasts in the BM should also prompt a search
for lymphoblastic lymphoma in an extramedullary location.

In the case of B lymphoblastic leukemia/lymphoma (a name
change from the previous edition, in which “precursor B lympho-
blastic leukemia/lymphoma” was used), numerous reports have
demonstrated that recurring genetic abnormalities are associated
with sufficiently unique clinical, immunophenotypic, and/or prog-
nostic features so that they can be considered as distinct entities
(Table 2).114-118 Although most of the specific chromosomal abnor-
malities may be detected by routine cytogenetic analysis, t(12;
21)(p13;q22); ETV6-RUNX1 is a submicroscopic rearrangement
that is usually detected by FISH analysis. This abnormality is very
important prognostically and it should always be searched for in
childhood B-ALL, as should the BCR-ABL1 in patients of any age,
by routine cytogenetic analysis, FISH, or RT-PCR. Although rare,
B lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32); IL3-
IGH should be considered in the differential diagnosis of peripheral
blood eosinophilia. The eosinophils are reactive, and in some
patients the percentage of blasts is relatively low in the bone
marrow, in which case the chromosomal abnormality is sufficient
to confirm the diagnosis. The finding of prominent eosinophilia in
either B or T lymphoblastic leukemia/lymphoma should also
prompt consideration of a rearrangement involving FGFR1, which,
if present, would allow the case to be classified as lymphoblastic
leukemia/lymphoma associated with an abnormality of FGFR1. If
none of the specific genetic abnormalities listed in Table 2 are
found, the designation of “B lymphoblastic leukemia/lymphoma,
not otherwise specified,” is appropriate. It is important to under-
stand that the term B-ALL should not be used for Burkitt
lymphoma/leukemia, which is a neoplasm of mature B cells.

The neoplastic cells of 50% to 70% of patients with T lympho-
blastic leukemia/lymphoma demonstrate abnormal karyotypes. The
most common recurrent abnormalities are translocations that
involve the alpha and delta T-cell receptor loci at 14q11.2, the beta
locus at 7q35, or the gamma locus at 7p14-15 and that involve a
growing list of partner genes.119 Although of pathogenetic signifi-
cance, these abnormalities are not as clearly associated with unique
biologic features as seen with some of the genetic abnormalities
associated with B lymphoblastic leukemia/lymphoma, and thus the
precursor T-cell neoplasms are not subdivided further according to
their genetic defects.

Significant changes in the diagnosis and classification of
precursor B- and T-cell neoplasms

1. The nomenclature has been changed from “precursor B lymphoblas-
tic leukemia/lymphoma” and “precursor T lymphoblastic leukemia/
lymphoma” to “B lymphoblastic leukemia/lymphoma” and “T lym-
phoblastic leukemia/lymphoma.”

2. B lymphoblastic leukemia/lymphoma is further divided into 7
distinct entities defined largely by specific recurring chromosomal
abnormalities; cases of B-ALL lacking these abnormalities are
considered as “not otherwise specified.”

Summary

The revised 2008 WHO classification of myeloid neoplasms and
acute leukemia attempts to provide an up-to-date classification
system that is based on recently published, peer-reviewed data.
Already, in the few months since the publication of the 4th edition,
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new information is accumulating that will eventually lead to our
ability to recognize new diseases and change our criteria for the
diseases already described. To continue to be useful in the clinics as
well as in the evaluation of data from clinical trials and laboratory
investigation, the classification must therefore be continually
reviewed, updated, and tested. The exercise of developing the
WHO document has produced a model of cooperation between
pathologists, clinicians, and clinical scientists of all nationali-
ties—a cooperation that must continue into the future for the
benefit of patients with myeloid neoplasms and acute leukemia.

Acknowledgments

We thank Elizabeth Lanzl of the University of Chicago Editorial
Office for assistance in copy editing the manuscript.

The Myeloid Clinical Advisory Committee (CAC) Meeting was
supported through the generous contributions of the Leukemia
Clinical Research Foundation, University of Chicago Cancer
Research Center, Celgene Corporation, Genentech Incorporated,
Pharmion Corporation, MGI Pharma, ARUP Laboratories, and
Beckman-Coulter Corporation. No contributor was involved in the
CAC program format, discussions, or conclusions.

Authorship

The WHO classification of myeloid neoplasms was developed and
revised in part through discussions at the Myeloid Clinical
Advisory Committee Meeting held in Chicago, Illinois, in February
2007. All authors of the manuscript served as session chairs and/or
major presenters at the meeting and made major contributions to
the classification described in this manuscript.

Contribution: J.W.V. drafted the initial manuscript; J.T. wrote
and revised portions of the MPN section of the manuscript; D.A.A.

wrote and revised portions of the AML section of the manuscript;
R.D.B. wrote and revised portions of the MDS section of the
manuscript; M.J.B. wrote and revised portions of the ALL and
MPAL sections of the manuscript; A.P. wrote and revised sections
pertinent to phenotypic data; N.L.H. wrote and revised portions of
the manuscript; M.M.L.B. wrote, reviewed, and revised genetic
portions of manuscript; E.H.-L. contributed to the MDS classifica-
tion and partially revised the manuscript; A.T. contributed to the
MPN classification and partially revised the manuscript; and
C.D.B. chaired the CAC meeting, contributed to all portions of
classification, and helped write and revise the manuscript.

Conflict-of-interest disclosure: J.W.V. is a consultant with
Celgene Corporation but has no conflicts of interest relevant to this
manuscript. M.M.L.B. is a consultant for Baxter Health Care but
has no conflicts of interest relevant to this manuscript. The
remaining authors declare no competing financial interests.

Correspondence: James Vardiman, University of Chicago Hos-
pitals, 5841 S Maryland Ave, MC0008, Chicago, IL 60637; e-mail:
james.vardiman@uchospitals.edu.

Appendix

Members of the Myeloid and Acute Leukemia Clinical Advisory Committee
(CAC) attending the CAC meeting, Chicago, IL, February 2007, included R.
Arceci, Baltimore, MD; T. Barbui, Bergamo, Italy; J. Bennett, Rochester NY;
C. D. Bloomfield (Meeting Chair), Columbus, OH; W. Carroll, New York, NY;
T. M. de Witte, Nijmegen, The Netherlands; H. Dohner, Ulm, Germany; E. Estey,
Seattle, WA; R. Foa, Rome, Italy; B. Falini, Perugia, Italy, P. Fenaux, Paris,
France; D. G. Gilliland, Boston, MA; U. Germing, Dusseldorf, Germany, P.
Greenberg, Stanford, CA; E. Hellström-Lindberg (Chair, MDS), Stockholm,
Sweden; R. Larson, Chicago, IL; M. M. Le Beau, Chicago, IL; A. List, Tampa,
FL; T. Naoe, Nagoya, Japan; C. M. Niemeyer, Freiburg, Germany; K. Shannon,
San Francisco, CA; M. Tallman, Chicago, IL; A. Tefferi, Rochester MN
(Chair, MPN)

References

1. Jaffe ES, Harris NL, Stein H, Vardiman JW, eds.
World Health Organization Classification of Tu-
mours. Pathology and Genetics of Tumours of
Haematopoietic and Lymphoid Tissues. Lyon,
France: IARC; 2001.

2. Swerdlow SH, Campo E, Harris NL, et al, eds.
WHO Classification of Tumours of Haematopoi-
etic and Lymphoid Tissues. Lyon, France: IARC;
2008.

3. Harris NL, Jaffe ES, Stein H, et al. A revised
European-American classification of lymphoid
neoplasms: a proposal from the International
Lymphoma Study Group. Blood. 1994;84:1361-
1392.

4. Vardiman JW, Harris NL, Brunning RD. The
World Health Organization (WHO) classification
of the myeloid neoplasms. Blood. 2002;100:
2292-2302.

5. Mufti GJ, Bennett JM, Goasguen J, et al. Diagno-
sis and classification of myelodysplastic syn-
drome: International Working Group on Morphol-
ogy of myelodysplastic syndrome (IWGM-MDS)
consensus proposals for the definition and enu-
meration of myeloblasts and ring sideroblasts.
Haematologica. 2008;93:1712-1717.

6. Orazi A, Albitar M, Heerema NA, Haskins S,
Neiman RS. Hypoplastic myelodysplastic syn-
dromes can be distinguished from acquired
aplastic anemia by CD34 and PCNA immuno-
staining of bone marrow biopsy specimens. Am J
Clin Pathol. 1997;107:268-274.

7. Cools J, DeAngelo DJ, Gotlib J, et al. A tyrosine

kinase created by fusion of the PDGFRA and
FIP1L1 genes as a therapeutic target of imatinib
in idiopathic hypereosinophilic syndrome. N Engl
J Med. 2003;348:1201-1214.

8. James C, Ugo V, Le Couedic JP, et al. A unique
clonal JAK2 mutation leading to constitutive sig-
nalling causes polycythaemia vera. Nature. 2005;
434:1144-1148.

9. Kralovics R, Passamonti F, Buser AS, et al. A
gain-of-function mutation of JAK2 in myeloprolif-
erative disorders. N Engl J Med. 2005;352:1779-
1790.

10. Levine RL, Wadleigh M, Cools J, et al. Activating
mutation in the tyrosine kinase JAK2 in polycy-
themia vera, essential thrombocythemia, and my-
eloid metaplasia with myelofibrosis. Cancer Cell.
2005;7:387-397.

11. Tefferi A, Lasho TL, Gilliland G. JAK2 mutations in
myeloproliferative disorders [letter]. N Engl
J Med. 2005;353:1416-1417, author reply 1416-
1417.

12. Pardanani AD, Levine RL, Lasho T, et al. MPL515
mutations in myeloproliferative and other myeloid
disorders: a study of 1182 patients. Blood. 2006;
108:3472-3476.

13. Pardanani A, Akin C, Valent P. Pathogenesis,
clinical features, and treatment advances in mas-
tocytosis. Best Pract Res Clin Haematol. 2006;
19:595-615.

14. Loh ML, Vattikuti S, Schubbert S, et al. Mutations
in PTPN11 implicate the SHP-2 phosphatase in
leukemogenesis. Blood. 2004;103:2325-2331.

15. Stephens K, Weaver M, Leppig KA, et al. Intersti-
tial uniparental isodisomy at clustered breakpoint
intervals is a frequent mechanism of NF1 inacti-
vation in myeloid malignancies. Blood. 2006;108:
1684-1689.

16. Tartaglia M, Niemeyer CM, Fragale A, et al. So-
matic mutations in PTPN11 in juvenile my-
elomonocytic leukemia, myelodysplastic syn-
dromes and acute myeloid leukemia. Nat Genet.
2003;34:148-150.

17. Willman CL. Molecular genetic features of myelo-
dysplastic syndromes (MDS). Leukemia. 1998;
12(suppl 1):S2-S6.

18. Hirsch-Ginsberg C, LeMaistre AC, Kantarjian H,
et al. RAS mutations are rare events in Philadel-
phia chromosome-negative/bcr gene rearrange-
ment-negative chronic myelogenous leukemia,
but are prevalent in chronic myelomonocytic leu-
kemia. Blood. 1990;76:1214-1219.

19. Padua RA, Carter G, Hughes D, et al. RAS muta-
tions in myelodysplasia detected by amplification,
oligonucleotide hybridization, and transformation.
Leukemia. 1988;2:503-510.

20. Mrozek K, Bloomfield CD. Chromosome aberra-
tions, gene mutations and expression changes,
and prognosis in adult acute myeloid leukemia.
Hematology Am Soc Hematol Educ Program.
2006:169-177.

21. Mrozek K, Marcucci G, Paschka P, Whitman SP,
Bloomfield CD. Clinical relevance of mutations
and gene-expression changes in adult acute my-
eloid leukemia with normal cytogenetics: are we

REVISED WHO CLASSIFICATION 949BLOOD, 30 JULY 2009 � VOLUME 114, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/114/5/937/1486692/zh803109000937.pdf by guest on 18 M

ay 2024



ready for a prognostically prioritized molecular
classification? Blood. 2007;109:431-448.

22. Paschka P, Marcucci G, Ruppert AS, et al. Ad-
verse prognostic significance of KIT mutations in
adult acute myeloid leukemia with inv(16) and
t(8;21): a Cancer and Leukemia Group B Study.
J Clin Oncol. 2006;24:3904-3911.

23. Falini B, Mecucci C, Tiacci E, et al. Cytoplasmic
nucleophosmin in acute myelogenous leukemia
with a normal karyotype. N Engl J Med. 2005;
352:254-266.

24. Dohner K, Schlenk RF, Habdank M, et al. Mutant
nucleophosmin (NPM1) predicts favorable prog-
nosis in younger adults with acute myeloid leuke-
mia and normal cytogenetics: interaction with
other gene mutations. Blood. 2005;106:3740-
3746.

25. Greene ME, Mundschau G, Wechsler J, et al.
Mutations in GATA1 in both transient myeloprolif-
erative disorder and acute megakaryoblastic leu-
kemia of Down syndrome. Blood Cells Mol Dis.
2003;31:351-356.

26. Levine RL, Gilliland DG. Myeloproliferative disor-
ders. Blood. 2008;112:2190-2198.

27. Jones AV, Kreil S, Zoi K, et al. Widespread occur-
rence of the JAK2 V617F mutation in chronic my-
eloproliferative disorders. Blood. 2005;106:2162-
2168.

28. Baxter EJ, Scott LM, Campbell PJ, et al. Acquired
mutation of the tyrosine kinase JAK2 in human
myeloproliferative disorders. Lancet. 2005;365:
1054-1061.

29. Scott LM, Tong W, Levine RL, et al. JAK2 exon 12
mutations in polycythemia vera and idiopathic
erythrocytosis. N Engl J Med. 2007;356:459-468.

30. Thiele J, Kvasnicka HM, Orazi A. Bone marrow
histopathology in myeloproliferative disorders–
current diagnostic approach. Semin Hematol.
2005;42:184-195.

31. Lengfelder E, Hochhaus A, Kronawitter U, et al.
Should a platelet limit of 600 � 10(9)/l be used as
a diagnostic criterion in essential thrombocyth-
aemia? An analysis of the natural course includ-
ing early stages. Br J Haematol. 1998;100:15-23.

32. Regev A, Stark P, Blickstein D, Lahav M. Throm-
botic complications in essential thrombocythemia
with relatively low platelet counts. Am J Hematol.
1997;56:168-172.

33. Sacchi S, Vinci G, Gugliotta L, et al. Diagnosis of
essential thrombocythemia at platelet counts be-
tween 400 and 600x10(9)/L. Gruppo Italiano
Malattie Mieloproliferative Croniche(GIMMC).
Haematologica. 2000;85:492-495.

34. Wilkins BS, Erber WN, Bareford D, et al. Bone
marrow pathology in essential thrombocythemia:
interobserver reliability and utility for identifying
disease subtypes. Blood. 2008;111:60-70.

35. Thiele J, Kvasnicka HM. Chronic myeloprolifera-
tive disorders with thrombocythemia: a compara-
tive study of two classification systems (PVSG,
WHO) on 839 patients. Ann Hematol. 2003;82:
148-152.

36. Florena AM, Tripodo C, Iannitto E, Porcasi R, Ingrao
S, Franco V. Value of bone marrow biopsy in the
diagnosis of essential thrombocythemia. Haema-
tologica. 2004;89:911-919.

37. Gianelli U, Vener C, Raviele PR, et al. Essential
thrombocythemia or chronic idiopathic myelofi-
brosis? A single-center study based on hemato-
poietic bone marrow histology. Leuk Lymphoma.
2006;47:1774-1781.

38. Golub TR, Barker GF, Lovett M, Gilliland DG. Fu-
sion of PDGF receptor beta to a novel ets-like
gene, tel, in chronic myelomonocytic leukemia
with t(5;12) chromosomal translocation. Cell.
1994;77:307-316.

39. Keene P, Mendelow B, Pinto MR, et al. Abnor-
malities of chromosome 12p13 and malignant
proliferation of eosinophils: a nonrandom asso-
ciation. Br J Haematol. 1987;67:25-31.

40. Bain BJ, Fletcher SH. Chronic eosinophilic leuke-
mias and the myeloproliferative variant of the hy-
pereosinophilic syndrome. Immunol Allergy Clin
North Am. 2007;27:377-388.

41. Steer EJ, Cross NC. Myeloproliferative disorders
with translocations of chromosome 5q31-35: role
of the platelet-derived growth factor receptor
Beta. Acta Haematol. 2002;107:113-122.

42. Macdonald D, Reiter A, Cross NC. The 8p11 my-
eloproliferative syndrome: a distinct clinical entity
caused by constitutive activation of FGFR1. Acta
Haematol. 2002;107:101-107.

43. Abruzzo LV, Jaffe ES, Cotelingam JD, Whang-Peng
J, Del Duca V Jr, Medeiros LJ. T-cell lymphoblastic
lymphoma with eosinophilia associated with subse-
quent myeloid malignancy. Am J Surg Pathol. 1992;
16:236-245.

44. Metzgeroth G, Walz C, Score J, et al. Recurrent
finding of the FIP1L1-PDGFRA fusion gene in
eosinophilia-associated acute myeloid leukemia
and lymphoblastic T-cell lymphoma. Leukemia.
2007;21:1183-1188.

45. Nagata H, Worobec AS, Oh CK, et al. Identifica-
tion of a point mutation in the catalytic domain of
the protooncogene c-kit in peripheral blood
mononuclear cells of patients who have mastocy-
tosis with an associated hematologic disorder.
Proc Natl Acad Sci U S A. 1995;92:10560-10564.

46. Levine RL, Loriaux M, Huntly BJ, et al. The
JAK2V617F activating mutation occurs in chronic
myelomonocytic leukemia and acute myeloid leu-
kemia, but not in acute lymphoblastic leukemia or
chronic lymphocytic leukemia. Blood. 2005;106:
3377-3379.

47. Steensma DP, Dewald GW, Lasho TL, et al. The
JAK2 V617F activating tyrosine kinase mutation
is an infrequent event in both “atypical” myelopro-
liferative disorders and myelodysplastic syn-
dromes. Blood. 2005;106:1207-1209.

48. Sugimoto K, Hirano N, Toyoshima H, et al. Muta-
tions of the p53 gene in myelodysplastic syn-
drome (MDS) and MDS-derived leukemia. Blood.
1993;81:3022-3026.

49. Germing U, Gattermann N, Strupp C, Aivado M,
Aul C. Validation of the WHO proposals for a new
classification of primary myelodysplastic syn-
dromes: a retrospective analysis of 1600 patients.
Leuk Res. 2000;24:983-992.

50. Germing U, Strupp C, Knipp S, et al. Chronic my-
elomonocytic leukemia in the light of the WHO
proposals. Haematologica. 2007;92:974-977.

51. Hellstrom-Lindberg E. Myelodysplastic syn-
dromes: an historical perspective. Hematology
Am Soc Hematol Educ Program. 2008:42.

52. Raya JM, Arenillas L, Domingo A, et al. Refrac-
tory anemia with ringed sideroblasts associated
with thrombocytosis: comparative analysis of
marked with non-marked thrombocytosis, and
relationship with JAK2 V617F mutational status.
Int J Hematol. 2008;88:387-395.

53. Boissinot M, Garand R, Hamidou M, Hermouet S.
The JAK2-V617F mutation and essential throm-
bocythemia features in a subset of patients with
refractory anemia with ring sideroblasts (RARS).
Blood. 2006;108:1781-1782.

54. Remacha AF, Nomdedeu JF, Puget G, et al. Oc-
currence of the JAK2 V617F mutation in the
WHO provisional entity: myelodysplastic/myelo-
proliferative disease, unclassifiable-refractory
anemia with ringed sideroblasts associated with
marked thrombocytosis [letter]. Haematologica.
2006;91:719-720.

55. Vardiman JW. Hematopathological concepts and
controversies in the diagnosis and classification
of myelodysplastic syndromes. Hematology Am
Soc Hematol Educ Program. 2006;199-204.

56. Bowen D, Culligan D, Jowitt S, et al. Guidelines
for the diagnosis and therapy of adult myelodys-
plastic syndromes. Br J Haematol. 2003;120:187-
200.

57. Kennedy GA, Kay TD, Johnson DW, et al. Neu-

trophil dysplasia characterised by a pseudo-
Pelger-Huet anomaly occurring with the use of
mycophenolate mofetil and ganciclovir following
renal transplantation: a report of five cases.
Pathology. 2002;34:263-266.

58. Brunning R, Mckenna R, eds. Tumors of the Bone
Marrow. Atlas of Tumor Pathology. Washington,
DC: Armed Forces Institute of Pathology; 1994.

59. Kouides PA, Bennett JM. Morphology and classi-
fication of the myelodysplastic syndromes and
their pathologic variants. Semin Hematol. 1996;
33:95-110.

60. Bain BJ. The bone marrow aspirate of healthy
subjects. Br J Haematol. 1996;94:206-209.

61. Maciejewski JP, Risitano A, Sloand EM, Nunez O,
Young NS. Distinct clinical outcomes for cytoge-
netic abnormalities evolving from aplastic ane-
mia. Blood. 2002;99:3129-3135.

62. Steensma DP, Dewald GW, Hodnefield JM, Tefferi A,
Hanson CA. Clonal cytogenetic abnormalities in
bone marrow specimens without clear morpho-
logic evidence of dysplasia: a form fruste of my-
elodysplasia? Leuk Res. 2003;27:235-242.

63. Gupta V, Brooker C, Tooze JA, et al. Clinical rel-
evance of cytogenetic abnormalities at diagnosis
of acquired aplastic anaemia in adults. Br J
Haematol. 2006;134:95-99.

64. Pierre RV, Hoagland HC. Age-associated aneu-
ploidy: loss of Y chromosome from human bone
marrow cells with aging. Cancer. 1972;30:889-
894.

65. Della Porta MG, Malcovati L, Invernizzi R, et al.
Flow cytometry evaluation of erythroid dysplasia
in patients with myelodysplastic syndrome.
Leukemia. 2006;20:549-555.

66. Kussick SJ, Wood BL. Four-color flow cytometry
identifies virtually all cytogenetically abnormal
bone marrow samples in the workup of non-CML
myeloproliferative disorders. Am J Clin Pathol.
2003;120:854-865.

67. Stetler-Stevenson M, Arthur DC, Jabbour N, et al.
Diagnostic utility of flow cytometric immunophe-
notyping in myelodysplastic syndrome. Blood.
2001;98:979-987.

68. Wimazal F, Fonatsch C, Thalhammer R, et al.
Idiopathic cytopenia of undetermined significance
(ICUS) versus low risk MDS: the diagnostic inter-
face. Leuk Res. 2007;31:1461-1468.

69. Strupp C, Gattermann N, Giagounidis A, et al.
Refractory anemia with excess of blasts in trans-
formation: analysis of reclassification according
to the WHO proposals. Leuk Res. 2003;27:397-
404.

70. Lambertenghi-Deliliers G, Orazi A, Luksch R,
Annaloro C, Soligo D. Myelodysplastic syndrome
with increased marrow fibrosis: a distinct clinico-
pathological entity. Br J Haematol. 1991;78:161-
166.

71. Tuzuner N, Cox C, Rowe JM, Watrous D, Bennett
JM. Hypocellular myelodysplastic syndromes
(MDS): new proposals. Br J Haematol. 1995;91:
612-617.

72. Steensma DP, Hanson CA, Letendre L, Tefferi A.
Myelodysplasia with fibrosis: a distinct entity?
Leuk Res. 2001;25:829-838.

73. Elghetany MT, Hudnall SD, Gardner FH. Periph-
eral blood picture in primary hypocellular refrac-
tory anemia and idiopathic acquired aplastic ane-
mia: an additional tool for differential diagnosis.
Haematologica. 1997;82:21-24.

74. Barrett J, Saunthararajah Y, Molldrem J. Myelo-
dysplastic syndrome and aplastic anemia: distinct
entities or diseases linked by a common patho-
physiology? Semin Hematol. 2000;37:15-29.

75. Hasle H, Niemeyer CM, Chessells JM, et al. A
pediatric approach to the WHO classification of
myelodysplastic and myeloproliferative diseases.
Leukemia. 2003;17:277-282.

76. Kelly LM, Gilliland DG. Genetics of myeloid leuke-
mias. Annu Rev Genomics Hum Genet. 2002;3:
179-198.

950 VARDIMAN et al BLOOD, 30 JULY 2009 � VOLUME 114, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/114/5/937/1486692/zh803109000937.pdf by guest on 18 M

ay 2024



77. Schlenk RF, Dohner K, Krauter J, et al. Mutations
and treatment outcome in cytogenetically normal
acute myeloid leukemia. N Engl J Med. 2008;358:
1909-1918.

78. Thiede C, Koch S, Creutzig E, et al. Prevalence
and prognostic impact of NPM1 mutations in
1485 adult patients with acute myeloid leukemia
(AML). Blood. 2006;107:4011-4020.

79. Zelent A, Guidez F, Melnick A, Waxman S, Licht
JD. Translocations of the RARalpha gene in
acute promyelocytic leukemia. Oncogene. 2001;
20:7186-7203.

80. Meyer C, Schneider B, Jakob S, et al. The MLL
recombinome of acute leukemias. Leukemia.
2006;20:777-784.

81. Shih LY, Liang DC, Fu JF, et al. Characterization
of fusion partner genes in 114 patients with de
novo acute myeloid leukemia and MLL rearrange-
ment. Leukemia. 2006;20:218-223.

82. Caligiuri MA, Strout MP, Lawrence D, et al. Rear-
rangement of ALL1 (MLL) in acute myeloid leuke-
mia with normal cytogenetics. Cancer Res. 1998;
58:55-59.

83. Bitter MA, Neilly ME, Le Beau MM, Pearson MG,
Rowley JD. Rearrangements of chromosome 3
involving bands 3q21 and 3q26 are associated
with normal or elevated platelet counts in acute
nonlymphocytic leukemia. Blood. 1985;66:1362-
1370.

84. Secker-Walker LM, Mehta A, Bain B. Abnormali-
ties of 3q21 and 3q26 in myeloid malignancy: a
United Kingdom Cancer Cytogenetic Group
study. Br J Haematol. 1995;91:490-501.

85. Pearson MG, Vardiman JW, Le Beau MM, et al.
Increased numbers of marrow basophils may be
associated with a t(6;9) in ANLL. Am J Hematol.
1985;18:393-403.

86. Soupir CP, Vergilio JA, Dal Cin P, et al. Philadel-
phia chromosome-positive acute myeloid leuke-
mia: a rare aggressive leukemia with clinico-
pathologic features distinct from chronic myeloid
leukemia in myeloid blast crisis. Am J Clin Pathol.
2007;127:642-650.

87. Keung YK, Beaty M, Powell BL, Molnar I, Buss D,
Pettenati M. Philadelphia chromosome positive
myelodysplastic syndrome and acute myeloid
leukemia-retrospective study and review of litera-
ture. Leuk Res. 2004;28:579-586.

88. Paietta E, Racevskis J, Bennett JM, et al. Biologic
heterogeneity in Philadelphia chromosome-positive
acute leukemia with myeloid morphology: the East-
ern Cooperative Oncology Group experience.
Leukemia. 1998;12:1881-1885.

89. Arber DA, Stein AS, Carter NH, Ikle D, Forman
SJ, Slovak ML. Prognostic impact of acute my-
eloid leukemia classification. Importance of de-
tection of recurring cytogenetic abnormalities and
multilineage dysplasia on survival. Am J Clin
Pathol. 2003;119:672-680.

90. Yanada M, Suzuki M, Kawashima K, et al. Long-
term outcomes for unselected patients with acute
myeloid leukemia categorized according to the
World Health Organization classification: a single-
center experience. Eur J Haematol. 2005;74:418-
423.

91. Weinberg OK, Seetharam M, Ren L, et al. Clinical

characterization of acute myeloid leukemia with
myelodysplasia-related changes as defined by
the 2008 WHO classification system. Blood.
2009;113:1906-1908.

92. Wandt H, Schakel U, Kroschinsky F, et al. MLD
according to the WHO classification in AML has
no correlation with age and no independent prog-
nostic relevance as analyzed in 1766 patients.
Blood. 2008;111:1855-1861.

93. Haferlach T, Schoch C, Loffler H, et al. Morpho-
logic dysplasia in de novo acute myeloid leuke-
mia (AML) is related to unfavorable cytogenetics
but has no independent prognostic relevance un-
der the conditions of intensive induction therapy:
results of a multiparameter analysis from the Ger-
man AML Cooperative Group studies. J Clin On-
col. 2003;21:256-265.

94. Smith SM, Le Beau MM, Huo D, et al. Clinical-
cytogenetic associations in 306 patients with
therapy-related myelodysplasia and myeloid leu-
kemia: the University of Chicago series. Blood.
2003;102:43-52.

95. Singh ZN, Huo D, Anastasi J, et al. Therapy-
related myelodysplastic syndrome: morphologic
subclassification may not be clinically relevant.
Am J Clin Pathol. 2007;127:197-205.

96. Andersen MK, Larson RA, Mauritzson N, Schnittger
S, Jhanwar SC, Pedersen-Bjergaard J. Balanced
chromosome abnormalities inv(16) and t(15;17) in
therapy-related myelodysplastic syndromes and
acute leukemia: report from an international work-
shop. Genes Chromosomes Cancer. 2002;33:395-
400.

97. Bloomfield CD, Archer KJ, Mrozek K, et al. 11q23
balanced chromosome aberrations in treatment-
related myelodysplastic syndromes and acute
leukemia: report from an international workshop.
Genes Chromosomes Cancer. 2002;33:362-378.

98. Rowley JD, Olney HJ. International workshop on
the relationship of prior therapy to balanced chro-
mosome aberrations in therapy-related myelo-
dysplastic syndromes and acute leukemia: over-
view report. Genes Chromosomes Cancer. 2002;
33:331-345.

99. Slovak ML, Bedell V, Popplewell L, Arber DA,
Schoch C, Slater R. 21q22 balanced chromo-
some aberrations in therapy-related hematopoi-
etic disorders: report from an international work-
shop. Genes Chromosomes Cancer. 2002;33:
379-394.

100. Pileri SA, Ascani S, Cox MC, et al. Myeloid sar-
coma: clinico-pathologic, phenotypic and cytoge-
netic analysis of 92 adult patients. Leukemia.
2007;21:340-350.

101. Gurbuxani S, Vyas P, Crispino JD. Recent in-
sights into the mechanisms of myeloid leukemo-
genesis in Down syndrome. Blood. 2004;103:
399-406.

102. Brink DS. Transient leukemia (transient myelo-
proliferative disorder, transient abnormal myelo-
poiesis) of Down syndrome. Adv Anat Pathol.
2006;13:256-262.

103. Massey GV, Zipursky A, Chang MN, et al. A pro-
spective study of the natural history of transient
leukemia (TL) in neonates with Down syndrome
(DS): Children’s Oncology Group (COG) study
POG-9481. Blood. 2006;107:4606-4613.

104. Cella M, Jarrossay D, Facchetti F, et al. Plasma-
cytoid monocytes migrate to inflamed lymph
nodes and produce large amounts of type I inter-
feron. Nat Med. 1999;5:919-923.

105. Chaperot L, Bendriss N, Manches O, et al. Identi-
fication of a leukemic counterpart of the plasma-
cytoid dendritic cells. Blood. 2001;97:3210-3217.

106. Petrella T, Comeau MR, Maynadie M, et al.
‘Agranular CD4� CD56� hematodermic neo-
plasm’ (blastic NK-cell lymphoma) originates from
a population of CD56� precursor cells related to
plasmacytoid monocytes. Am J Surg Pathol.
2002;26:852-862.

107. Pilichowska ME, Fleming MD, Pinkus JL, Pinkus
GS. CD4�/CD56� hematodermic neoplasm
(“blastic natural killer cell lymphoma”): neoplastic
cells express the immature dendritic cell marker
BDCA-2 and produce interferon. Am J Clin
Pathol. 2007;128:445-453.

108. Matutes E, Morilla R, Farahat N, et al. Definition
of acute biphenotypic leukemia. Haematologica.
1997;82:64-66.

109. Hanson CA, Abaza M, Sheldon S, Ross CW,
Schnitzer B, Stoolman LM. Acute biphenotypic
leukaemia: immunophenotypic and cytogenetic
analysis. Br J Haematol. 1993;84:49-60.

110. Sulak LE, Clare CN, Morale BA, Hansen KL,
Montiel MM. Biphenotypic acute leukemia in
adults. Am J Clin Pathol. 1990;94:54-58.

111. Campana D, Hansen-Hagge TE, Matutes E, et al.
Phenotypic, genotypic, cytochemical, and ultra-
structural characterization of acute undifferenti-
ated leukemia. Leukemia. 1990;4:620-624.

112. Brito-Babapulle F, Pullon H, Layton DM, et al.
Clinicopathological features of acute undifferenti-
ated leukaemia with a stem cell phenotype. Br J
Haematol. 1990;76:210-214.

113. Cuneo A, Ferrant A, Michaux JL, et al. Cytoge-
netic and clinicobiological features of acute leuke-
mia with stem cell phenotype: study of nine
cases. Cancer Genet Cytogenet. 1996;92:31-36.

114. Johansson B, Mertens F, Mitelman F. Clinical and
biological importance of cytogenetic abnormali-
ties in childhood and adult acute lymphoblastic
leukemia. Ann Med. 2004;36:492-503.

115. Mittelman F. The Third International Workshop on
Chromosomes in Leukemia. Lund, Sweden, July
21-25, 1980. Introduction. Cancer Genet Cyto-
genet. 1981;4:96-98.

116. Borkhardt A, Cazzaniga G, Viehmann S, et al.
Incidence and clinical relevance of TEL/AML1
fusion genes in children with acute lymphoblastic
leukemia enrolled in the German and Italian multi-
center therapy trials. Associazione Italiana Ema-
tologia Oncologia Pediatrica and the Berlin-
Frankfurt-Munster Study Group. Blood. 1997;90:
571-577.

117. Bloomfield CD, Goldman AI, Alimena G, et al.
Chromosomal abnormalities identify high-risk and
low-risk patients with acute lymphoblastic leuke-
mia. Blood. 1986;67:415-420.

118. Pui CH, Robison LL, Look AT. Acute lymphoblas-
tic leukaemia. Lancet. 2008;371:1030-1043.

119. Armstrong SA, Look AT. Molecular genetics of
acute lymphoblastic leukemia. J Clin Oncol.
2005;23:6306-6315.

REVISED WHO CLASSIFICATION 951BLOOD, 30 JULY 2009 � VOLUME 114, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/114/5/937/1486692/zh803109000937.pdf by guest on 18 M

ay 2024


