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Abstract

Major therapeutic progress has been accomplished in leukemia and myelodysplastic syndrome 

(MDS) over the past 40 years, which may not be fully appreciated by the larger medical 

community. The objective of this review was to briefly highlight the treatment breakthroughs in 

leukemia and MDS. Therapeutic progress happened through better understanding of disease 

pathophysiologies and rational development of targeted agents, like imatinib mesylate in chronic 

myeloid leukemia (CML), and through astute, empirical discoveries in the clinic, like all-trans 

retinoic acid and arsenic trioxide in acute promyelocytic leukemia (APL) and 

chlorodeoxyadenosine in hairy cell leukemia (HCL). Today, the 5- to 10-year survival rates in 

patients with APL and HCL exceed 80%. In patients with CML, imatinib therapy has been 

associated with estimated 5- to 7-year survival rates from 85% to 90%. In patients with adult acute 

lymphocytic leukemia, modern intensive regimens have improved the 5-year survival rates from 

20% up to 40%. In patients with chronic lymphocytic leukemia, chemoimmunotherapy recently 

produced high rates of quality responses and improved long-term outcome. In younger patients 

with acute myeloid leukemia (AML), the 5-year survival rates range from 40% to 50%, although 

elderly AML remains a therapeutic challenge. In patients with MDS, it was recently demonstrated 

that epigenetic therapy with hypomethylating agents improved survival. Much therapeutic 

progress has been witnessed in leukemia and MDS, and much more is expected to occur soon.
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Significant therapeutic progress has occurred in leukemia and myelodysplastic syndrome 

(MDS) over the last 40 years. Therapeutic progress has occasionally occurred in giant leaps 

(eg, imatinib mesylate therapy in chronic myeloid leukemia [CML]; 2-

chlorodeoxyadenosine [CDA] in hairy cell leukemia [HCL]), but has occurred more often in 

smaller, incremental steps (eg, high-dose cytarabine in acute myeloid leukemia [AML]; 
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modifications of the complex programs in adult acute lymphocytic leukemia [ALL]). At 

times, discoveries have followed the bench-to-bedside paradigm, evolving rationally from a 

better understanding of the disease pathophysiology (eg, Bcr-Abl-selective tyrosine kinase 

inhibitors [TKIs] in CML). At other times, progress was empirical, a result of clinical 

research for which a biologic rationale was either not elucidated (eg, CDA in HCL) or was 

clarified post hoc (eg, all-trans retinoic acid [ATRA] and arsenic trioxide in acute 

promyelocytic leukemia [APL]). This review, on the sixtieth anniversary of the journal 

Cancer, summarizes the therapeutic milestones in leukemia and MDS. Because of the 

review scope, the disease biologies are mentioned briefly, and only in the context of their 

therapeutic implications.

Acute Myeloid Leukemia

Therapeutic perspective

In the 1960s, therapy for AML included the available agents, vincristine, steroids, 6-

mercaptopurine, and methotrexate (POMP-like therapy). This produced complete response 

(CR) rates of 20% to 30%, and cures were rare. The discovery of the activity of cytarabine 

was the first major therapeutic milestone in the treatment of AML and resulted in CR rates 

of 40% and long-term survival rates from 10% to 15%. Anthracyclines also proved to be 

active, leading to studies of cytarabine plus anthracycline combinations and to the testing of 

different anthracyclines (daunorubicin vs doxorubicin) and dose schedules of daunorubicin 

plus cytarabine. A series of randomized trials established daunorubicin from 45 mg/m2 to 60 

mg/m2 intravenously daily ×3 and cytarabine from 100 mg/m2 to 200 mg/m2 as a 

continuous infusion daily ×7, known as the `3+7 regimen,' as the gold standard of therapy 

for the next 30 years.1–3

Understanding the mechanisms of action of cytarabine in AML (phosphorylation and 

cellular uptake and retention) led to the investigation of high-dose cytarabine schedules. 

High-dose cytarabine consolidation in AML in first remission was associated with higher 

disease-free survival rates, particularly in younger patients and those with diploid 

karyotypes.4–8 High-dose cytarabine during induction also improved disease-free survival.9

Studies that compared a newer anthracycline, idarubicin, to daunorubicin demonstrated that 

the newer agent was associated with improved rates of CR, survival, and remission duration 

in various studies, even using equitoxic anthracycline dosages.10–13 The addition of other 

agents, such as etoposide, fludarabine, or cladribine, to cytarabine plus anthracyclines did 

not improve the results significantly.14–16 Combinations of fludarabine and cytarabine and 

combinations of topotecan and cytarabine yielded equivalent results to those achieved with 

anthracyclines plus cytarabine and were proven as useful therapeutic alternatives for older 

patients with cardiovascular problems.17 Antibacterial and antifungal prophylaxis, 

antiemetics, and growth factors have decreased the incidences of infections, morbidities, and 

hospital stays. Today, the expert use of chemotherapy regimens with supportive care is 

associated with average CR rates from 60% to 70% and with long-term survival rates from 

25% to 35% (Fig. 1).
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Acute promyelocytic leukemia—APL is an oncologic medical emergency requiring 

immediate institution of therapy to reduce the risk of bleeding and mortality from 

disseminated intravascular coagulapathy.18 Intensive chemotherapy in APL resulted in CR 

rates of 60% and cure rates of 30% to 40%. The discovery of the anti-APL activity of ATRA 

and arsenic trioxide represented major therapeutic advances in APL, improving the CR rates 

to 90% and the cure rates to 70% to 85%.19,20 Adverse prognostic factors at presentation are 

leukocytosis (peripheral blasts >10 × 109/L) and thrombocytopenia (<40 × 109/L).21 Current 

therapy consists of combinations of ATRA and anthracyclines (with or without cytarabine). 

The addition of arsenic trioxide as consolidation in first CR improved outcomes.22 The roles 

of cytarabine and of maintenance with 6 mercaptopurine and methotrexate are being 

questioned as more effective frontline therapies become available. Arsenic trioxide is 

probably the most active single agent in the treatment of APL followed by ATRA and 

gemtuzumab ozogamycin.23 Therapy for APL in the near future likely will consist of 

combinations of ATRA, arsenic trioxide, and gemtuzumab ozogamycin without the use of 

anthracyclines, cytarabine, or other chemotherapies.24 The results of such regimens are 

updated in Figure 2. A `leukocytosis syndrome' is noted in 20% to 30% of patients with 

APL who receive ATRA and/or arsenic trioxide. This occurs around Days 7 through 14 and 

may manifest as fever, aches, pulmonary infiltrates and failure, multiorgan failure, or 

thrombotic events. It often can be prevented or treated with steroids (eg, dexamethasone 20 

mg daily ×7–10 days).18

Core-binding factor leukemias—Core-binding factor (CBF) leukemias are associated 

with cytogenetic abnormalities involving translocation 8, 21[t(8;21)], or inversion of 

chromosome 16. The use of several courses of high-dose cytarabine induction-consolidation 

in CBF leukemias has improved the CR rates to 90% and the cure rates to 60%.25,26

Acute myeloid leukemia in older patients—AML in older patients presents a 

common and frustrating problem in leukemia. The median age of patients with AML is 65 to 

70 years. Most investigations of AML therapy have focused on younger patients and have 

often excluded patients aged ≥60 years. The application of the `3+7 regimen' to older 

patients is associated with unacceptably high early mortality rates (30%–50% in the first 6–8 

weeks27–29) (Table 1). Currently, only approximately 33% of older patients with AML are 

offered any form of chemotherapy because of poor performance status, organ dysfunction, 

the presence of comorbidities, and the perception that they may be `unfit' for intensive 

chemotherapy.30 Whereas the survival of younger patients with AML has improved 

significantly, with an estimated survival rate of 40% (Fig. 1, middle), survival in older 

patients has not improved markedly (Fig. 1, bottom). Low-intensity `targeted' therapies 

under investigation in older patients include clofarabine (adenosine nucleoside analogue), 

hypomethylating agents (decitabine, 5-azacitidine), low-dose cytarabine in combination with 

gemtuzumab ozogamycin (CD33 monoclonal antibody linked to calicheamycin), arsenic 

trioxide, and others.31–36

Biologic perspective

Consistent prognostic factors associated with differences in outcome in AML include host-

related factors (age, performance status, organ functions, comorbidities) and leukemia-
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related factors (cytogenetic and molecular abnormalities). Cytogenetic studies have divided 

patients with AML into 3 prognostic groups: 1) favorable ([15;17], t[8;21], and inversion 

16), 2) intermediate (usually includes diploid karyotype or other categories that are not 

unfavorable), and 3) unfavorable (particularly chromosome 5 and/or 7 abnormalities and 

abnormalities that involve ≥3 changes). Patients with favorable karyotypes have CR rates of 

90% and cure rates of 60% to 90%. Patients with intermediate karyotypes have CR rates of 

60% to 70% and cure rates of 30% to 40%. Patients with unfavorable karyotypes have CR 

rates of 40% to 50% and cure rates ≤10%.37–39

Abnormalities of the FMS-like tyrosine 3, or FLT3, occur in 30% of patients with AML. An 

important aberration in FLT3 is the internal tandem duplication (ITD), which results in 

constitutive activation of the tyrosine kinase (TK) activity of FLT3 and downstream 

signaling events. Other abnormalities are the TK domain point mutations. FLT3 ITD occurs 

in 20% to 30% of AML and has been associated with an unfavorable prognosis.40,41 FLT3 

inhibitors have demonstrated modest activity as single agents42,43 and are under 

investigation in combination with chemotherapy in patients with AML and FLT3 

mutations.44,45 Mutations of nucleophosmin occur in 50% of patients with diploid karyotype 

and are associated with a favorable prognosis.46,47 Other relevant molecular abnormalities in 

AML include partial tandem duplications of the mixed-lineage leukemia or MLL gene (5%–

10% of cases; unfavorable), mutations of the CCAAT/enhancer binding protein gene 

CEBPA (10%; favorable), and mutations of the brain and acute leukemia cytoplasmic gene 

BAALC (10%; unfavorable).48–51 Gene expression profiling in AML may identify new 

AML subsets with different prognoses or define new therapeutic targets.52,53 Detection of 

minimal residual disease in AML and ALL in morphologic remission is associated with 

relapse and worse prognosis.

The future

A better understanding of the diverse pathophysiology of AML may identify new 

therapeutically relevant targets. The expression of CD33 on AML cells resulted in several 

studies of gemtuzumab ozogamycin alone or in combination with chemotherapy. A recent 

large, randomized Medical Research Council (MRC) trial demonstrated that the addition of 

a single, small dose of gemtuzumab ozogamycin (3 mg/m2) to standard chemotherapy 

during induction and 1 consolidation course improved event-free survival and reduced 

relapse rates.54 Increased site-specific and global methylation in AML have been associated 

with an unfavorable prognosis,55 and the use of hypomethylating agents has yielded 

favorable results.31,34 Several new agents with different mechanisms of action also have 

demonstrated encouraging activity and, when they are incorporated into standard therapy, 

may improve prognosis in AML.56 APL may be the first acute leukemia to become highly 

curable with minimal or no chemo-therapy. Allogeneic stem cell transplantation (SCT) and 

its variations (unrelated donors, nonablative SCT, cord blood) continue to improve the 

results in AML and are established curative modalities in AML in first CR as well as in 

refractory-recurrent AML.57–60 The best timing of allogeneic SCT (first CR vs 

postchemotherapy failure) and within which subsets (favorable vs unfavorable) is under 

constant reevaluation.
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Acute Lymphocytic Leukemia

Therapeutic perspective

Childhood ALL is the poster child for a successful chemotherapy story in cancer.61,62 In 

contrast to the French proverb, `Plus ça change, plus c'est la méme chose,' therapeutic 

progress in ALL has followed the line of `ça change en plus, avec les mémes choses.' The 

use of a multitude of established drugs (vincristine, steroids, anthracyclines, 

cyclophosphamide, asparaginase, methotrexate, 6 mercaptopurine) and fine tuning schedules 

and dose-intensity delivery have increased the cure rate in pediatric ALL from 30% to 80%.

The principles of ALL therapy revolve around remission induction, consolidation, 

maintenance, and central nervous system (CNS) prophylaxis. Using the same principles in 

adult ALL has increased the CR rates to 80% to 90% and the cure rates to 40% (Fig. 3, 

top).63–70 Induction chemotherapy relies on the backbone of steroids (with dexamethasone 

favored over prednisone in recent studies),71,72 anthracyclines (daunorubicin or 

doxorubicin), and vincristine. The addition of cyclophosphamide, asparaginase, or high-dose 

cytarabine73–75 to induction therapy did not improve the results significantly. Consolidation 

therapy used higher dose schedules of cytarabine, methotrexate, or allogeneic or autologous 

SCT.74–77 Maintenance therapy favored longer durations (usually 2–3 years) of 6 

mercaptopurine, vincristine, steroids and methotrexate (POMP) with intermittent 

consolidations in between. Shorter POMP maintenance produced worse results.78 CNS 

prophylaxis has gradually shifted from craniospinal irradiation (long-term neurologic 

sequelae, second cancers, learning disabilities) to the equivalently effective intrathecal 

prophylaxis.79,80

Several adult ALL regimens closely follow the principles of childhood ALL regimens, yet 

they do not achieve the high cure rates of childhood ALL. These include the Berlin-

Frankfurt-Munster regimen; the Cancer And Leukemia Group B regimen; and the M. D. 

Anderson Cancer Center regimen of hyperfractionated cyclophosphamide, vincristine, 

doxorubicin, and dexamethasone (hyper-CVAD).63–68 Programs than exclude older patients 

(aged ≥60 years) and patients with Philadelphia chromosome (Ph)-positive ALL usually 

produce better results.69,70 For example, whereas the long-term survival rate with hyper-

CVAD is 40% overall (median patient age, 42 years), it increased to 53% if only patients 

aged ≤50 years were considered. (Fig. 3, bottom).

The difference in prognosis in childhood ALL versus adult ALL is predominantly because 

of differences in the disease biology. ALL with hyperdiploid karyotype (more than 50 

chromosomes) and the cryptic cytogenetic molecular abnormality t(12:21) that produces the 

TEL-AML1 fusion gene, both favorable ALL subtypes, account for 50% of childhood ALL 

but only 10% of adult ALL. The Ph-positive ALL subtype, an unfavorable disease until the 

recent addition of imatinib mesylate to chemotherapy, is observed in only 3% of childhood 

ALL.81–83

Several studies reported a better outcome among adolescents and young adults (AYAs) who 

were treated on pediatric regimens versus AYAs who received adult regimens.84–87 These 

studies did not elaborate on the details of the regimen differences, but the adult regimens 
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often either provided shortened POMP maintenance or omitted it. The abbreviated/omitted 

POMP maintenance in adult ALL programs may largely explain these differences. 

Convinced by the accumulating evidence, several investigators have adopted the 

`augmented' pediatric programs in adult ALL therapy. These regimens often intensify the 

dose-schedule delivery of the nonmyelosuppressive agents, namely vincristine, steroids, and 

asparaginase. The early results from these programs are encouraging, and reports have 

estimated 2-year survival rates of 75%, better than past historic experience88–90 but similar 

to the results reported with hyper-CVAD in patients aged ≤50 years (Fig. 3).63 A plateau 

effect of the survival curves in these studies may prove their benefit over hyper-CVAD. It is 

noteworthy that the `augmented' pediatric regimens had significant toxicities in adult ALL, 

particularly among older patients (aged ≥50 years), who have been excluded from such 

trials. Subset analyses have also demonstrated that the pediatric regimens may have 

benefited patients between ages of 15 and 40 years, but not older patients.90

The role of allogeneic SCT in first CR has been investigated across numerous studies.91,92 A 

recent MRC-Eastern Cooperative Oncology Group trial that involved >1980 patients (ages 

15–e50 years; expanded later to age 55 years) who were randomized genetically either to 

undergo allogeneic SCT (if a matched sibling donor was available) or otherwise to receive 

chemotherapy versus autologous SCT demonstrated a better outcome with allogeneic SCT 

among patients with standard-risk ALL.93 Only 11% of the total study group underwent 

allogeneic SCT for standard-risk ALL. That trial also demonstrated that autologous SCT 

was inferior to chemotherapy (Table 2). Some subtypes of ALL benefit from specific 

therapies.

Burkitt or mature B-cell acute lymphocytic leukemia—Burkitt ALL or mature B-

cell ALL is uncommon and constitutes 5% to 10% of adult ALL. It is often associated with 

L3 morphology (according to the French-American-British classification) and/or with 

translocations involving chromosome 8 and 14, 2, or 22 (t[8;14], t[2;8]; t[8;22]). It is highly 

proliferative (its doubling time often is <12 hours), it may present with bulky adenopathy 

and hepatosplenomegaly, and it is associated with a high incidence of CNS disease at 

presentation (30%) and with tumor lysis and renal failure. Together with APL and severe 

leukocytosis, it represents one the few true chemotherapy emergencies in leukemia and 

cancer in which immediate implementation of therapy is necessary. Historically, mature B-

cell ALL was associated with a hopeless prognosis and a cure rate of <5% with standard 

regimens. Recent short-term, dose-intensive regimens incorporating high doses of 

fractionated cyclophosphamide and high doses of cytarabine and methotrexate with 

intensive CNS prophylaxis and therapy have improved the results dramatically, producing 

CR rates of 90% and cure rates of 70%.94 The addition of rituximab to these regimens has 

improved the results further.95 Maintenance therapy in mature B-cell ALL is not needed.

Philadelphia chromosome-positive acute lymphoblastic leukemia—Ph-positive 

acute ALL used to be associated with a very poor prognosis. The addition of imatinib to 

chemotherapy has improved the results in most, but not all, studies. Combinations of 

chemotherapy plus imatinib have now improved the 3- to 4-year survival rates to 

>50%.96–98 The dose intensity of imatinib may be important. In the 1 negative study to date, 
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imatinib was added to chemotherapy only after induction and for limited and interrupted 

periods.99 Like in CML, extended continuous therapy with imatinib may be critical for 

improved survival.

T-cell acute lymphocytic leukemia—The outcomes of patients with T-cell ALL, which 

includes approximately 15% of ALL, have also improved with the addition of multiple 

courses of cytarabine, methotrexate, and asparaginase. The reported cure rate in adult ALL 

with such regimens is 40% to 50%.100 Nelarabine, a guanosine nucleoside analogue, is 

highly active in T-cell ALL, produces CR rates of 40% to 50% in refractory-recurrent ALL, 

and has been approved for this condition. Its incorporation into frontline T-cell-specific ALL 

regimens may further improve prognosis.101,102

Biologic perspective

Like in patients with AML, the prognosis in patients with ALL is determined by host-

associated factors (age, performance status, comorbidities) and disease-associated factors. 

The immunophenotypic and cytogenetic subsets described above are associated with 

differences in prognosis.103,104 The persistence of minimal residual disease (MRD) in 

morphologic CR, detected by molecular or multiparameter flow-cytometric studies, has been 

associated now with a consistently worse prognosis. Although such studies have not yet 

been incorporated into routine monitoring procedures, they should be adopted. The detection 

of MRD in CR should lead to therapeutic modifications in investigational programs. 

Genomicproteomic profiling of ALL may identify new prognostic-pathophysiologic subsets 

or new targetable gene clusters.105–107

The future

Although the cure rate in adult ALL has improved to approximately 40%, the current status 

quo is unsatisfactory. Several strategies are promising: 1) the addition of rituximab to 

chemotherapy in mature B-cell ALL and perhaps in CD20-positive pre-B ALL,95,108 2) 

optimizing the delivery of Bcr-Abl TKIs (particularly the more potent dual Src-Abl 

inhibitors like dasatinib) in chemotherapy-targeted therapy combinations,109 3) the 

introduction of T-cell-targeted agents (nelarabine) to T-cell ALL,101,102 and 4) addressing 

the problem of persistent MRD with intensive or modified regimens (allogeneic SCT, 

others). Several anti-ALL agents also are emerging. These include clofarabine (which has 

been approved for the treatment of refractory-recurrent pediatric ALL),110 modified 

formulations of liposomal vincristine (perhaps more potent and less toxic),111 polyethylene 

glycolconjugated formulations of asparaginase (longer acting and perhaps more 

potent),112,113 liposomal formulations of cytarabine for CNS prophylaxis-therapy (longer 

acting, less frequent delivery),114 and new monoclonal antibodies.115,116 An intense, 

ongoing search for anti-ALL-specific agents (eg, Notch inhibitors) may yield positive 

therapeutic discoveries in ALL.
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Chronic Myeloid Leukemia

Therapeutic perspective

The discovery of the activity of imatinib mesylate, a selective Bcr-Abl TKI, represented a 

true therapeutic paradigm shift in CML.117,118 Before the broad availability of imatinib, 

CML was considered a poor-prognosis leukemia with a median survival of 3 to 4 years. 

Frontline therapies included 1) allogeneic SCT (curative in 40%–70% of patients; 1-year 

mortality rate, 10%–40%,) which was available potentially to 20% to 40% of patients 

(limitations of patient age and donor availability); and 2) interferon-α therapy, which 

produced cytogenetic CR rates of 10% to 35% and improved the median survival to 6 to 7 

years and the 10-year survival rate to 30% to 40%.119–121 Patients with CML after the 

failure of such strategies had no subsequent options.122,123

Since 2000, the year imatinib became widely available, the course of CML has changed to 

an `indolent' form. The estimated annual mortality was reduced from the historic rate of 

10% to 20% to ≤2% in the first 6 years of follow-up (Fig. 4). The CML-specific annual 

mortality is approximately 1%. If the current experience continues to be as favorable, then 

the estimated median survival in CML would exceed 25 years.124–128 With an incidence of 

5000 cases per year in the United States and an annual mortality of 2%, the prevalence of 

CML will continue to rise until it plateaus at approximately 250,000 cases around the Year 

2040.

The updated results of the IRIS trial (International Randomized Study of Interferon vs 

STI571) at 6 years continue to demonstrate the efficacy and safety of imatinib therapy in 

CML. The estimated 6-year survival rate was 88%, the progression-free survival rate (no 

progression to accelerated or blastic phase) was 93%, and the event-free survival rate was 

83%.129 The cumulative incidence of cytogenetic CR (as the single best response) was 87%, 

and 71% of patients were in cytogenetic CR on imatinib therapy at 6 years. The annual rate 

of progression to accelerated or blastic phase was 2% to 3% in the first 2 years and 

decreased to ≤1% in Years 4 and 5. Among the patients who achieved a cytogenetic CR, the 

rate of transformation has decreased to <0.5%, suggesting the stability and predictability of 

the course of CML in patients who respond to imatinib.125,129 Treatment-related side effects 

are mild to moderate and are manageable. These include gastrointestinal disturbances, fluid 

retention (peripheral edema, periorbital edema), skin rashes, muscle cramps, and rare organ 

dysfunctions (renal, hepatic, cardiac).130

The standard dose of imatinib is 400 mg daily given orally. Dose escalation to from 600 to 

800 mg daily may overcome relative resistance to imatinib and produce durable cytogenetic 

CRs, particularly in patients with cytogenetic resistance-recurrence, but not in patients with 

hematologic resistance-recurrence.131,132 The incidence of major molecular response (3-log 

reduction or greater in BCR-ABL transcripts; a BCR-ABL:ABL transcript ratio ≤0.05–

0.1%) has increased to 70% as the data have matured, and the incidence of undetectable 

BCR-ABL transcripts (detection sensitivity, of 4.5 log) has increased to 25% to 40%.133,134 

Some studies in newly diagnosed patients have demonstrated that high-dose imatinib (400 

mg orally twice daily) is associated with higher and faster rates of cytogenetic CR and 
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complete and major molecular responses.135–137 High-dose imatinib is more costly and is 

associated with a higher incidence of side effects and myelosuppression.

There is a poor correlation between imatinib plasma levels and body weight or body surface 

area.138 In other words, the flat dose of 400 mg daily of imatinib, on average, is effective in 

most patients regardless of their size or weight. However, there is a correlation between the 

average daily imatinib dose and the incidence of cytogenetic CR: Daily doses <300 mg were 

associated with significantly lower cytogenetic CR rates.139 There also is a correlation 

between higher 4-week trough plasma levels of imatinib and rates of cytogenetic CR, 

molecular response, and event-free survival.138 Among patients who develop `resistance' to 

imatinib, measuring imatinib plasma levels may identify patients with pseudoresistance (low 

levels) because of poor compliance, poor absorption, or other factors compared with patients 

who have true resistance (reasonable plasma levels) and who will benefit from changing 

therapy.

Patients who respond to imatinib should continue on treatment indefinitely. Interruption of 

therapy, even in patients in molecular CR for ≥2 years, was associated with molecular 

recurrence in 50% of patients.140 The development of chromosomal abnormalities in the Ph-

negative cells in patients in cytogenetic response was noted in 5% to 8%. These may include 

chromosome 5 or 7 abnormalities, trisomy 8, 20q–, and other aberrations observed in MDS 

and AML. However, these abnormalities are transient in most patients and disappear with 

continued therapy. Rare cases of AML or MDS have been reported that evolved in the Ph-

negative cells.141,142 This may indicate the instability of the stem cell, which led to the 

initial development of Ph-positive disease and which may transform again as part of the 

natural course of the disease once the Ph-positive clones have been suppressed.

Resistance to imatinib occurs at an annual rate of 3% to 4%. Approximately 50% of patients 

with CML resistance exhibit mutations in the BCR-ABL kinase domain. Mutations may 

occur in the ATP-binding site, in the P-loop, the activation site, catalytic sites, or other areas 

in the BCR-ABL structure. Such mutations may confer absolute or relative resistance to 

imatinib or may be clinically irrelevant.143–145 The causes of imatinib resistance in the other 

50% of patients are being elucidated. A particular mutation involving amino acid 315 with a 

threonine→isoleucine mutation, T315I, is a `gatekeeper' mutation that is associated with 

absolute resistance to currently developed second-generation TKIs.

Patients who develop CML resistance or recurrence on imatinib have several treatment 

options. If they progress in chronic phase, then they have an excellent response to the new 

generation TKIs with an estimated cytogenetic CR rate of 50% to 60% and an estimated 1.5- 

to 2-year survival of 90%.146 In such patients, an initial trial of a second-generation TKI 

may be appropriate. The choice of referral for an allogeneic SCT may depend on the 

response to the TKI and the risk of allogeneic SCT (related vs unrelated donor, degree of 

matching, patient age). Patients who progress on imatinib to accelerated or blastic phase 

must consider allogeneic SCT immediately, regardless of the risk of the procedure. In such 

patients, a second-generation TKI may be offered to reduce disease burden in an attempt to 

improve the results of allogeneic SCT.146 Patients who undergo allogeneic SCT in chronic 
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phase after imatinib exposure have a significantly better outcome than patients who have not 

been exposed to imatinib.147

Second-generation TKIs include more potent selective Bcr-Abl inhibitors, such as nilotinib, 

or dual Src-Abl kinase inhibitors like dasatinib, bosutinib, or INNO406. Dasatinib and 

nilotinib are approved in the United States and in several other countries for the treatment of 

CML after imatinib failure in all phases and in Ph-positive ALL (dasatinib) and for CML in 

chronic and accelerated phases (nilotinib).148–154 Bosutinib and INNO406 are 

investigational.155,156 In chronic phase CML, dasatinib and nilotinib are associated with 

major cytogenetic response rates of 50% to 60% (CR in 40%–50%) and with 1- to 2-year 

survival rates from 85% to 95%. Some mutations may be more responsive to 1 TKI or 

another. T315I mutations are resistant to all 4 TKIs. In a randomized study of oral dasatinib 

70 mg twice daily versus high-dose oral imatinib 400 mg twice daily in patients with 

resistance to imatinib 400 to 600 mg daily, dasatinib was associated with higher rate of 

major and complete cytogenetic responses, molecular responses, and progression-free 

survival.157 Dasatinib was associated with severe myelosuppression in 50% of patients and 

with severe pleural effusions in 5% to 10% of patients.158 Randomized trials have 

demonstrated that dasatinib 100 mg as a single daily dose in chronic phase CML resulted in 

similar response rates and better progression-free survival compared with 70 mg orally twice 

daily and was associated with significantly lower rates of myelosuppression and pleural 

effusion.159 Promising investigational studies include selective T315I inhibitors, 

homoharringtonine, decitabine, farnesyl transferase inhibitors, and others.160–163

Biologic perspective

Animals models have established a causal association between BCR-ABL molecular events 

and the development of CML.164,165 This encouraged the development of the selective Bcr-

Abl TKIs, and imatinib was the first of these to enter clinical trials and to be approved (and 

become established frontline therapy) for treating CML. The development of imatinib 

resistance and its common association with mutations involving the BCR-ABL kinase 

domain, led to the development of more potent (20- to 300-fold increased potency) selective 

Bcr-Abl and dual Src-Abl inhibitors.

Because >70% of patients now achieve a cytogenetic CR with imatinib, more precise and 

more convenient methods to monitor treatment response and resistance have been 

developed. These include fluorescence in situ hybridization (FISH) studies, quantitative 

polymerase chain reaction (QPCR) studies, and mutational analyses. The uses/misuses of 

these methods are discussed in other reviews.166,167 In simple terms: 1) FISH studies can 

substitute for bone marrow studies until Ph-positive levels are <5%, at which time a 

cytogenetic CR needs to be confirmed by standard cytogenetics; 2) in patients who are in 

stable cytogenetic CR, bone marrow studies for cytogenetics may be performed every 1 to 2 

years, and QPCR studies should be obtained every 6 months; 3) variations of QPCR for 

patients who are in cytogenetic CR should lead to more cautious monitoring, eg, QPCR 

studies every 3 to 6 months, but not to a change in therapy167; and 4) mutational studies are 

useful only in patients with suspected resistance or recurrence on imatinib or other TKIs. 

This helps to identify patients who have T315I mutations that require specific approaches, 
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including referral for allogeneic SCT, as well as selective mutations that may benefit from 

specific TKI therapies.

The future

The prognosis in CML is excellent. Most patients who receive treatment with TKIs will 

exhibit a `functional cure' and will live close to a normal life span with continued therapy, 

without the need for disease eradication. The development of safe, nontoxic, and more 

potent agents that encompass in their activity particular resistant mutations (eg, T315I, 

F317V/L) may improve outcomes further. Combinations of TKIs with downstream Bcr-Abl-

mediated or Bcr-Abl-independent signal inhibitors (eg, farnesyl transferase inhibitors, Janus 

kinase 2 inhibitors) may eradicate dormant CML cells. Immunotherapy may also result in 

the eradication of minimal persistent disease and, thus, may lead to `molecular cures' that 

persist after the discontinuation of therapy.

Chronic Lymphocytic Leukemia

Therapeutic perspective

The discovery of the activity of fludarabine, an aden-osine nucleoside analog, in CLL has 

ushered in a new therapeutic era and a change of emphasis from palliation to the pursuit of 

durable CR as a step toward potential cure of CLL.168 Before fludarabine, patients were 

treated with chlorambucil, vincristine, steroids, cyclophosphamide, and anthracyclines. 

These strategies produced low CR rates of 10% to 20% and had minimal survival benefits. 

Several randomized trials have confirmed the superiority of fludarabine over alkylating 

agents as initial treatment for CLL.169–172 Combinations of fludarabine and 

cyclophosphamide were also superior to fludarabine alone.173–175 The CR rates with single-

agent fludarabine in frontline CLL therapy were 15% to 30%. The combination of 

fludarabine and cyclophosphamide increased the CR rate to 30% to 40%. The introduction 

of rituximab, the chimeric anti-CD20 monoclonal antibody, to chemotherapy in CLL further 

improved the results. In preclinical models, rituximab sensitized chemotherapy-resistant 

cells to fludarabine.176 Fludarabine also down-regulated expression of CD55 and CD59, 

thus increasing the susceptibility of tumor cells to rituximab-mediated complement 

effect.177 Chemoimmunotherapy combinations of fludarabine and rituximab (FR) and 

fludarabine, cyclophosphamide, and rituximab (FCR) improved the results over those 

observed with fludarabine-based therapy (Fig. 5).178,179 The M. D. Anderson Cancer Center 

experience in over 300 patients who received frontline FCR therapy demonstrated an overall 

response rate of 95%, including a CR rate of 72%. Molecular CRs, determined by PCR-

based ligase assay, were observed in 42% of patients in morphologic CR. The estimated 5-

year survival and freedom-from-progression survival rates were 79% and 60%, respectively. 

Among patients with CR or partial response, the median time to progression was 80 months, 

and the estimated 5-year progression-free survival rate was 70%.

Among patients who progress on fludarabine-based therapy, treatment options include 

allogeneic SCT,180 alemtuzumab (a CD52 monoclonal antibody),181 lenalidomide (an 

immunomodulatory inhibitor derivative of thalidomide),182 and new monoclonal antibodies 

(humanized CD20 monoclonal antibody; CD23 monoclonal antibody [lumilixumab]). 
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Allogeneic SCT in patients after failure on fludarabine is associated with 3- to 5-year 

survival rates of 50% to 70%.180 Alemtuzumab in fludarabine failure produced response 

rates of 30% to 40% and a median survival of 9 to 18 months.181 Similarly, lena-lidomide 

resulted in response rates of 30% to 50% in patients with recurrent CLL.182 Combinations of 

chemoimmunotherapy (FCR) with alemtuzumab and lenalidomide, in different schedules 

and sequences, are under investigation.

Biologic perspective

Several prognostic factors may help determine the outcome of patients with CLL. Older age 

is an adverse prognostic factor that may be related to a different disease biology or poor 

tolerance to current therapies. Elevated β2-microglobulin levels have been associated 

consistently with an adverse prognosis.183,184 Other adverse prognostic factors include 

CD38 expression, the absence of a mutation of the immunoglobulin-variable region, and 

overexpression of ζ-associated protein 70 (ZAP 70).185–188 Cytogenetic abnormalities 

involving chromosome 17 (deletion of the p53 locus) also have been associated with an 

adverse outcome in CLL.189,190

The future

Discovering more active anti-CLL agents, improving the safety and efficacy of allogeneic 

SCT, and gaining a better understanding of the disease pathophysiology and targetable 

signals may improve prognosis further in patients with CLL.

The particular subset of hairy cell leukemia

HCL is an uncommon lymphoproliferative disease that often occurs in older men who 

present with cytopenias and splenomegaly. The diagnosis is suspected by the morphology of 

the hairy cells and is confirmed by particular stains (tartrate-resistant acid phosphatase) and 

cell surface markers (CD11c, CD22, CD25, CD103). The median survival in HCL before 

the discovery of effective therapies was 5 years.191 Interferon-α therapy and the later 

discovery of the activities of pentostastin and CDA improved 5- to 10-year survival rates to 

90%.191–194 Approximately 50% of the deaths are because of secondary cancers or are 

unrelated to HCL progression. HCL is a leukemia associated with excellent long-term 

outcome after 1 or 2 5-day courses of a relatively nontoxic chemotherapy, CDA. Commonly 

used regimens include CDA 4 mg/m2 as a continuous infusion daily for 7 days (standard), or 

CDA 5.6 mg/m2 intravenously over 2 hours daily for 5 days (common practice). The 

addition of rituximab to CDA may improve progression-free survival195

Myelodysplastic Syndrome

Treatment perspective

MDS includes heterogeneous hematopoietic disorders characterized by cytopenias, 

hypercellular bone marrows with dysplastic changes in 1 one or more of the hematopoietic 

series, a variable percentage of blasts, chromosomal abnormalities in 50% of patients, and a 

predilection for transformation to AML in 50% of patients.196,197 Several prognostic models 

have been designed to account for the disease heterogeneity.198–200 The International 

Prognostic Scoring System (IPSS) divides patients into low, intermediate 1, intermediate 2, 
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and high-risk groups with corresponding median survivals of 5.6 years, 3.1 years, 1.2 years, 

and 0.4 years, respectively, based on the percentage of bone marrow blasts, the karyotype, 

and the number of cytopenias.200 In a simple practice, patients can be divided into higher 

risk MDS (blasts ≥10%) and lower risk MDS based on the percentage of bone marrow 

blasts. The percentage of patients with higher risk MDS ranges from 30% (newly diagnosed 

in community practice) to 60% (referral after treatment failure to tertiary cancer centers). 

Although MDS is considered `indolent' by many specialists, the median survival range in 

newly diagnosed MDS is 2 to 3 years. Survival is worse in patients with secondary MDS, 

patients who have received prior transfusions,201 and patients who are referred to tertiary 

centers after failing some form of therapy; in such patients, the median survival is 1 to 2 

years.202

A decade ago, no treatment options were available for patients with MDS. Patients were 

observed or received supportive care or transfusions as indicated by their symptoms. Today, 

numerous treatment options are available, and 4 drugs have received approval from the US 

Food and Drug Administration in the past 2 years for the treatment of MDS and chronic 

myelomonocytic leukemia (CMML) or 1 of the subsets. The 2 hypomethylating agents 

azacitidine and decitabine are approved for the broad treatment of MDS and CMML.203–207 

Lenalidomide is approved for the treatment of lower risk MDS with transfusion dependence 

and abnormalities involving deletions of chromosome 5 (5q–).208,209 Imatinib is approved 

for the treatment of MDS or CMML with translocations involving chromosome 5q33.

Patients with lower risk MDS usually are observed until cytopenias or symptoms require 

interventions. These could include growth factors (erythropoietins, granulocyte-colony-

stimulating factor) and transfusions. Response rates to growth factors range from 40% to 

60%, and responses generally are durable (median response duration, 2.5 years).210 Recent 

studies have suggested a survival prolongation with growth factors in patients with low-risk 

MDS and low transfusion requirement (<2 erythrocyte transfusions per month).211 Patients 

who progress on these measures with worsening cytopenias but with a low percentage of 

bone marrow blasts (eg, ≥5%) may benefit from immunotherapy in the form of 

antithymocyte globulin, steroids, or cyclosporine A. The response rate to immunotherapy 

ranges from 20% to 50% with a median response duration of 2 to 3 years.212

Cytogenetic studies allow the identification of patients with deletions of chromosome 5 who 

would benefit from lenalidomide therapy and patients with translocations involving 

chromosome 5q33 who respond well to imatinib therapy. Among patients with low-risk 

MDS and deletion of chromosome 5, lenalidomide has been associated with a transfusion-

independence rate of 66%, a median response duration of 116 weeks, and a cytogenetic CR 

rate of 40% to 50%.208 Among patients with low-risk MDS and transfusion dependence but 

without the presence of chromosome 5 deletions, lenalidomide also resulted in a transfusion-

independence rate of 26%, a median response duration of 41 weeks, and a cytogenetic CR 

rate of 8%.209

Recent studies have demonstrated an adverse effect of transfusion dependence and iron 

overload on prognosis, presumably as a result of organ damage (cardiac, pulmonary, 

hepatic, endocrine). Iron chelation therapy may benefit some patients with MDS and 
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transfusion dependence, although the issue is controversial and requires further rigorous 

investigations.201,213–215 Patients with MDS should be monitored for the number of 

transfusions and iron overload (rising serum ferritin levels). Patients who have received ≥20 

transfusions or who show rising serum ferritin levels (>1000 ng/mL) may be offered iron 

chelation therapy. Iron chelation has been associated with survival prolongation in some 

retrospective studies.214,215 Patients who progress on the above measures should be 

considered for treatment with hypomethylating agents or other strategies used in higher risk 

MDS.

Patients with higher risk MDS may be offered initial therapy with hypomethylating agents, 

particularly if they are older (ages ≥50 to 60 years). Azacitidine is usually given as 75 

mg/m2 subcutaneously daily for 7 days every 4 weeks for at least 1 or 2 years or until 

progression.203 Alternative schedules include subcutaneous azacitidine 75 mg/m2 per day 

for 5 days every 4 weeks.216 Azacitidine is associated with CR rates of 7% to 20% and 

overall response rates of 50% to 70%. A recent randomized trial of azacitidine versus best 

standard of care demonstrated a survival advantage with azacitidine therapy.217 The median 

survival was 24.4 months with azacitidine versus 15 months with best standard of care, and 

the estimated 2-year survival rates were 51% and 26%, respectively (P<.0001) (Table 3). 

The addition of growth factors or antitumor necrosis factor (anti-TNF) agents (eg, 

etanercept) to azacitidine therapy may improve the response rate.218,219 Decitabine may be 

given as 15 mg/m2 over 4 hours every 8 hours for 3 days (135 mg/m2 per course) every 4 

weeks or as 20 mg/m2 intravenously over 1 hour daily for 5 days every 4 weeks. It also can 

be given subcutaneously. The optimal schedules of hypomethylating agents are under 

evaluation. It is believed generally that courses given every 4 weeks are optimal for 

induction of the hypomethylating effect. Patients should be treated for at least 3 courses 

before considering response or failure. Treatment delays should not be implemented unless 

patients have cytopenias and hypoplastic bone marrow without evidence of MDS or if they 

have serious, unresolved complications (pneumonia, organ failure). Decitabine has 

demonstrated a survival benefit compared with historical experience in intensive 

chemotherapy using either matched controls or multivariate analysis. In a poor prognosis 

population (cytopenias in 96%, cytogenetic abnormalities in 62%, prior therapy in 56%, 

bone marrow blasts >10% in 47%), decitabine was associated with a median survival of 22 

months versus 12 months with intensive chemotherapy.206,207

Intensive chemotherapy is usually offered either after failure on hypomethylating agents or 

in younger patients with diploid karyotype who are treated with curative intent.220 

Allogeneic SCT is curative in 30% to 50% of patients with MDS.221,222 The best results are 

achieved with transplantation in patients who have bone marrow blasts ≥5%. Therefore, 

achieving MRD in patients before SCT by using either hypomethylating agents or 

chemotherapy may improve the results of SCT. An analysis of the timing of transplantation 

(at diagnosis, 2 years into MDS, at the time of transformation) in lower risk MDS versus 

higher risk MDS indicated that the best timing for SCT is later in patients with lower risk 

MDS and earlier in patients with higher risk MDS.222 A sequence of treatment strategies in 

MDS is summarized in Table 4.
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Biologic perspective

The cytogenetic changes in MDS are important for determining prognosis and therapy. 

Patients with aberrations that involve chromosome 7 or ≥3 abnormalities have a very poor 

prognosis (as poor as the presence of ≥20% blasts) that is not accounted for readily by the 

IPSS.223 The presence of chromosome 5 deletion in low-risk MDS favors lenalidomide 

therapy, whereas a translocation that involves 5q33 (the site of the platelet-derived growth 

factor receptor β) favors imatinib therapy. In early MDS, a subset of patients may have 

clonal T cells that suppress hematopoiesis. In such patients, immunotherapy may be 

beneficial. Increased global and site-specific methylation is adverse in MDS and increases 

with disease progression, which may be one reason for the efficacy of epigenetic therapy, 

including hypomethylating agents and histone deacetylase inhibitors. Recently, the 

ribosomal protein S14 gene RPS14 was suggested as the gene involved in the 5q 

syndrome.224 This finding may produce targeted therapies relevant to this MDS subset. High 

TNF-α levels in early MDS suggests a possible role for TNF-α inhibitors (eg, etanacerpt) in 

combinations.219

The future

The gradual unraveling of the heterogeneous pathophysiology of MDS may result in new 

beneficial treatments. Combinations of epigenetic agents (hypomethylating agents and 

histone deacetylase inhibitors) may improve results over those obtained with single agents. 

New anti-MDS agents with promise include clofarabine,225 homoharringtonine, sapacitabine 

(oral cytosine analogue), arsenic trioxide,226 CD33 monoclonal antibodies, thrombopoiesis-

stimulating agents,227 and others.

Summary

For leukemia and MDS, as the poet Bob Dylan declared, `the times they are a-changin'. 

HCL is potentially curable with 1 or 2 courses of CDA, a relatively nontoxic chemotherapy. 

APL is highly curable with ATRA plus anthracycline regimens and is possibly curable 

without chemotherapy (ATRA plus arsenic trioxide) or with minimal chemotherapy (ATRA, 

arsenic trioxide, and gemtuzumab ozogamycin). In CML, oral nontoxic therapy with 

imatinib or other TKIs produces `functional cures' and results in an estimated 6-year 

survival rate of 90%. In CBF acute leukemias, high-dose cytarabine regimens are associated 

with cure rates of 50% to 70%. The 5- to 10-year survival rates continue to improve in ALL, 

AML, and CLL. In MDS, new treatments are showing significant promise. Allogeneic SCT 

is an established curative modality in many of these disorders and may have broader 

applications as the safety and efficacy of such procedures improve.
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Figure 1. 
The survival of patients with acute myeloid leukemia (AML) is illustrated by decade overall 

(Top), among patients aged <60 years (Middle), and among patients aged ≥60 years 

(Bottom). Data are from 3766 patients with newly diagnosed AML who were referred to the 

Leukemia Department of the M. D. Anderson Cancer Center from 1973 to the present.
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Figure 2. 
This chart illustrates the survival of patients with acute promyelocytic leukemia at the M. D. 

Anderson Cancer Center who received chemotherapy (Chemo), all-trans retinoic acid 

(ATRA) plus chemotherapy, and ATRA plus arsenic trioxide (AS2O3).
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Figure 3. 
Top: The survival of patients with adult acute lymphoblastic leukemia (ALL) is illustrated in 

this chart from M. D. Anderson Cancer Center data for 3 successive regimens from 1980 to 

the present: before vincristine, doxorubicin, and dexamethasone (Pre-VAD) (1980–1985); 

VAD (1985–1992); and hyperfractionated cyclophosphamide, vincristine, doxorubicin, and 

dexamethasone (HCVAD) (1992–2007). Bottom: Survival on the HCVAD regimen is 

illustrated in patients with adult ALL overall and by age group (<50 years vs ≥50 years).
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Figure 4. 
This chart illustrates the survival of patients with chronic myeloid leukemia (CML) before 

and after imatinib (based on M. D. Anderson Cancer Center data from 1736 patients with 

newly diagnosed CML who were referred from 1970 to the present). Excluding 11 patients 

who died from causes other than CML, the estimated 7-year survival rate is 89%.
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Figure 5. 
These charts illustrate the survival of patients (Pts) with chronic lymphocytic leukemia 

(CLL) by treatment era (Top) and specific regimens (Bottom) from M. D. Anderson Cancer 

Center (MDA) data. CHOP indicates combined cyclophosphamide, doxorubicin, vincristine, 

and prednisone; F±P, fludarabine with or without prednisone; FMFC, fludarabine and 

mitoxan trone/fludarabine and cyclophosphamide; FCR, fludarabine, cyclophosphamide, 

and rituximab.
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TABLE 1

Outcome of Older Patients With Acute Myeloid Leukemia Who Received Intensive Chemotherapy*

Karyotype CR,% 8-Week Mortality, % 2-Year EFS, %

Ages 65–74 y

 Diploid 60 22 12

 Unfavorable 39 35 6

Aged ≥75 y

 Diploid 43 40 10

 Unfavorable 35 47 3

CR indicates complete response, EFS, event-free survival.

*
M. D. Anderson Cancer Center data, 1990–2007.
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TABLE 2

Outcome of Patients With Adult Acute Lymphoblastic Leukemia After Postremission Consolidation With 

Allogeneic Stem Cell Transplantation (SCT), Autologous SCT, or Chemotherapy

Parameter No. of Patients 5-Year Survival, % P EFS, % P

Donor available <.05 <.05

 Yes 384 54 50

 No 418 44 40

Allogeneic SCT

 High risk NS NS

  Yes 168 41 38

  No 190 35 31

 Standard risk <.05 <.05

  Yes 216 64 59

  No 223 51 45

No allogeneic SCT <.05 <.05

 Autologous SCT 220 37 33

 Chemotherapy 215 46 42

EFS indicates event-free survival; NS, not significant.
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TABLE 3

Azacitidine Versus Conventional Care in Patients with Myelodysplastic Syndrome (n=358)*

Response, %

Therapy No. Treated CR PR Overall Median Survival, mo

Azacitidine 179 18 12 29 24.4

Conventional care 179 8 4 12 15.5

 Best support 1 4 5 11.5

 Low-dose cytarabine 8 4 12 15.3

 Chemotherapy (3+7) 36 4 40 15.7

CR indicates complete response; PR, partial response; 3+7, intravenous daunorubicin daily X3 plus continuous-infusion cytarabine daily X7.

*
See Fenaux 2007.217
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TABLE 4

Strategies in Myelodysplastic Syndrome

Lower Risk (Blasts<10%) Higher Risk (Blasts ≥10%; cytogenetics with ≥ 3 abnormalities or with 
chromosome 7 abnormality)

Growth factors: Erythropoietin, G-CSF Decitabine, 5-azacitidine

Immune therapy: Steroids, cyclosporin, antithymocyte globulin Investigational

Lenalidomide: 5q31 Intensive chemotherapy (younger, karyotype diploid)

Decitabine, 5-azacitidine Allogeneic stem cell transplantation

Investigational: clofarabine, homoharringtonine

Iron chelation Iron chelation

Translocation (5; 12) or 5q33 variant (PDGFR-B): Imatinib Translocation (5; 12) or 5q33 variant (PDGFR-B): Imatinib

G-CSF indicates granulocyte–colony-stimulating factor; PDGFR-B, platelet-derived growth factor receptor B.
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