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A B S T R A C T

Purpose
We studied BCR-ABL1 transcript levels in patients with chronic myeloid leukemia in chronic phase
(CML-CP) at 3, 6, and 12 months after starting imatinib to identify molecular milestones that would
predict for overall survival (OS) and other outcomes more reliably than serial marrow cytogenetics.

Patients and Methods
We analyzed 282 patients with CML-CP who received imatinib 400 mg/d as first-line therapy followed
by dasatinib or nilotinib if treatment with imatinib failed. We used a receiver operating characteristic
curve to identify the cutoffs in transcript levels at 3, 6, and 12 months that would best predict patient
outcome. We validated our findings in an independent cohort of 95 patients treated elsewhere.

Results
Patients with transcript levels of more than 9.84% (n � 68) at 3 months had significantly lower
8-year probabilities of OS (56.9% v 93.3%; P � .001), progression-free survival, cumulative
incidence of complete cytogenetic response, and complete molecular response than those with
higher transcript levels. Similarly, transcript levels of more than 1.67% (n � 87) at 6 months and
more than 0.53% (n � 93) at 12 months identified high-risk patients. However, transcript levels at
3 months were the most strongly predictive for the various outcomes. When we compared OS for
the groups defined molecularly at 6 and 12 months with the usual cytogenetic milestones,
categorization by transcript numbers was the only independent predictor for OS (relative risk,
0.207; P � .001 and relative risk, 0.158; P � .001, respectively).

Conclusion
A single measurement of BCR-ABL1 transcripts performed at 3 months is the best way to identify
patients destined to fare poorly, thereby allowing early clinical intervention.

J Clin Oncol 30:232-238. © 2011 by American Society of Clinical Oncology

INTRODUCTION

The introduction of tyrosine kinase inhibitors (TKIs)
has proved to be a major advance in the manage-
ment of patients with chronic myeloid leukemia
in chronic phase (CML-CP).1 In the first year of
treatment, patients are most commonly monitored
by regular examination of the bone marrow and are
classified as responders or nonresponders on the
basis of the achievement of major cytogenetic re-
sponse (MCyR) or complete cytogenetic response
(CCyR) at given time points.1 For patients who
achieve CCyR, BCR-ABL1 fusion transcripts are of-

ten monitored thereafter by real-time quantitative
polymerase chain reaction (RQ-PCR), because
increasing transcript levels identify patients most
likely to relapse.2 Recently, efforts have been made
to define molecular milestones that predict pa-
tient outcome more reliably than the cytogenet-
ics,3-5 but to date, such findings are not fully
reproducible. The problem is due in part to the
lack of standardization of the RQ-PCR technol-
ogy (an issue now being addressed6,7) and in part
to the fact that the most common molecular mile-
stone—major molecular response (MMR; equiv-
alent to a 3 log reduction in BCR-ABL1
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transcripts)— does not predict the most relevant outcomes, such
as overall survival (OS) or survival without progression to
advanced phase (ie, progression-free survival [PFS]).1,4,8

In this study, we identified molecular milestones at 3, 6, and 12
months after starting imatinib that strongly predict for OS and other
outcomes. These milestones can be applied in other centers by using a
conversion factor that allows laboratory staff to express transcript
results on the widely accepted international scale6; thus, they can be
used in clinical practice to guide therapeutic decisions.

PATIENTS AND METHODS

Patients and Therapy

Between June 2000 and December 2010, 282 consecutive adult patients with
CML-CPseenatourinstitutionreceivedimatinib400mgdailyasfirst-linetherapy
asdescribedelsewhere.9 Patientsgavewritteninformedconsent for theirdatatobe
usedinthisanalysis.Table1 listspatientcharacteristics.Themedianfollow-upwas
69 months (range, 17 to 131 months). During follow-up, 118 patients discontin-
ued imatinib and received nilotinib (n � 37), dasatinib (n � 72), or an allogeneic
stem-cell transplantation (n�9). In addition, 22 patients underwent transplanta-
tion after second-line therapy failed. Dasatinib and nilotinib were administered as

described elsewhere.10 CP, complete hematologic response, CCyR, and MCyR
were defined by using conventional criteria.9,11

Detection of BCR-ABL1 Transcripts

BCR-ABL1 transcripts were measured in the blood at 6- to 12-week
intervals by using RQ-PCR as described previously.5,6,12,13 Results were ex-
pressed as percent ratios relative to an ABL1 internal control, with original
laboratory values converted to the international scale.6 Complete molecular
response (CMR) was defined by the finding of two consecutive samples with
no detectable transcripts having an ABL1 control with more than 40,000
copies. The median ABL1 control in the CMR samples was 84,000 copies.

Statistical Methods

Probabilities of OS, PFS, and event-free survival (EFS) were calculated by
using the Kaplan-Meier method. An event was defined as loss of a CCyR or
complete hematologic response, progression to advanced phase, death, or ima-
tinib discontinuation. The probabilities of cytogenetic and molecular responses
were calculated by using the cumulative incidence (CI) procedure. Current CCyR
survival (c-CCyRS) was defined as the probability of being alive and in CCyR at a
given time point. The c-CCyRS is the analog of “current leukemia free-survival,” a
termwedevelopedtodescribebehaviorofpatientsafterallogeneic stem-cell trans-
plantation14; it recognizes the fact that patients may relapse and regain remission
with alternative therapy. OS, PFS, and EFS were compared by using the log-rank
test or a Cox regression model. CI and c-CCyRS were examined by using Fine-
Gray regression or a modified Cox regression model for recurrent events,
respectively.15-18 Univariate and multivariate analyses were performed in accor-
dance with standard methods; variables found to be significant at the P � .10 level
were entered in the multivariate analysis. Unless stated in the text, all the analyses
were performed on an intention-to-treat basis.

RESULTS

Outcome and Responses

The 8-year CIs of CCyR, MMR, and CMR with imatinib therapy
were 76.8%, 51.8%, and 13.5%, respectively. The 8-year probabilities
of OS and PFS on a intention-to-treat basis were 84.3% and 83.7%,
respectively. During follow-up, 118 patients (41.8%) discontinued
imatinib because of lack of efficacy (85 patients) or intolerance (33
patients), resulting in an 8-year probability of imatinib failure-free
survival of 50.7%. Appendix Table A1 (online only) depicts the prog-
nostic influence of patient characteristics on the various outcomes.

BCR-ABL1 Transcript Levels at 3, 6, and 12 Months

Strongly Predict for Most Relevant Clinical Outcomes

The BCR-ABL1 transcript levels at 3, 6, and 12 months signifi-
cantly predicted for OS, PFS, and EFS and for the probabilities of
achieving CCyR, MMR, and CMR (Table 2). We used a receiver
operating characteristic curve to identify the optimal cutoff in tran-
script level that would allow us to classify the patients as high risk or
low risk with maximal sensitivity and specificity for each individual
outcome and time point (Table 2). For example, at 3 months, patients
with transcript levels below 9.84% had significantly better 8-year OS
(93.3% v 56.9%; P � .001; Fig 1), although the cutoff with maximal
sensitivity and specificity for CMR was 0.61% (8-year CI of CMR,
84.7% v 1.5%; P � .001; Fig 2). Interestingly, we found that at each
time point, the optimal cutoffs identified for OS, PFS, EFS, and CI of
CCyR were similar; for example, at 3 months, the cutoffs identified for
OS, PFS, EFS, and CI of CCyR were 9.84%, 9.54%, 9.84%, and 8.58%,
respectively, but the optimally predictive cutoffs for MMR and, in
particular, for CMR were significantly lower (ie, 2.81% and 0.61%,
respectively), indicating that a subset of patients destined to achieve

Table 1. Patient Characteristics (N � 282)

Characteristics No. %

Age, years
Median 46.3
Range 13-86.4

Sex
Male 157 55.7
Female 125 44.3

Sokal risk group�

Low 88 31.8
Intermediate 111 40.1
High 78 28.1

Interval since diagnosis, months
Median 1.5
Range 0-6

Chromosomal abnormalities in addition to the
Philadelphia chromosome† 16 6.0

Splenomegaly‡ 186 66.4
Spleen size � 10 cm below the costal margin 75 26.8

White cell count � 109/L
Median 140.5
Range 5.8-645

Platelet count � 109/L
Median 396
Range 108-2,267

Hemoglobin, g/L
Median 116.0
Range 33.0-172.0

Peripheral blood blasts (%)
Median 1
Range 0-14

Peripheral blood basophils (%)
Median 2.6
Range 0-18

�We could not calculate the Sokal score in five patients because of
missing data.

†The most common additional abnormalities were a second Philadelphia chromo-
some and trisomy of chromosome 8. Data were missing in 17 patients.

‡Two patients had missing data; splenomegaly was defined as a palpable spleen in
the physical examination and measured in centimeters below the costal margin.
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Table 2. RR for OS, PFS, and EFS at 8 Years and Cumulative Incidences of CCyR, MMR, and CMR According to the Transcript Level at 3, 6, and 12 Months

Outcome

RR for Transcript
Level (Log)

Cutoff (%)
No. of Patients

at Risk

8-Year
Probability of
the Outcome

8-Year Probability of the Outcome
According to Risk Group

RR P % P No. of Patients % P

BCR-ABL1 transcript level at 3 months
OS 0.161 � .001 � .001

Low risk � 9.84 211 93.3 N/A N/A
High risk � 9.84 68 56.9 N/A N/A

PFS 0.162 � .001 � .001 � .001
Low risk � 9.54 208 92.8 211 92.8
High risk � 9.54 71 57.0 68 55.5

EFS 0.102 � .001 � .001 � .001
Low risk � 9.84 211 65.1 211 65.1
High risk � 9.84 66 6.9 66 6.9

CCyR 5.17 � .001 � .001 � .001
Low risk � 8.58 169 99.4 180 97.9
High risk � 8.58 79 21.7 68 14.8

MMR 12.98 � .001 � .001 � .001
Low risk � 2.81 141 82.5 210 70.1
High risk � 2.81 137 21.1 68 0

CMR 10.95 � .001 � .001 � .001
Low risk � 0.61 57 84.7 211 19.3
High risk � 0.61 222 1.5 68 0

BCR-ABL1 transcript level at 6 months
OS 0.342 � .001 � .001 N/A N/A

Low risk � 1.67 187 93.7 N/A N/A
High risk � 1.67 87 74.7

PFS 0.328 � .001 � .001 � .001
Low risk � 1.73 188 92.8 187 92.8
High risk � 1.73 86 68.9 87 69.4

EFS 0.195 � .001 � .001 � .001
Low risk � 1.67 186 70.7 186 70.7
High risk � 1.67 87 18.3 87 18.3

CCyR 5.033 � .001 � .001 � .001
Low risk � 2.70 98 92.0 82 93.9
High risk � 2.70 66 24.7 82 35.8

MMR � .001 � .001
Low risk 6.854 � .001 � 0.73 136 81.6 176 72.5
High risk � 0.73 123 20.4 83 13.9

CMR 4.405 � .001 � .001 .006
Low risk � 0.21 73 42.7 187 21.0
High risk � 0.21 197 6.1 83 4.0

BCR-ABL1 transcript level at 12 months
OS 0.398 � .001 � .001 N/A N/A

Low risk � 0.53 164 95.4 N/A N/A
High risk � 0.53 93 74.7

PFS 0.333 � .001 � .001 � .001
Low risk � 0.53 164 94.9 164 94.9
High risk � 0.53 92 73.1 92 73.1

EFS 0.280 � .001 � .001 � .001
Low risk � 0.57 168 82.1 164 75.0
High risk � 0.57 78 41.4 82 27.6

MMR 5.639 � .001 � .001 � .001
Low risk � 0.22 90 81.6 121 78.4
High risk � 0.22 114 20.4 83 12.3

CMR 4.139 � .001 � .001 .005
Low risk � 0.036 59 52.1 158 18.8
High risk � 0.036 182 4.1 83 4.1

NOTE. Table shows the cutoff in transcript levels that distinguishes low-risk and high-risk groups with maximal sensitivity and specificity for each outcome, the
8-year probability of outcome in each of the two groups created by applying the cutoffs identified for each outcome, and the 8-year probabilities for the various
outcomes according to the risk group defined by OS.

Abbreviations: CCyR, complete cytogenetic response; CMR, complete molecular response; EFS, event-free survival; MMR, major molecular response; OS, overall
survival; PFS, progression-free survival; RR, relative risk.
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CMR can be identified at early time points on the basis of the speed of
their response. The cutoffs identified for OS—9.84% at 3 months,
1.67% at 6 months, and 0.53% at 12 months—also predict strongly for
all the other outcomes (Table 2). This, together with the fact that OS is
the most relevant outcome, made us choose the cutoffs identified for
OS to define the transcript-based prognostic system.

These Transcript-Based Prognostic Categories Can

Be Applied to Other Patient Populations When

the Transcript Ratio Is Expressed on the

International Scale

We similarly classified 95 patients treated with first-line imatinib
therapy at the Royal Liverpool University Hospital according to their

transcript levels at 3, 6, and 12 months, after converting their local
RQ-PCR results to the international scale. At 3, 6, and 12 months, 32 of
95, 40 of 94, and 37 of 83 patients still receiving imatinib therapy
belonged to the high-risk group as defined by RQ-PCR. At each time
point, the high-risk patients had significantly poorer OS—69.1%
versus 98.3% (P � .003), 71.2% versus 98.1% (P � .009), and 74.4%
versus 98.0% (P� .01)—than the low-risk patients. Similarly, patients
in the high-risk group had significantly lower PFS, EFS, c-CCyRS, CI
of CCyR, and CI of CMR (data not shown).

Use of Second-Line or Subsequent Therapies Has

Little Impact on the Prognostic Value of Early

Measurement of BCR-ABL1 Transcript Levels

During follow-up, 118 patients experienced failure of imatinib ther-
apy and required alternative therapy. To further explore the impact of
early measurement of transcript levels on outcome, irrespective of the use
of rescue treatment, we calculated the c-CCyRS (ie, the probability of
being alive and in CCyR at a given time point as defined above). The
8-year c-CCyRS for the whole population was 76.6% (Fig 1A). High-risk
patients had a significantly worse 8-year probability of c-CCyRS than
low-risk patients: 47.0% versus 91.1% at 3 months (P � .001) and
53.1% versus 91.3% at 6 months (P � .01; Fig 1B). These findings
indicate that the prognostic value of early measurement of the residual
leukemia burden retains its value even for patients requiring treatment
with second-generation TKIs.

Patient Outcome Predicted at 3 Months

We classified the patients as high risk or low risk according
to their transcript levels at 3, 6, and 12 months and entered the
resulting variables in a Cox regression model together with the
appropriate pretherapy variables shown in Appendix Table A1
(see Results). The 3-month transcript level (higher or lower than
9.84%) was the only independent predictor for OS (relative risk [RR],
7.33; P � .001), PFS (RR, 7.16; P � .001), EFS (RR, 9.71; P � .001),
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Fig 1. Eight-year probability of overall survival (OS) and current complete cytogenetic
response survival (c-CCyRS) in the whole population and with patients stratified by risk
group defined by BCR-ABL1 transcript level at 3 months. (A) The probability of 8-year
survival in the whole population was 84.3%. During follow-up, 34 patients died, 12 of
causes unrelated to leukemia. When only the leukemia-related deaths were taken into
account, the 8-year probability of OS was 89.2%. The 8-year probability of c-CCyRS was
76.6%, which represents the probability of being alive and in remission (complete
cytogenetic response [CCyR]) at a given time point; thus, the curve fluctuates as patients
gain or lose CCyR (or die). It is interesting to observe that after the third year, the c-CCyRS
curve remains practically unchanged. (B) Eight-year probability of OS and c-CCyRS for
patients according to the risk group defined by transcript levels at 3 months (high-risk
BCR-ABL1/ABL1 ratio � 9.84% [n � 68]; low-risk BCR-ABL1/ABL1 � 9.84% [n � 211]).
The high-risk group (red lines) had a significantly lower OS (56.9% v 93.3%; P � .001)
and c-CCyRS (47.0% v 91.1%; P � .001) than the low-risk group (blue). The 6- and
12-month landmark analyses show similar results: OS was 74.7% versus 93.7% (P �
.001) and 74.7% versus 95.4% (P � .001) and c-CCyRS was 53.1% versus 91.7% (P �
.001) and 53.3% versus 91.3% (P � .001), respectively.
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Fig 2. Eight-year cumulative incidence of complete molecular response (CMR) for
patients receiving imatinib therapy according to the BCR-ABL1 transcript level at 3
months. The transcript level at 3 months identifies those patients with higher probability
of achieving CMR on imatinib therapy. The 57 patients who had a 3-month transcript
ratio � 0.61% (blue line) had an 8-year cumulative incidence (CI) of CMR of 84.7%, and
the 222 patients with a ratio of more than 0.61% (gold line) had a CI of CMR of only 1.5%
(P � .001). Similar thresholds with high predictive power could be identified for 6 and 12
months (Table 2). Patients in the low-risk group defined at 3, 6, and 12 months also had
significantly higher CI of CMR (Table 2).
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and c-CCyRS (RR, 0.431; P � .001), which indicates that this mea-
surement at 3 months is the most informative. Indeed, 18 of the 23
patients who eventually died of CML-related causes and 28 of the 37
who are still alive but were not in CCyR at their latest follow-up
belonged to the high-risk group defined at 3 months, and use of
transcript cutoffs at 6 and 12 months did not identify any additional
deaths or cytogenetic failures. Conversely, the high-risk group defined
at 3 months contained only 68 patients in total; the 6-and 12-month
groups contained 87 and 93 patients, respectively; thus, the 3-month
time point is the one with the best sensitivity and specificity. Figure 3
shows the evolution of the transcript level according to the prognostic
risk group defined at 3 months.

Prognostic Value of the 3-Month Transcript Level Is

Independent of the Imatinib Dose Intensity Received

by the Patient

Ninety-three patients (33.0%) temporarily discontinued ima-
tinib therapy or had the dose reduced because of adverse effects. These
patients had significantly higher 3-month transcript levels than the
remaining 186 patients (8.49% v 5.83%; P � .001). This raised the
question of whether the transcript level in these patients can be inter-
preted in the same way as it is in the rest of the population. To
investigate this, we subclassified these patients into two groups: (1)
those with nonhematologic toxicity and (2) those with hematologic
toxicity. The first group (23 patients) had transcript levels similar to
those of the 186 imatinib-tolerant patients (7.15% v 5.83%; P � .82);
the 70 patients with hematologic toxicity had a significantly higher

level (8.91% v 5.83%; P � .001). Patients with nonhematologic toxic-
ity had prognoses identical with those of the imatinib-tolerant patients
(data not shown), but the 70 patients with hematologic intolerance to
imatinib had a worse 8-year CI of CCyR (RR, 0.44; P � .001),
c-CCyRS (RR, 0.531; P � .001), and OS (RR, 2.33; P � .02). Further-
more, dose intensity of imatinib lost its prognostic significance when
the transcript level was introduced into the multivariate model (data
not shown), reinforcing the notion that the transcript level at early
time points affects prognosis independently of the intensity of the dose
of imatinib the patient has received.

Transcript Levels at 6 and 12 Months Identify Those

Patients in CCyR Who Are Destined to Fare Poorly

Of the 166 patients who had achieved CCyR at 12 months, 41 had
also achieved MMR. Patients who had achieved MMR had OS (96.3%
v 92.4%; P � .5) and EFS (93.7% v 80.4%; P � .08) similar to those of
patients who were unable to achieve MMR. The achievement of MMR
at 18 months also lacked prognostic value (data not shown). We tried
to identify levels of transcripts at 6 and 12 months above which
patients in CCyR were destined to fare worse than those with lower
levels. At 6 months and 12 months, 23 of the 109 and 20 of the 166
patients who were in CCyR had a transcript level higher than 0.53%
(the value we had previously identified as defining the 12-month
high-risk group); these patients had significantly worse OS (65.8% v
95.9%; P � .001 and 81.5% v 94.9%; P � .01) and EFS (37.3% v
72.0%; P � .001 and 29.5% v 74.3%; P � .001) than the 86 and 146
patients with lower transcript levels.
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Fig 3. Evolution of the transcript level according to the 3-, 6-, and 12-month risk group. Transcript levels are expressed on a log10 scale. (A) Evolution of the transcript level over time.
Patients are classified as high risk (gold circles) and low risk (blue circles) according to their transcript level at 3 months (higher or lower than 9.84%). The horizontal black lines represent
the transcript level that defines the 3-month (9.84%), 6-month (1.67%), and 12-month (0.53%) risk groups. The majority of patients (all but six) who are classified as high risk at 3
months are also classified as high risk at 6 months, and all are classified as high risk at 12 months. The transcript level declines over time in the low-risk patients, although it remains
comparatively high in the high-risk population. Many of the high-risk patients eventually abandon imatinib therapy because of unsatisfactory response, loss of response, or progression.
(B) Comparison of transcript levels in the two risk groups defined at 3, 6, and 12 months. Although the optimal cutoffs to define the groups at 3, 6, and 12 months are 9.84%,
1.67%, and 0.53%, the majority of the patients had a transcript level much higher or much lower than the cutoff selected for a given time. The median value
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Measurement of Transcript Levels at 6 and 12 Months

Is More Informative Than Bone Marrow Cytogenetic

Data for Identifying Patients With a Worse Prognosis

Assessing bone marrow cytogenetic responses at 6 and 12
months is probably the most common method of determining a
patient’s response to therapy and is used to guide clinical decisions.
Table 3 shows the RR for OS and complete response according to the
cytogenetic responses. Patients who achieved an MCyR at 6 months
and patients who achieved an MCyR or CCyR at 12 months had better
outcomes. By using OS and c-CCyRS as end points, we compared the
prognostic value of cytogenetic assessment with the RQ-PCR results
by performing multivariate analysis for each time point, including the
appropriate variables listed in Table 3 and Appendix Table A1. The
transcript levels at 6 months (higher or lower than 1.67%) and 12
months (higher or lower than 0.53%) were the only independent
predictors for OS (RR, 4.83; P � .001 and RR, 6.33; P � .001) and
c-CCyRS (RR, 0.486; P � .001 and RR, 0.545; P � .001).

DISCUSSION

The observation that BCR-ABL1 transcript levels measured early in
the course of CML-CP treatment with imatinib may have prognostic
value is not new; we and others have previously shown that patients
with relatively low transcript levels at early time points had outcome
superior to those with higher levels.9,19-21 We show here that BCR-

ABL1 transcript measurements performed at 3, 6, or 12 months can
identify those patients with relatively poor survival, poor PFS, and poor
c-CCyRS, but the data suggest that the 3-month assessment is the most
important one and may preclude the need for measurements at later
intervals. Thus for the three time points studied, we established transcript
cutoff values that were based on outcomes observed for the patient pop-
ulation, which may be preferable to using somewhat arbitrarily defined
levels of log reduction from a starting baseline. This led to a new set of
definitions for molecular responses: transcript levels � 9.84% at 3
months, � 1.67% at 6 months, and � 0.53% at 12 months. It is also
possible torefinetheproposeddefinitionsofmolecularresponse tobetter
identify those patients who are more likely to achieve CMR on imatinib
(Fig 2). We have validated our results by applying these definitions of
response to an independent cohort of patients who were treated and had
their transcript levels analyzed in a different specialist center.

We found that the 3-month milestone is indeed the most infor-
mative and the 6- and 12-month assessments contributed little (if
anything) more to identifying patients with a high risk of progression.
This suggests that therapeutic strategies for which patients are sup-
posed to achieve successive milestones at specific time points, for
example MCyR at 6 months and then CCyR at 12 months and so on,
could be abandoned in favor of a single assessment at an early time
point that would direct high-risk patients to alternative therapy.

Theprognosticvalueofthe3-monthassessmentwasindependentof
whether or not patients had had their dose of imatinib temporarily re-
duced or discontinued because of adverse effects. Thus, finding high
transcript levels inagivenpatientat3months isamajorcause forconcern
for clinicians; this also applies in patients in whom the high levels can be
attributed to hematologic toxicity, because this cohort of patients has
lower OS, PFS, and CI of CCyR than the rest of the population.

The8-yearc-CCyRS,whichreflectstheprobabilityofbeingaliveand
in CCyR, was 76.6%. Interestingly, the c-CCyRS remained relatively con-
stant after the third year, reflecting the low probability of later events in
patientswithCMLtreatedwithTKIs.Patientswith lowtranscript levelsat
3, 6, or 12 months had an excellent c-CCyRS (Fig 1). For example, the
probability of being alive and in CCyR at 8 years for patients with a good
3-month molecular response was 91.2% (95.4% if the non–leukemia-
related deaths were excluded), whereas high-risk patients had only a
47.0% probability of being alive and in CCyR at 8 years. This is consistent
with the conclusion that second-line TKIs have only partial success in
rescuing the patients for whom treatment with imatinib has failed. Thus
thepoorprognosisreflectedbythehightranscriptlevelatearlytimepoints
was maintained despite the fact that an individual patient may experience
treatment failure with imatinib and subsequently receive a variety of ap-
parently more efficacious agents. Clearly, it is important to develop new
therapeutic strategies for this cohort of patients.

As we have previously shown,8,22 we found that the patients who
were in MMR at 12 or 18 months had better EFS when we analyzed the
whole patient population and when we limited the analysis to patients
who were in CCyR, but the achievement of MMR at 12 or 18 months
did not have any predictive value for OS (P � .21 and P � .42), PFS
(P � .26 and P � .35), or c-CCyRS (P � .32 and P � .44) in the whole
population or indeed when the analysis was limited to patients who
were in CCyR. This reflects the limitations of basing the definition of
therapeutic targets on arbitrarily predefined cutoffs (ie, 3 log reduc-
tion in transcripts or 0.1% on the international scale) rather than
trying to find the appropriate cutoffs that discriminate between pa-
tients with different clinical outcomes.

Table 3. RRs for 8-Year OS and c-CCyRS According to the Cytogenetic
and Molecular Responses Achieved at 6 or 12 Months

Variable
No. of

Patients

8-Year OS
8-Year

c-CCyRS

RR P RR P

6 months
CCyR� .29 .12

Yes 106 1 1
No 157 3.44 0.815

MCyR� .033 .01
Yes 170 1 1
No 93 2.30 0.715

MiCyR� .29 .23
Yes 223 1 1
No 40 2.15 0.727

BCR-ABL1/ABL1 � .001 � .001
Good response (� 1.67%) 87 1 1
Poor response (� 1.67%) 187 4.83 0.486

12 months
CCyR† .016 .003

Yes 164 1 1
No 89 2.88 0.674

MCyR† .08 .007
Yes 199 1 1
No 54 2.40 0.714

BCR-ABL1/ABL1 � .001 � .001
Good response (�0.53%) 164 1 1
Poor response (�0.53%) 93 6.33 0.545

Abbreviations: c-CCyRS, current complete cytogenetic response survival;
CCyR, complete cytogenetic response; MCyR, major cytogenetic response;
MiCyR, minor cytogenetic response; OS, overall survival; RR, relative risk.

�Data missing in 11 patients
†Data missing in four patients.
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Finally, we compared our risk groups on the basis of molecular
response at 6 and 12 months with the cytogenetic milestones normally
used in clinical settings. Patients who achieved MCyR at 6 months and
patients who achieved MCyR or CCyR at 12 months had significantly
better OS and complete response (Table 3), but cytogenetic responses
were not independent predictors for these outcomes when the molec-
ular responses were taken into account.

The superior value of early molecular assessment over serial
cytogenetic studies is not readily explained. It could reflect the statis-
tical unreliability of extrapolating cytogenetic results from a small
number of analyzable metaphases. It could also reflect the fact that the
population of dividing Philadephia-positive cells that is identified in
the bone marrow is poorly representative of a specialized, more prim-
itive population of leukemia cells less susceptible to eradication by TKI
from the outset or more readily able to acquire resistance in the first
few years of therapy. This hypothetical population might be better
characterized by their capacity to express more BCR-ABL1 transcripts.

In conclusion, in experienced hands, a single measurement of
BCR-ABL1 transcripts performed at 3 months is the most accurate
way to identify those patients with CML-CP treated with imatinib who
are destined to fare poorly, thus allowing early clinical intervention.
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