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A B S T R A C T

Purpose
Kinase domain (KD) mutations in the BCR-ABL gene are associated with resistance to imatinib in
chronic myeloid leukemia (CML) but their incidence and prognostic significance in chronic phase
(CP) patients without resistance are unclear.

Patients and Methods
We analyzed outcome for 319 patients with CML-CP who were treated with imatinib; 171 were
in early CP (ECP) and 148 were in late CP (LCP). Patients were screened routinely for mutations
using direct sequencing regardless of response status. The 5-year cumulative incidence of
mutations was 6.6% for ECP and 17% for LCP patients.

Results
Of the 319 patients, 214 (67%) achieved complete cytogenetic responses (CCyR). The identifica-
tion of a mutation without other evidence of imatinib resistance was highly predictive for loss of
CCyR (RR, 3.8; P � .005) and for progression to advanced phase (RR, 2.3; P � .01), though the
intervals from first identification to loss of CCyR and disease progression were relatively long
(median, 21 and 16 months, respectively). Mutations in the P-loop (excluding residue 244) were
associated with a higher risk of progression than mutations elsewhere.

Conclusion
We conclude that routine mutation screening of patients who appear to be responding to imatinib
may identify those at high risk of disease progression.

J Clin Oncol 26:4806-4813. © 2008 by American Society of Clinical Oncology

INTRODUCTION

Imatinib can induce durable responses in the major-
ity of patients with chronic myeloid leukemia
(CML) in chronic phase (CP), but some patients
either fail to respond (primary resistance) or re-
spond initially and then lose their response (second-
ary resistance).1-5 This resistance has been ascribed
to several possible mechanisms (reviewed by Apper-
ley6) but perhaps the best understood and certainly
the most widely documented in clinical practice is
the expansion of a Ph-positive clone bearing a mu-
tation in the BCR-ABL kinase domain (KD).7,8 To
date, more than 50 different KD mutations have
been identified and these confer differing degrees of
in vitro resistance to imatinib.6

The presence of KD mutations has been stud-
ied mainly in patients in advanced phase and in CP

patients when they become resistant to imatinib.6 In
both situations KD mutations are frequently
present, thus establishing at least a temporal associ-
ation with advanced phase disease or loss of re-
sponse, but the prognostic implication of KD
mutations for progression-free survival (PFS) has
not been established since there are no published
studies in which resistant and nonresistant patients
have been monitored for mutations systematically.
This is particularly important as KD mutations have
been identified in patients with stable cytogenetic
responses and in patients before starting imatinib
therapy.8-13 Here, we describe a series of 319 CP
patients who were systematically screened for KD
mutations. We detected the presence of mutations
independently of response status and were thus able
to focus on their role in predicting loss of cytogenetic
response and PFS.
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PATIENTS AND METHODS

Patient Characteristics and Treatment

Between January 2000 and August 2006, 380 adult patients with BCR-
ABL–positive CP CML were treated with imatinib at the Hammersmith Hos-
pital in London. Of the 380 patients, 356 had a follow-up in CP longer than 6
months after starting imatinib and 319 of these had sequential samples avail-
able for BCR-ABL KD mutation analysis (see below). These 319 patients were
analyzed further (Table 1). Eighty-five of these patients were included in
various multicentric phase II3 trials of imatinib and 17 were included in the
International Randomized IFN versus STI571(IRIS) study.1 All study proto-
cols were reviewed by the research ethics committee of the Hammersmith
Hospital and patients gave written informed consent to participation. CP,
complete hematologic responses (CHRs), major cytogenetic responses
(MCyR), and complete cytogenetic responses (CCyR) were defined by con-
ventional criteria.1,14 Bone marrow morphology and cytogenetics were as-
sessed at diagnosis and then every 3 months until patients achieved complete
cytogenetic response (CCyR). Patients enrolled in the clinical trials had bone
marrow examinations performed according to protocol. Patients started treat-
ment with imatinib 400 mg orally daily. The dose was adjusted according to
tolerance and response1,2; it was reduced in the presence of grades 3-4 toxici-
ty15 and hematopoietic growth factors were administered with the aim of
maintaining imatinib higher than 300 mg/d. Initially the criteria for dose
escalation were applied as in the phase II trial or the IRIS study,1,3 but as more
evidence accumulated, the criteria evolved and resembled the subsequent
recommendations from the European LeukemiaNet.16 Similarly, the criteria
for discontinuing imatinib varied according to the availability of the newer
tyrosine kinase inhibitors.

Detection of BCR-ABL Transcripts

BCR-ABL transcripts were measured in the blood at 6- to 12-week
intervals using real time quantitative polymerase chain reaction (RQ-PCR) as

described previously.17-20 cDNA was synthesized from nucleated peripheral
blood cells and subjected first to multiplex reverse transcriptase PCR to deter-
mine the BCR-ABL transcript type; RQ-PCR was then carried out.18 The
quantitative results were expressed as percent ratios relative to an ABL internal
control and as log10 reductions compared with a standardized median value
for the 30 untreated patients used in the IRIS study.17,21 Major molecular
response (MMR) was defined as a 3 log reduction in transcript levels21 based
on two consecutive molecular studies and complete molecular response
(CMR) was defined as two consecutive samples with no detectable transcripts.

BCR-ABL KD Mutations

Samples obtained for RQ-PCR studies from August 2003 were analyzed
every 6 months using direct sequencing22 for the presence of mutations in the
BCR-ABL KD and more often if resistance to imatinib was suspected. Samples
obtained before August 2003 were retrospectively analyzed using the same
criteria. Once a mutation was detected the result was confirmed and the level of
the mutation in the BCR-ABL-positive cells was quantified using pyrose-
quencing22; the earlier samples were then analyzed to determine the time at
which the mutation first became detectable and the subsequent kinetics of the
mutant subclone. The resistance to imatinib of individual KD mutations was
classified as high (� 3,000 nmol/L), intermediate (1,000 to 3,000 nmol/L), low
(� 1,000 nmol/L), or unknown according to their respective 50% inhibitory
concentrations defined in cell-based assays.23-25

Statistical Methods

PFS was defined as survival without evidence of accelerated or blastic
phase disease14 and the probabilities of PFS were calculated using the method
of Kaplan-Meier. The probabilities of cytogenetic response and cytogenetic
relapse were calculated using the cumulative incidence procedure, where cy-
togenetic response or relapse were the events of interest and death, disease
progression and imatinib discontinuation were the competitors. For PFS anal-
yses, patients were censored at the time of stem-cell transplant; for cytogenetic
responses and emergence of KD mutations patients were censored at the time
of imatinib discontinuation. In the analyses performed to identify prognostic
factors for PFS, mutations were considered only when detected for the first
time before the loss of CHR. Univariate analyses to identify prognostic factors
for PFS, cytogenetic relapse, and emergence of KD mutations were carried out
using the log-rank test. Variables found to be significant at the P � .25 level
were entered into a proportional hazards regression analysis; a forward step-
ping procedure was employed to find the best model. The influence of KD
mutations on the different outcomes was studied in a time-dependent Cox
model. Tests for interactions were carried out but none was found to have
statistical significance. The proportional hazards assumption was confirmed
by adding a time-dependent covariate for each covariate. P values were two
sided and 95% CIs computed.

Patients With No Available Samples for KD

Mutation Analysis

Samples for KD mutation analysis were not available for 37 patients. For
these patients PFS (P � .4), cumulative incidence of CCyR (P � .2), cumula-
tive incidence of MMR (P � .8), and Sokal risk group distributions (P � .8)
were very similar to the 319 patients included in the study.

RESULTS

Responses

The median follow-up for surviving patients on imatinib was
50.5 months (range, 12 to 89.6 months). Three hundred eleven pa-
tients (97.5%) achieved CHR; 244 (76%) achieved MCyR (146 ECP
and 98 LCP); 214 patients (67%) achieved a CCyR (134 ECP and 80
LCP); and 103 (32%) achieved a MMR (68 ECP and 35 LCP). During
follow-up, 53 patients (17%) failed to achieve any degree of cytoge-
netic response (� 95% Ph-positive metaphases) and were classified as
showing primary cytogenetic resistance (12 in ECP and 41 in LCP).

Table 1. Patient Characteristics at Onset of Imatinib Therapy (N � 319)

Characteristic No. %

Median age, years 47.2
Range 18-73

Sex
Male 176 55.2
Female 143 44.8

Sokal risk group
Low 91 28.5
Intermediate 123 38.6
High 105 32.9

Interval since diagnosis, months
Median 0.9
Range 0-218
� 1 year 196 61.4

Status at the onset of imatinib
therapy

Newly diagnosed chronic phase
patients, � 6 months from
diagnosis

171 54

Chronic phase interferon-� failure 127 39
Late chronic phase never treated

with interferon-�
21 7

Chromosomal abnormalities in
addition to the Ph
chromosome�

21 6.8

Transcript type
e14a2 (b3a2) 147 46
e13a2 (b2a2) 131 41
e14a2 and e13a2 38 12
Other 3 1

�Data missing for 10 patients.
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Development of KD Mutations

During follow-up, 37 patients (11.6%) developed KD mutations.
The median time from starting imatinib to first detection of the
mutation was 16.3 months (range, 1 to 52.2). Ten patients developed
a mutation before achieving or while in CCyR (median time, 13.5
months; range, 1 to 24.1), an additional 23 while in CHR (median
time, 14.1 months; range, 5 to 51.1) and four more before progression
to advanced stage (median time, 33.5 months; range, 12.3 to 52.2).
The most common mutations were M244V (seven cases; 18.4%),
F359V (three cases; 8%), H396R (three cases; 8%), and F486S (three
cases; 8%). Appendix Table A1 (online only) shows the different
mutations identified and the patient characteristics. The 5-year cumu-
lative incidence of KD mutations was 13.9% (Fig 1).

We performed univariate and multivariate analyses to identify
pretherapy predictors for the development of KD mutations (Table 2).
In multivariate analysis, LCP and high Sokal scores were independent

predictors for the development of mutations (RR, 2.7; P � .005 RR,
2.5; P � .03, respectively).

Development of KD Mutations Predicts for

Loss of CCyR

Of the 214 patients who achieved CCyR, a KD mutation was
detected in 10 (4.7%), of whom four had developed a mutation before
they achieved CCyR. At the time when the mutation was first detected
in patients in CCyR, the median log reduction in transcript levels was
2.4 (range, 1.9 to 2.7). The median time from the detection of the KD
mutation to loss of CCyR was 20.7 months (range, 2.8 to 49.1
months). The median time between the detection of the KD mutation
and a subsequent twofold rise in BCR-ABL transcript levels12 was 12
months (range, 3 to 33).

Thirty (14%) of 214 patients who achieved CCyR lost their re-
sponse during follow-up. We performed univariate and multivariate
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Fig 1. Cumulative incidence of kinase domain (KD) mutations. (A) Five-year cumulative incidence of KD mutations (13.9%). (B) Five-year cumulative incidence of KD
mutations comparing patients whose best response was complete cytogenetic responses (CCyR; 5.5%) with patients who failed to achieve CCyR (29.1%; P � .0001).
(C) Five-year cumulative incidence of KD mutations comparing early chronic phase (ECP) patients (6.6%) with late chronic phase (LCP) patients (17%, P � .01). (D)
Five-year cumulative incidence of KD mutations comparing ECP (5.6%) and LCP patients (5.3%, P � .89) but restricted only to those patients whose best response
was a CCyR.
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analysis to identify prognostic factors for loss of CCyR. The develop-
ment of mutations was highly predictive for loss of CCyR (RR, 3.8;
P � .005). We further classified the KD mutation as belonging to the
P-loop (n � 0), as M244V (n � 2), or as non P-loop (n � 8). The RR
for loss of CCyR of the patients with non-M244V mutations was 7.1
(P � .0001), whereas the M244V mutation did not seem to have any
adverse effect. The rest of the variables analyzed in the univariate
analysis are presented in Table 2. The development of a KD muta-
tion was the only independent predictor for loss of CCyR in the
multivariate analysis.

Development of KD Mutations Predicts for

Progression to Advanced Phase

During follow-up, 49 patients (15%) progressed to advanced
phase. A KD mutation was detected in 17 of these patients before
progression (median time between detection of mutation and pro-
gression was 16.3 months; range, 2.4 to 51.3); in 14 cases the mutation
was detected before the loss of CHR. The median time between detec-
tion of mutation and loss of CHR was 13.6 months (range 2.3 to 49.1).
A KD mutation was detected in 20 patients who did not progress (19
while in CHR); the median follow-up after the detection of the muta-
tion was 60.7 months (range, 29.7 to 88.7).

We performed univariate and multivariate analysis to identify
prognostic factors (including the emergence of KD mutations in pa-
tients in CHR) for PFS in patients treated with imatinib in CP (Table
2). Patients developing KD mutations had a higher risk of progression

(RR, 3.7; P� .0001). The other major on-therapy prognostic factor for
risk of progression was the achievement of CCyR (RR, 0.13;
P � .0001). In the multivariate analysis, the only independent prog-
nostic factors for risk of progression were the achievement of CCyR
(RR, 0.15; P � .0001) and development of KD mutations (RR, 2.3;
P � .01).

When the mutations detected in patients before loss of CHR were
subclassified according to their level of resistance to imatinib in vitro,
we found that the six patients with highly resistant mutations had a
significantly worse PFS than the 27 patients with low, intermediate, or
unknown levels considered together (RR for progression, 8.6;
P � .001). Similarly, when patients were classified according to the
position of the KD mutation, the seven patients with P-loop mu-
tations had a significantly worse prognosis than the patients with
mutations elsewhere (RR for progression, 5.4; P � .001); patients
with the M244V mutation (n � 6) had prognoses similar to that of
patients with no mutations (P � .97).

Although KD mutations may develop at any time during therapy,
we chose to assess the impact of KD mutations according to response
and mutation status at a given time point. At 2 years, 250 patients were
still in CHR and formed the cohort for this subanalysis; 23 of these had
developed a KD mutation. In this landmark analysis, the 143 patients
who had achieved a CCyR by 2 years had a significantly better 5-year
PFS than those who had not achieved a CCyR (95.5 v 71.3; P � .0001),
as did patients who had not developed a mutation compared to those
with who had (85.8% v 64.6%; P � .0001; Fig 2). The Sokal risk score,

Table 2. Five-Year Cumulative Incidence of Development of Kinase Domain Mutations, Loss of Complete Cytogenetic Response, and the Probability of
Progression-Free Survival

Variable

Kinase Domain
Mutation

Loss of Complete
Cytogenetic
Response�

Progression-Free
Survival

% P % P % P

Age, years .04 .1 .4
� 47 16.9 14.3 79.0
� 47 10.2 25.4 78.3

Sex .8 .3 .9
Male 11.8 15.8 79.0
Female 14.1 23.4 79.0

Sokal risk group .01 .08 .009

Low 6.2 11.5 89.1
High plus intermediate 15.3 23.5 75.0

Interval from diagnosis to start of imatinib, years .01 .6 .4
� 1 8.7 21.4 79.5
� 1 19.6 17.1 77.0

Status at the start of imatinib therapy .005 .6 .06
Newly diagnosed chronic phase patients 6.6 16.5 83.8
Late chronic phase 19.5 21.6 75.2

Additional cytogenetic abnormalities at onset of imatinib therapy .002 .3 .01

Yes 36 0 55.9
No 11.7 20.8 81.3

Transcript type .02 .02 .5
Either e13a2 or e14a2 11.6 3.6 78.9
Both 28.5 16.7 80.9

Dose intensity of imatinib during the first 6 months of therapy, mg/d .36 .7 .7
� 400 9.3 20.7 79.6
� 400 14.2 15.6 78.3

NOTE. Bold font indicates statistical significance.
�Includes only the 214 patients who achieved a complete cytogenetic response.
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initial therapy with imatinib, and the presence of additional cytoge-
netic abnormalities at start of imatinib were also significant predictors
for PFS (data not shown). In the multivariate analysis, only the pres-
ence of a mutation and the cytogenetic response were independent
prognostic factors for risk of progression (RR, 3.0; P � .004; RR, 0.18;
P � .0001, respectively). Figure 3 shows the PFS according to presence
or absence of KD mutations taking into account the degree of imatinib
resistance and the position of the nucleotide substitution.

Adverse Effect of KD Mutations on PFS Was

Restricted to Patients With Secondary Cytogenetic

Resistance to Imatinib

Two hundred sixty-six patients achieved at least a MiCyR, of
whom 23 (8.6%) developed a KD mutation, whereas of the 53 patients
with primary cytogenetic resistance, 14 (26.4%) developed a KD mu-
tation (P � .001). There was no significant difference in the character-
istics of the KD mutations between the two groups, since the median
time to first detection of mutation was 18.2 months for the cytogenetic
refractory and 16.3 months in the responding group (P � .4). A
M244V mutation occurred in three patients (21%) with primary
cytogenetic resistance and in four responders (17%; P � .8).

We found that the adverse effect of KD mutations described
earlier was limited to patients with secondary resistance to imatinib. In
the patients with primary cytogenetic resistance and mutations, the
adjusted RR for progression was 0.54 (P � .35), while in patients with
secondary cytogenetic resistance and mutations the RR for progres-
sion was 6.0 (P � .0001).

DISCUSSION

The emergence of mutations in the KD of BCR-ABL is the most
commonly identified mechanism of clinical resistance to imatinib.6

However, because the majority of studies on KD mutations have
involved patients with acquired resistance to imatinib or patients who
have progressed to advanced phase the prognostic implication of KD
mutations in CP patients with continuing hematologic or cytogenetic
responses has not yet been established. We studied the relationship of
KD mutations to loss of CCyR and to PFS by systematically screening
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our population of CP patients for the presence of mutations irrespec-
tive of their response status. We identified KD mutations in 37 pa-
tients; 17 of these progressed to advanced phase and the KD mutation
was always detected before progression (median time, 16 months).
Figure 4 shows the evolution of two representative patients with
KD mutations.

In order to study the prognostic value of KD mutations detected
in patients in CHR, we performed two different analyses. In one
analysis, we included all 319 patients and studied the prognostic sig-
nificance of mutations (and also cytogenetic responses) occurring at
any time during follow-up. In this analysis the emergence of a muta-
tion and the achievement of CCyR were the only independent prog-
nostic factors for risk of progression (RR, 2.3; P � .01; RR, 0.15;
P� .0001, respectively). In the second analysis, we considered only the
250 patients who still were in CHR at 2 years, of whom 23 had
developed a KD mutation and 143 had achieved CCyR. Again the
presence of KD mutations and the achievement of CCyR were the only
two independent prognostic factors for PFS (Fig 2).

KD mutations were found in four patients before they achieved
CCyR and in six patients already in CCyR (Table A1). As shown
previously,26 KD mutations were the only significant predictor for loss
of CCyR (RR, 3.8; P � .005), but there was a long delay between the
identification of the mutation and this loss of response (median time,
21 months). These six mutations were all detected before any discern-
ible change in the transcript levels (median time to doubling in tran-
script levels was 12 months).

Our data suggest that KD mutations should be regarded as an
event clinically analogous to the observation of a new cytogenetic

abnormality (so-called clonal evolution). Thus, theoretically the iden-
tification of a KD mutation before any discernible increase in BCR-
ABL transcripts levels might be an indication for changing
therapy,26,27 but in practice to systematically screen all CCyR patients
for the relatively rare occurrence of a KD mutation might not be
cost-effective. A reasonable compromise could be to screen patients
with incomplete cytogenetic responses and patients in CCyR with
relatively modest reductions in transcript levels (eg, � 2.5 logs) twice a
year, especially if they have high Sokal risk scores.

The precise prognostic significance of P-loop mutations is still
contentious. Some investigators have reported that P-loop mutations
were associated with worse prognosis,28,29,30 while others31 were un-
able to confirm this finding. A possible explanation for this discrep-
ancy might relate to the prognostic significance of the M244V
mutation, which may be relatively innocuous. Thus, this mutation
was predominant in the Houston31 study but was excluded from
definition of the P-loop in the Adelaide, Bologna, and French inter-
group studies.28,29,30 We classified mutations in three categories:
M244V (our most frequent mutation), mutations involving residues
245 to 255 (P-loop), and other mutations. The mutation M244V did
not have any adverse effect on PFS, while the remaining mutations did
confer a worse prognosis. Patients with P-loop mutations (excluding
M244V) had a significantly worse prognosis than patients with other
mutations (RR for progression, 5.4; P � .001; Fig 3). The reason why
patients with a P-loop mutation fare worse remains unclear.

Patients with primary cytogenetic resistance to imatinib were
more likely to develop KD mutations after the resistance was already

A
BC

R-
AB

L/
AB

L 
Ra

tio
 (%

, b
lu

e)

M
ut

an
t T

ra
ns

cr
ip

ts
 (%

, r
ed

)100

10

1

0.1

0.01

0.001

0.0001
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

B

BC
R-

AB
L/

AB
L 

Ra
tio

 (%
, b

lu
e)

M
ut

an
t T

ra
ns

cr
ip

ts
 (%

, r
ed

)100

10

1

0.1

0.01

0.001

0.0001
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63

Time Since the Onset of Imatinib Therapy (months)

First detection of
mutation

Loss of
CCyR

BP

Doubling
transcript levels

CCyR

100

75

50

25

0

Time Since the Onset of Imatinib Therapy (months)

First detection of
mutation

Loss of CCyR
Doubling

transcript levelsCCyR

100

75

50

25

0

Fig 4. Evolution of total BCR-ABL tran-
script levels and percentages of the mu-
tated transcripts in two selected patients.
The figure shows the evolution of the total
transcript levels the percentages of mu-
tated subclones and in two representative
patients. In both cases the detection of
the kinase domain (KD) mutation clearly
antedated any noticeable change in the
transcript levels (see text). In 16 patients,
exemplified by the patient in (A), the pro-
portion of the mutant BCR-ABL clone
(E459K) increased progressively until it
became the predominant clone (more
than 50%). In 14 of these patients the
dose of imatinib was increased higher
than 400 mg; in the patient represented in
(A) the dose was increased to 800 mg at
the moment of losing the complete cyto-
genetic response (CCyR). Seven of these
16 patients progressed to advanced
phase. In the remaining 21 patients, ex-
emplified by the patient in (B), the propor-
tion of mutant transcripts (M351T)
remained at or below 50% during
follow-up (10 cases) or transiently in-
creased higher than 50% (11 cases). In 20
patients, the dose of imatinib was in-
creased above 400 mg. (In the patient
represented in (B) the dose was increased
to 600 mg at the moment of losing the
CCyR and later changed to dasatinib). Ten
of 21 patients progressed to advanced
phase. BP, blastic phase.
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identified, indicating that the mechanism of resistance was in opera-
tion since the beginning of therapy, which in turn suggests that the
emergence of mutations merely reflects a higher level of genomic
instability.32 Moreover, the fact that mutations were more frequent in
patients in the high Sokal risk group supports the hypothesis that the
probability of developing a mutation is related to the basic biology of
the disease rather than being merely a random event.
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