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Abstract
Purpose of Review Chronic myeloid leukemia (CML) is a disease that previously signified a poor prognosis, but treat-
ment options and outcomes have improved over the last several decades. Despite this, challenges remain in optimal 
management in clinical practice, as the characteristics in trial populations differ from patients who are treated in a 
real-world setting. This review describes recent updates in real-world treatment patterns and outcomes in patients 
with CML.
Recent Findings Several analyses describing real-world practice patterns show that tyrosine kinase inhibitors (TKIs) are 
the most commonly prescribed agents in multiple lines of therapy. First-generation (1G) and second-generation (2G) TKIs 
are the most commonly prescribed, even in the third line and beyond. Third-generation (3G) TKIs are typically utilized in 
patients with resistant disease who are younger with fewer comorbidities. Hematopoietic stem cell transplant (HSCT) is 
utilized significantly less, given other treatment options available. The goals of treatment with CML have shifted to qual-
ity of life, cost savings, and treatment-free response (TFR). Despite clear guidelines for attempting TFR, discontinuation 
practice patterns remain inconsistent.
Summary TKIs are the mainstay of CML treatment, including those in later lines of therapy. In real-world practice, several 
challenges still remain with regard to optimal management. Specifically, ideal sequencing of treatments, side effect profiles 
of tyrosine kinase inhibitors (TKIs), current role and timing of transplant, and adherence to recommendations for attempting 
to achieve a treatment-free response (TFR). A national registry could characterize these practice patterns in order to find 
ways to optimize care for CML patients.

Keywords Chronic myelogenous leukemia · Review · Treatment · Real world

 * Ehab L. Atallah 
 eatallah@mcw.edu

1 Division of Hematology/Oncology, Department of Medicine, 
Medical College of Wisconsin, Milwaukee, WI 53226, USA

Background

Since 2001, BCR::ABL1 tyrosine kinase inhibitors 
(TKIs) have greatly improved the survival of patients 
with chronic-phase chronic myeloid leukemia (CML), 
with prevalence in the USA predicted to rise from 
70,000 in 2010 to 180,000 in 2050 [1]. There are cur-
rently 6 TKIs approved for CML in the USA: 1st genera-
tion (1G) imatinib [2]; 2nd generation (2G) dasatanib 

[3], nilotinib [4], and bosutinib [5]; and 3rd generation 
(3G) ponatinib [6] and asciminib [7, 8]. TKIs are now 
the mainstay of treatment in CML unless there is a spe-
cific contraindication [9, 10]. As progression-free sur-
vival (PFS) and overall survival (OS) have improved 
over the years related to deep molecular responses with 
TKIs, one of the main goals of treatment has shifted to 
focus on treatment-free remission (TFR) [11]. Most of 
what is known about both TKI treatment responses and 
TFR rates comes from clinical trials in which patient 
populations differ significantly from the general CML 
population. The goal of this review is to provide an 
update on real-world data on CML outcomes and cur-
rent treatment patterns.
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Differences Between Patient Outcomes 
and Characteristics in Clinical Trials Versus 
Routine Medical Practice

Box 1: Trial participants are different from other patients
    • Younger age
    • Fewer comorbidities
    • Race/ethnicity not reflective of the US population

Clinical guidelines for first-line treatment of CML with TKIs 
are based mainly on data from 3 randomized controlled tri-
als (RCTs) [3–5]. However, patients enrolled in these tri-
als differed from the general CML population in multiple 
ways that may affect expected outcomes (Box 1, Table 1). 
First, the median age in the RCTs was 46–52 years, while the 
median age for CML diagnosis in the USA is 65 years. This 
is especially important since the population aged 65 and 
over is projected to double by 2050 compared to 2012 [12]. 
Second, patients enrolled in the trials had minimal comor-
bidities, especially low cardiac risk. About 20% of patients 
with CML would have been excluded from the RCTs due to 
stringent eligibility criteria, e.g., absence of chronic obstruc-
tive pulmonary disease, uncontrolled diabetes, drug abuse, 
arrythmia, or myocardial infarction (MI) <6 months before 
CML diagnosis, chronic pancreatitis, and peripheral arte-
rial obstructive disease [13]. RCTs also excluded patients 
on specific concomitant medications, including medica-
tions leading to QT prolongation or proton pump inhibitors, 
which are commonly used in the general population [14, 15] 
and may affect the efficacy or toxicity of TKIs. Third, these 
were international RCTs with patients from North America, 
Asia, Europe, and South America. They do not reflect the 
race/ethnicity of the US CML population, overrepresenting 
Asian patients and underrepresenting Black patients. CML 
outcomes can differ considerably among countries. A study 

from the Swedish national cancer registry found survival of 
patients with CML to be similar to the general population 
[16], while two studies suggest a 2-fold higher risk of death 
in CML patients compared to controls in the USA [17, 18]. 
The reasons for these differences are unknown. Finally, 2 of 
the pivotal trials followed patients for only 5 years, so infor-
mation on longer-term outcomes is limited. The differences 
between trial patients and other patients make extrapolation 
of results and treatment recommendations from trials to rou-
tine practice challenging [13], leading several countries to 
evaluate population-based data in patients with CML. These 
assessments are primarily retrospective and have several 
limitations; however, important data have emerged.

First‑line Treatment

Four of the six TKIs are approved by the US Food and Drug 
Administration (FDA) for use in the first-line treatment of 
CML: imatinib (1G), dasatinib (2G), nilotinib (2G), and 
bosutinib (2G). Various guidelines such as the NCCN or 
ELN suggest that the choice of first-line treatment should be 
based on several factors, including disease risk, side effect 
profile, cost, and patient comorbidities [10, 23]. Although 
imatinib remains the most commonly prescribed first-line 
agent, the use of 2G TKI has been increasing and makes up 
approximately 20–40% of TKIs used in the first line, with 
the most common 2G TKIs used being dasatinib and nolo-
tinib [24•], [25–27]. Physician survey data suggests that 
reasons for selecting 2G TKI over imatinib include a high 
Sokal risk score or if TFR is a high priority for the patient 
[25]. Imatinib tends to remain the choice of first-line agent in 
older adults with comorbidities, as shown in a study evaluat-
ing dosing patterns in patients 70 years or older [28], and the 

Table 1  Patient characteristics 
in trials compared to SEER/US 
population data

a Framingham general risk of CVE >20%
b Preexisting ischemic heart disease
c Per case report forms collected at screening if the patient had a history of coronary disease
d Age 60–69

Nilotinib 
[4] 300 
mg

Imatinib 
[4] 400 
mg

Dasatinib 
[3] 100 
mg

Imatinib 
[3] 400 
mg

Bosutinib 
[5] 400 mg

Imatinib 
[5] 400 
mg

SEER/
US CML 
[19–22]

Age (median) 47 46 46 49 52 53 65
Male (%) 56 56 56 63 57.7 56 60
Race (%)
 Asian 27 25 - - 12 13 6
 Black 4 2 - - 4 4 12
 White 60 66 - - 78 77 63
 Other 9 6 - - 6 6 19
Cardiac risk (%) 14a 11.6a 3.5b 5.0b 11.4c 12c 25a,d
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median age for first-line imatinib use in the SIMPLICITY 
cohort was 59 years vs. 56 years and 54 years for dasatinib 
and nilotinib, respectively [29••]. Bosutinib was initially 
approved in 2012 for the treatment of CML in later lines of 
therapy and received approval in newly diagnosed CML in 
2017 based on data from the phase 3 BFORE trial [5]. Likely 
related to its later approval in the first-line setting compared 
to other TKIs, it remains the least prescribed in the first-line 
setting among approved agents [24•], [25, 26].

Regardless of first-line TKI choice, the rate of discon-
tinuation or switching is common, with approximately 
one-third of patients switching TKIs across most real-
world studies [24•], [25, 26], [30•], [31•]. For example, 
a recent real-world study of 1168 chronic-phase CML 
patients showed that by 36 months, approximately one-
third of patients had permanently discontinued treatment, 
with a cumulative incidence at 12 months, 24 months, and 
36 months being 19.6%, 29.7%, and 34.2%, respectively 
[31•]. More patients with TKI discontinuation were in the 
imatinib group, and in univariate analysis, factors associ-
ated with a higher rate of TKI discontinuation included 
older age, higher white blood cell (WBC) count, spleen 
enlargement, and high Sokal risk [31•]. The Japanese 
Hokkaido Hematology Study group evaluated 450 patients 
and found 66% required modifications of 1st line therapy 
for TKI-related adverse events (AEs, 48%) or treatment 
failure (18%) [32]. They also found that patients with even 
a single comorbidity, age >60 years, a grade 3 or 4 toxic-
ity, or on a lower dose TKI had worse survival [32]. An 
important clinical conclusion of this study was to recom-
mend early TKI switching for patients with grade 3 or 4 
toxicities. Changes in TKI therapy most frequently happen 
in the first year, with intolerance being the most common 
reason for switching, followed by non-response or disease 
progression [30•]. In the prospective SIMPLICITY obser-
vational study, treatment discontinuation was reported in 
21.8% of patients in the first year of follow-up, with a 
higher portion in the imatinib group, with the greatest 
discontinuation occurring in the first three months [30•]. 
The most common reason for discontinuation was intoler-
ance, followed by resistance, particularly in the imatinib 
group. Interruptions were reported in 16% of patients with 
a quarter of patients having more than one interruption, 
most commonly due to hematologic toxicity [30•]. In the 
second year, treatment discontinuations and interruptions 
occurred at a decreased rate, in 10% and 4% of patients, 
respectively [30•].

Several systematic reviews and meta-analyses have 
shown 2G TKIs to have a shorter time to respond and deeper 
response when compared to imatinib, but have not shown a 
significant difference in overall survival [33–36]. Addition-
ally, they carry risks of increased adverse events compared to 
imatinib. A large meta-analysis of 1st line treatment in CML 

found no overall survival benefit to 2G TKIs, and their use 
was associated with an increased risk of arterial occlusive 
events [37]. In an Italian study, GFR (glomerular filtration 
rate, a measure of kidney function) decreased significantly 
in patients on imatinib but not on nilotinib or dasatinib [38]; 
yet, this finding could be biased because patients were on 
imatinib longer than the other two TKIs. A review of the US 
FDA reporting system demonstrated that, compared to other 
antineoplastic drugs, patients on TKIs had increased cardiac 
failure, ischemic heart disease, cardiac arrythmias, torsades 
de pointes/QT prolongation, hypertension, and pulmonary 
hypertension. All TKIs except imatinib were associated with 
increased reporting of cardiac failure. Dasatinib and bosuti-
nib were associated with the highest risk of cardiac failure, 
which is a surprising finding given that increased risk was 
not found in clinical trials [39, 40]. Nilotinib, ponatinib, and 
bosutinib were associated with ischemic heart disease; nilo-
tinib was associated with cardiac arrythmias; ponatinib was 
associated with hypertension; imatinib and dasatinib were 
associated with pulmonary hypertension [41]. Given that the 
reporting rate to the FDA is, on average, 6% of actual cases 
[42, 43], a large clinical study is needed to better define the 
risk of known and unknown toxicities. A retrospective UK 
study conducted in several centers demonstrated low adher-
ence to guidelines and little evidence that cardiovascular 
(CV) history was considered in the choice of therapy [44]. 
Taken together, these data suggest that the competing risk 
from CV toxicity should be weighed in treatment decisions 
due to the higher risk in the general population, yet estimates 
from clinical trials are currently informing this trade-off.

Second‑line Treatment

Among the patients who proceed to second-line therapy, 2G 
TKIs are the most commonly used. In real-world US data, 
patients who switch to second-line therapy initiated either 
dasatinib (58%) or nilotinib (37%), most within approxi-
mately 12 months of treatment initiation [27]. An Italian 
study that included 491 patients receiving second-line ther-
apy found a similar distribution, with ~70% receiving dasat-
inib or nilotinib, followed by bosutinib (12%), ponatinib 
(10%), and imatinib (7%) [45••]. On closer evaluation in 
this cohort, the choice of second-line therapy was heterog-
enous when looking at patients who received 2G TKI in 
the first line. Specifically, patients who received dasatinib in 
the first line were switched more frequently to nilotinib or 
ponatinib in the second line, whereas those who started on 
nilotinib switched to dasatinib or imatinib most frequently 
[45••]. The proportion of patients with baseline hyperten-
sion, metabolic, and CV comorbidities was higher in patients 
treated with bosutinib and imatinib [45••]. In contrast, older 
adults who received 2G TKI in the first-line setting are more 
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likely to switch to imatinib in the second line [26]. Further-
more, among older and younger patient populations, there 
is real-world data to suggest that patients receiving second-
line therapy have average daily doses lower than those rec-
ommended by the manufacturer, which likely aligns with 
patients switching related to intolerance [45••], [46, 47].

Among older adults who receive a 2G TKI in the 
second-line setting, dasatinib and nilotinib are the most 
common [26], with some data suggesting that nilotinib 
may have a slight advantage. Specifically, a Medicare 
database study of over 600 patients showed longer treat-
ment duration, less frequent dose reduction, reduced risk 
of mortality, and lower healthcare utilization cost among 
patients >65 treated with nilotinib compared to dasatinib 
[46]. Notably, half of the patients were started on the 
lower-than-recommended dose of nilotinib, but of those 
who discontinued, about half resumed treatment and a 
quarter switched to another TKI. This is in comparison 
to dasatinib, where most patients started on the recom-
mended dose, but were more likely to have dose reduc-
tions and a shorter time to discontinuation. Of those who 
discontinued, less than half resumed, a third switched to 
another TKI, and a higher proportion remained untreated 
compared to nilotinib (14% vs. 7%) [46].

The majority of patients who switch to second-line therapy 
are still likely to have some degree of clinical and molecular 
response, more commonly in those who switched because 
of intolerance compared to resistance. The Japanese New 
TARGET (Timely and Appropriate Registration System for 
GLIVEC Therapy) 2nd-line study evaluated outcomes of CP-
CML patients who received a second-line TKI. The majority 
of patients utilized imatinib (93%) as first-line therapy, and 
switched related to resistance (60%) or intolerance (38%), and 
still had good clinical outcomes overall, with an estimated 
3-year PFS of 98.7% and probabilities of achieving complete 
cytogenetic response (CCyR) and major molecular response 
(MMR) of 89.3% and 87.2%, respectively. Not surprisingly, 
the chances of achieving CCyR and MMR were better in the 
group that switched related to imatinib-intolerance compared 
to resistance [48]. Another study evaluating only patients 
started on 2G TKI in the first-line setting reported that patients 
were more likely to switch related to intolerance as compared 
to resistance. As may be predicted, the 5-year OS was better 
in the intolerance group (95%) compared to the resistance 
group (80%) [49]. Of note, the vast majority of patients in 
the intolerance group had achieved MMR4 or MR 4.5 by the 
time of the switch. Together, these data suggest that patients 
who require a switch to second-line treatment after 2G TKI 
therapy related to resistance may be more likely to require 
three or more lines of therapy.

Several mechanisms of TKI resistance exist including 
patient factors (adherence, drug-drug interactions) and 
disease-related (clonal evolution, genomic amplification of 

the BCR::ABL1 gene, and BCR::ABL1 kinase domain muta-
tions) [50]. Ponatinib is a 3G TKI that is approved for use in 
patients with resistance or intolerance to at least two prior 
TKIs or those that harbor the T315I kinase domain mutation 
of BCR::ABL1 [51]. In various international studies and reg-
istries, ponatinib is prescribed as 2nd line therapy in approx-
imately 10–20% of patients [45••], [52–54]. Among patients 
receiving ponatinib as 2nd line therapy, only about 1% of 
patients were prescribed imatinib as first-line therapy, with 
a switch from either dasatinib or nilotinib being far more 
common [45••], [54]. Notably, patients are much younger 
in this setting, with the median age across most studies of 
54-56, were switched related to previous treatment failure, 
and tended to have more aggressive disease [45••], [52–54].

Third Line and Beyond

In patients with CML, approximately 10% will proceed 
to third-line therapy, and 2% will proceed to fourth line 
or greater [24•], [55]. With so many options for TKI 
therapy, nearly all patients are treated with these agents 
in the third-line setting [24•], [45••], [55]. The optimal 
sequencing is not well defined, and choices in the third 
line or greater likely depend on the patient’s fitness, 
comorbidities, and mutation profiles [56]. The majority 
of patients treated with 3 or greater lines tend to cycle 
between 1G and 2G TKIs, particularly dasatinib, nilo-
tinib, and imatinib [45••], [55]. Among older adults who 
receive three or more lines of therapy, most commonly 
receive imatinib, dasatinib, or nilotinib, with only about 
one-fifth being started on ponatinib or bosutinib [26]. 
Notably, of those who received imatinib as frontline 
therapy, nearly half returned to imatinib as the third-line 
agent [26].

The 3G TKI ponatinib has increasing use in later 
lines, although it still is not prescribed as commonly as 
1G and 2G TKIs. Analyses between the USA and Italy 
have shown ponatinib use in approximately 10–20% of 
patients in third or greater lines of therapy [45••], [55]. 
As a pan BCR::ABL1 inhibitor, it is able to overcome 
several resistance mechanisms, particularly the T315I 
mutation which is resistant to all other currently avail-
able TKIs [57, 58]. Several real-world observational and 
retrospective studies have shown clinical efficacy with 
ponatinib in heavily pre-treated patients or those with 
resistant disease, with at least half of patients of patients 
being able to achieve major molecular response (MMR) 
[52, 58–62]. Patients tend to be younger and adverse 
events were common, but encouragingly, doses as low 
as 15 mg were used with efficacy and safety, specifi-
cally shown in the retrospective analysis by Binotto et al. 
[62]. A recent retrospective analysis from MD Anderson 
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Cancer Center evaluated outcomes when ponatinib ver-
sus 2G TKIs were used in the third-line setting, includ-
ing patients in the PACE and OPTIC trials [63]. In this 
cohort, ponatinib showed deeper responses compared to 
2G TKIs and was associated with an 81% 3-year PFS rate 
compared to 60% with 2G TKIs; however, it is important 
to note that the patient population was young with few 
comorbidities, which may limit its ability to be general-
ized to the overall population [63].

Novel agents have also been developed over the years to 
treat resistant CML. Omacetaxine is a semisynthetic purified 
homoharringtonine (HHT) compound that inhibits protein 
synthesis and was approved by the FDA in 2012 for patients 
with refractory CML or intolerant to two or more TKIs [64]. 
It is most commonly used as a bridge to SCT as its administra-
tion can be inconvenient, subcutaneous, and has less duration 
of response compared to other agents [64]. More recently, 
Asciminib, the first BCR::ABL1 inhibitor that Specifically 
Targets the ABL Myrisoyl Pocket (STAMP), was approved 
in 2021 based on results from the phase 3 ASCEMBL trial 
comparing asciminib to bosutinib [7, 65]. With 2 years of 
median follow-up, a little over half of the patients in the 
study remain on treatment, and of those who discontinued, 
only 7% were related to adverse events [66]. Additionally, a 
recent matching-adjusted indirect comparison of asciminib 
compared to competing TKIs in the third line or later also 
suggested promising response outcomes and improved toler-
ability [67]. At this juncture, the data on asciminib is still 
maturing, and more head-to-head comparisons are needed.

Although not as commonly performed as previ-
ously was done, alloHSCT continues to have a role in 
the management of CML and remains an effective and 
curative option, albeit in a small population of young, 
otherwise fit patients with resistant disease. Per NCCN 
and ELN guidelines, alloHSCT should be considered for 
patients who present in accelerated or blast phase, lack 
of response to treatment (particularly, no response to 
3G TKI within 3 months), or progress to more advanced 
disease while on treatment [10, 23]. Registry data shows 
that the indication for transplant in 60–75% of patients is 
failure to achieve deeper remission with non-transplant 
treatments due to resistance [55, 68, 69]. One major 
prognostic factor for OS in alloHSCT is disease status 
at the time of transplant. Several analyses have shown 
worse outcomes in patients who are transplanted while 
actively in the advanced phase (AP) or blast crisis (BC) 
as opposed to the chronic phase (CP) [69–71]. This can 
make the timing of transplant difficult to determine in 
those whose initial disease was in the chronic phase 
and progresses later. Reduced intensity conditioning 
(RIC) regimens vs. myeloablative conditioning (MAC) 
regimens were shown to have an association with earlier 
relapse, lower chronic graft-vs-host-disease (GVHD), 

but no significant difference in OS, potentially related to 
TKI or donor lymphocyte infusion (DLI) salvage options 
that are available [68].

Treatment‑free Response

As the survival of patients with CML has improved over 
the years, there has been a shift in the goal of CML therapy 
to focus on cost savings, quality of life, and TFR [11]. Sev-
eral factors have been identified to improve the chances of 
successful TFR, which can be summarized by the discon-
tinuation criteria in the NCCN guidelines, including (1) age 
> 18 years, (2) CP-CML without a history of AP-CML or 
BP-CML, (3) on approved TKI therapy for at least 3 years, 
(4) prior evidence of quantifiable BCR::ABL1 transcript, (5) 
stable molecular response (MR4, BCR::ABL1 < 0.01%IS) 
for at least 2 years documented on at least 4 tests performed 
at least 3 months apart, (6) access to reliable qPCR test with 
a sensitivity of detection of at least MR4.5 and can provide 
results within 2 weeks, (7) monthly monitoring after dis-
continuation, and (8) prompt resumption of TKI for loss of 
MMR [10]. The prospective LAST trial showed that suc-
cessful TFR could be achieved in approximately 60% of 
patients with significant improvement in patient-reported 
outcomes (PROs) [72••]. Some notable influences of resum-
ing or declining to stop TKI therapy include “TKI with-
drawal syndrome” of increased musculoskeletal pain, as well 
as anxiety regarding relapse risk [73, 74].

Despite the availability of clear guidelines for TKI discon-
tinuation, treatment discontinuation patterns remain inconsist-
ent. Current treatment pattern discontinuation was assessed 
in physician surveys before and after the publication of the 
NCCN guidelines. Before the guidelines were published, 
approximately 34% of physicians attempted discontinuation 
which increased to ~90% after the guidelines were published, 
of which approximately two-thirds of attempts were performed 
outside of a clinical trial setting [75], [76••]. Interestingly, 
despite updated guidelines, only a little over half of physi-
cians were aware of them, and there remained significant het-
erogeneity with regard to what was considered an adequate 
response, reasons for treatment discontinuation, access to 
qPCR testing sensitive enough to detect MR4.5, and defini-
tion of relapse [76••]. Those with access to more sensitive 
testing, practice in an academic or large group setting tended to 
adhere more closely to the guidelines in terms of the definition 
of response and length of time on TKI before a trial of discon-
tinuation, although it is notable among the whole cohort that 
only one-third of patients had monthly molecular monitoring 
performed after discontinuation [76••]. Approximately one-
fifth of patients relapsed, most within the first 12 months, and 
the rate of relapse was notably lower in the group that defined 
adequate response in accordance with the published guidelines 
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(11% vs. 28%) [76••]. These challenges are not isolated to 
the USA, with physician survey data from other parts of the 
world showed that 26% of respondents did not have access to 
a standardized polymerase chain reaction (PCR) test, and half 
were unaware of when the last standardization occurred [25]. 
Furthermore, although a majority were aware of recommen-
dations for monitoring every 3 months in the first year, this 
was only achieved in clinical practice by 51%, with the most 
common barriers cited including cost and laboratory capabil-
ity [25]. These data suggest that there is significant room for 
improvement in access to sensitive testing and education on the 
definitions of adequate response and appropriate monitoring 
practices in a real-world setting.

Conclusion

Outcomes in CML have vastly improved in the last half 
century related to extraordinary advances in treatment 
options. Despite this, several questions remain regarding 
how to best implement treatment options in a real-world 
setting. A national registry is needed to help better char-
acterize treatment patterns and outcomes and find ways to 
continue to improve care for CML patients.
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