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Abstract
Tyrosine	kinase	inhibitors	(TKI)	have	revolutionized	the	treatment	of	chronic	myeloid	
leukemia (CML), but patients still experience treatment- limiting toxicities or thera-
peutic failure. To investigate the real- world use and outcomes of imatinib in patients 
with	CML	in	Australia,	a	retrospective	cohort	study	of	patients	with	CML	commenc-
ing imatinib (2001– 2018) was conducted across two sites. Prescribing patterns, toler-
ability	outcomes,	and	survival	and	molecular	 response	were	evaluated.	86	patients	
received 89 imatinib treatments. Dose modifications were frequently observed (12- 
month	rate	of	58%).	At	last	follow-	up,	62	patients	(5-	year	rate	of	55%)	had	permanently	
discontinued	imatinib	treatment,	of	which	44	switched	to	another	TKI	(5-	year	rate	of	
46%).	Within	3	months	of	starting	imatinib,	43%	(95%	CI,	32%–	53%)	of	patients	expe-
rienced	imatinib-	related	grade	≥3	adverse	drug	reactions	(ADRs).	Higher	comorbidity	
score,	lower	body	weight,	higher	imatinib	starting	dose,	and	Middle	Eastern	or	North	
African	ancestry	were	associated	with	a	higher	risk	of	grade	≥3	ADR	occurrence	on	
multivariable	analysis	(MVA).	Estimated	overall	survival	and	event-	free	survival	rates	
at	3 years	were	97%	(95%	CI,	92%–	100%)	and	81%	(95%	CI,	72%–	92%),	respectively.	
Cumulative	incidence	of	major	molecular	response	(MMR)	at	3 years	was	63%	(95%	
CI,	50%–	73%).	On	MVA,	imatinib	starting	dose,	ELTS	score,	BCR- ABL1 transcript type, 
pre- existing pulmonary disease, and potential drug– drug interactions were predictive 
of MMR. In conclusion, imatinib induced deep molecular responses that translated 
to good survival outcomes in a real- world setting, but was associated with a higher 
incidence	of	ADRs,	dose	modifications	and	treatment	discontinuations	than	in	clinical	
trials.
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1  |  INTRODUC TION

Imatinib, a BCR- ABL1	tyrosine	kinase	inhibitor	(TKI),	has	significantly	
changed the treatment landscape of chronic myeloid leukemia (CML). 
In the landmark IRIS trial, imatinib induced complete cytogenetic re-
sponse	(CCyR)	in	85.2%	of	patients	by	18 months,	compared	to	only	
22.1% with interferon- α plus low- dose cytarabine, and was also bet-
ter tolerated with significantly superior survival outcomes.1 Despite 
widespread	introduction	of	second	and	third-	generation	TKIs,	imati-
nib used in first- line is associated with a lower incidence of adverse 
drug	reactions	(ADRs)	and	similar	long-	term	survival	outcomes.2

A	significant	proportion	of	patients	 receiving	 imatinib	 for	CML	
management do not achieve major molecular response (MMR) or 
deep molecular response (DMR) on long- term treatment (5- year 
cumulative	incidence	of	60%	and	42%,	respectively3), whilst others 
develop	 resistance	 to	 treatment	or	 intolerable	ADRs	necessitating	
treatment discontinuation.3,4	 About	 one-	third	 of	 patients	 achieve	
sustained deep molecular response (sDMR, 8- year cumulative inci-
dence	of	37%5); considered the gateway to obtaining treatment- free 
remission	(TFR).

A	precision	medicine	approach	is	required	to	improve	the	utiliza-
tion	of	this	lifesaving	drug,	to	reduce	the	risk	of	ADRs	and	treatment	
failure, to restore and maintain good health- related quality of life, 
and potentially to achieve a cure at an affordable cost.6 It is import-
ant to understand the gap between patients enrolled in clinical trials 
and	the	real-	world	setting,	with	only	6%	of	patients	diagnosed	with	
a	new	cancer	between	2018	and	2019	in	Australia	participating	 in	
a clinical trial.7	The	FDA	recently	published	a	framework	highlight-
ing the importance of using real- world observational data as a sup-
plement to clinical trial data, to provide a more complete picture of 
tolerability and effectiveness of a drug.8 Clinical trials employ strict 
patient inclusion and exclusion criteria, which can lead to popula-
tions in clinical trials that differ significantly from patients found 
in real- world clinical practice.9,10	A	 review	of	 eligibility	 criteria	 for	
cancer clinical trials submitted as investigational new drug applica-
tions	to	the	FDA	in	2015	found	that	74%	of	trials	excluded	patients	
with	a	history	of	cardiovascular	disease,	70%	excluded	patients	with	
known hepatitis, 32% excluded patients with autoimmune diseases, 
and 29% excluded patients with gastrointestinal disorders.11 Clinical 
trials also exclude patients on certain concomitant medicines for 
chronic health conditions, which have the potential for pharma-
cokinetic	 (PK)	 or	 pharmacodynamic	 (PD)	 drug–	drug	 interactions	
with	 the	 investigational	 drug.	 Furthermore,	 approximately	 60%	of	
oncology clinical trials require an Eastern Cooperative Oncology 
Group	 (ECOG)	performance	status	 (PS)	of	0	or	1	 (or	an	equivalent	
Karnofsky	PS	of	≥70%),	 resulting	 in	 the	exclusion	of	patients	with	
poorer prognosis.11 These exclusion criteria indirectly result in sig-
nificant age disparities and differences in concomitant medication 

burden compared to patients who will ultimately receive the drug 
in practice.12 Therefore, there is uncertainty as to the extent which 
findings from oncology clinical trials can be extrapolated (or gener-
alized) to the heterogenous population of patients with comorbid 
conditions that are treated in real- world routine clinical practice.10

The aim of this study was to investigate the real- world use, tol-
erability, and efficacy outcomes of imatinib in patients with CML 
treated	in	Australian	hematology	clinical	practice.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

A	retrospective	observational	study	of	patients	with	CML	commenc-
ing imatinib between 2001– 2018 was conducted at two University 
teaching	 hospitals	 in	 Sydney,	 Australia.	 Patients	 were	 identified	
through department registries and physician lists and were excluded 
if medical records were incomplete or if they had not received at 
least	3 months	of	TKI	 treatment.	Data	were	collected	on	each	pa-
tient from the first documented physician visit through to the date 
of last documented physician review by the data collection cut- off 
date	(November	2018),	next	TKI	commencement,	or	death,	which-
ever came first. The study was conducted in accordance with eth-
ics	requirements	of	local	institutions	(Appendix	S1, Supplementary 
Methods).

2.2  |  Data collection

Individual medical records were retrospectively reviewed, and de-
mographic characteristics, disease characteristics, treatment details, 
prescribing patterns, tolerability outcomes, and efficacy outcomes 
were collected. Data were re- abstracted and verified by a second 
investigator in 30% of randomly selected patients. Variables and 
endpoints	are	defined	in	Appendix	S1, Supplementary Methods.

Demographic characteristics included geographic ancestry, co-
morbidities, kidney and hepatic function, age, sex, and total body 
weight at the time of CML diagnosis and at imatinib commencement. 
Geographic	 ancestry	was	assigned	based	on	 information	 contained	
on patient registration forms and in the medical record, taking into 
consideration documented self- reported geographic ancestry or in-
ference of geographic ancestry (using birthplace, family name or 
maiden name, language[s] spoken, and religion).13– 15 The Charlson 
Comorbidity Index (CCI) score was derived from comorbidities noted 
in patients' medical records and included their diagnosis of CML.16 
Any	 concomitant	 medicines	 that	 the	 patient	 used	 regularly	 during	
their	 TKI	 treatment	 (for	 ≥2 weeks)	 were	 documented,	 including	
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recorded complementary and alternative medicines. Disease- related 
variables	collected	included	ECOG	PS,17 CML disease phase, presence 
of bone marrow (BM) fibrosis, BM karyotype abnormalities in addition 
to	the	t(9;22)(q34;q11),	and	BCR- ABL1 transcript type at diagnosis.18,19 
Sokal20 and European Treatment and Outcome Study (EUTOS) long- 
term survival (ELTS)21 risk scores at CML diagnosis were calculated.

Treatment- related variables collected included index date (date 
of first imatinib prescription), starting dose, and line of treatment 
(first- line vs. second- line or later). Details of any imatinib dose 
modifications (dose escalations, dose reductions, changes in dose 
frequency, or temporary treatment interruptions) were collected, 
including the date of dose modification, reason(s), and immediate 
consequence(s). Permanent discontinuation of imatinib treatment 
was documented, in addition to the reasons for discontinuation. This 
data were used to calculate the following endpoints: time to first 
dose modification, time to discontinuation (TTD), and time to next 
line	of	treatment	(TTNT).

All	documented	adverse	events	during	imatinib	treatment	were	
evaluated	 for	 causality	 to	 imatinib	 using	 the	Naranjo	 algorithm.22 
Adverse	 events	 classified	 as	 possible,	 probable,	 and	definite	were	
termed	 as	 imatinib-	related	 ADRs.23 The type and severity grade 
of adverse events were defined using the Common Terminology 
Criteria	 for	Adverse	Events	version	5.0	 (CTCAE	v5).24 The time to 
occurrence and management of adverse events (i.e. dose modifica-
tion, hospitalization) were also recorded.

Molecular response (MR) endpoints were defined using quan-
titative BCR- ABL1 transcript levels. BCR- ABL1 transcript levels of 
≤0.1%,	≤0.01%,	≤0.0032%,	≤0.001%	on	the	 international	scale	 (IS)	
were defined MMR, MR4.0, MR4.5, and MR5.0 respectively.18 MR4.0, 
MR4.5, and MR5.0 are classified as DMR.18	 Achievement	 of	 sDMR	
(DMR maintained for at least 2 consecutive years) and early mo-
lecular response (EMR; BCR- ABL1IS	≤ 10%	at	3	and	6	months)	were	
also documented. Survival endpoints included overall survival (OS), 
progression-	free	survival	 (PFS),	and	event-	free	survival	 (EFS).18 OS 
was calculated from the date of imatinib initiation until death (of any 
cause,	whilst	on	 imatinib	or	within	60 days	off	 imatinib	 treatment)	
or	the	end	of	treatment	follow-	up,	whichever	occurred	earliest.	PFS	
was calculated from the date of imatinib initiation until disease pro-
gression to accelerated/blast phase, transformation to acute myeloid 
leukemia	(AML),	or	death	(of	any	cause),	while	on	imatinib	or	within	
60 days	 off	 imatinib	 treatment.	 EFS	 was	 defined	 as	 survival	 with	
the absence of disease progression, relapse, or death (of any cause), 
while	receiving	imatinib	or	within	60 days	off	imatinib	treatment.

2.3  |  Statistical analysis

Continuous variables are presented as mean and standard deviation 
(SD), or median and interquartile range (IQR), and compared be-
tween groups using the independent two- sample t- test or the non- 
parametric Wilcoxon- Mann– Whitney test, respectively. Categorical 
variables were described using frequencies and percentages and 
compared between groups using Pearson's chi- squared test of 

independence	or	 Fisher's	 exact	 test	 of	 independence	 if	Cochran's	
rule was not met.

Survival	 endpoints	 (OS,	 PFS,	 &	 EFS),	 time	 to	 first	 dose	 mod-
ification,	 TTD,	 and	 TTNT	were	 evaluated	 using	 the	Kaplan–	Meier	
method, with a log- rank test comparing between- group differ-
ences.25 Patients without an event were censored at the date of last 
follow-	up.	A	Cox	proportional	hazards	model26 was used to assess 
the	independent	factors	associated	with	EFS.	Data	are	reported	as	
hazard ratios (HRs) with associated 95% confidence intervals (CIs).

A	logistics	regression	model	was	used	to	investigate	the	effect	of	
baseline variables on achievement of EMR at 3 months, with a Wald 
test to assess the null hypothesis of no between- group difference.27 
Odds ratios (ORs) and associated 95% CIs are reported.

The cumulative incidences of molecular response (MMR, DMR, 
sDMR)	 and	 imatinib-	related	ADRs	were	modeled	using	 the	 cumu-
lative	 incidence	competing	 risk	method,	with	Gray's	weighted	 log-	
rank test comparing between- group differences.28– 30 Competing 
risks were treatment discontinuation or death prior to molecular 
response	or	occurrence	of	the	ADR	of	interest.	The	cumulative	in-
cidence of molecular response was calculated among evaluable pa-
tients	who	had	valid	molecular	monitoring	at	baseline	and	during	TKI	
treatment.	A	Fine-	Gray	subdistribution	hazard	model31– 35 was used 
to assess the independent factors associated with MMR achieve-
ment	and	grade ≥ 3	ADR	occurrence.	Subdistribution	hazard	 ratios	
(SHRs) and associated 95% CIs are reported. The hazard of recurrent 
ADRs	was	modeled	using	the	Prentice,	Williams,	and	Peterson	total	
time model,36 with data presented as HRs and their 95% CIs.

To investigate the clinical outcomes for real- world patients 
who would have been considered ineligible for a controlled clin-
ical trial, subgroup analyses were performed based on an individ-
ual	patient's	 likely	eligibility	for	 inclusion	 in	the	pivotal	ENESTnd37 
and	DASISION38 trials. Clinical trial eligibility categorization (eligi-
ble	vs.	 ineligible)	considered	an	 individual	patient's	ECOG	PS,	pre-	
existing	comorbidities	and	concomitant	medicines,	as	per	ENESTnd	
and	 DASISION	 clinical	 trial	 exclusion	 criteria	 (Appendix	 S1, 
Supplementary Methods, Table S1). Exclusion criteria known not 
to reflect risks with imatinib treatment (e.g. receiving concomi-
tant treatment with QTc interval prolonging medicines) were not 
included in the clinical trial eligibility categorization in this study. 
ENESTnd	and	DASISION	trials	were	chosen	over	the	landmark	IRIS	
trial1 and CML- study IV39 to reflect current clinical practice where 
first- line CML treatment is monotherapy with a tyrosine kinase in-
hibitor (i.e. nilotinib, dasatinib, imatinib).40	 Additionally,	 unlike	 the	
IRIS	trial	and	CML-	study	IV,	the	ENESTnd	trial	considered	potential	
PK	 and	PD	drug	 interactions	with	 imatinib	 in	 its	 eligibility	 criteria	
(cytochrome	P450	[CYP]3A4	inducers/inhibitors	and	anticoagulant	
use, respectively).41

A	multiple	imputation	method	using	the	Multivariate	Imputation	
via Chained Equations package in R42 was used to impute values 
for variables with missing observations for use during multivariable 
regression analyses. The multiple imputation method assumes that 
data are missing at random and implements an iterative Markov 
chain Monte Carlo type of algorithm. Complete- case analysis, in 
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which only subjects with all values recorded for all covariates are 
retained in the analysis, was not used due to the possibility of in-
troducing bias and producing estimates with higher variance.43,44 
Statistical methods for data analysis are further justified and defined 
in	the	Appendix	S1,	Supplementary	Methods.	All	reported	p values 
are two- sided, and a significance level of α = .05	was	used	(except	
for selection of variables for inclusion in multivariable regression, 
whereby a significance level of α = .10	was	used).	The	statistical	anal-
yses were performed using R (version 3.3.3).45

2.4  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,46 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20.47

3  |  RESULTS

86	patients	who	 initiated	 imatinib	from	2001	to	2018	met	eligibil-
ity and were included in the analysis. The median follow- up time, 
from the index date to the earliest of death, change in treatment 
or	 last	 encounter	 in	 medical	 records,	 was	 33 months	 (IQR	 14	 to	
102 months).	 Baseline	 demographic	 and	CML	 characteristics	 of	 all	
patients treated with imatinib (n =	86)	are	summarized	in	Table 1.

3.1  |  Imatinib prescribing patterns

Of	the	86	patients	treated	with	 imatinib,	data	were	collected	on	a	
total of 89 imatinib treatment courses. In the majority of treatments 
(n =	78,	88%),	imatinib	was	prescribed	as	first-	line	therapy	for	newly	
diagnosed CML. Baseline demographic characteristics and distribu-
tion of disease risk scores were well- balanced in patients receiving 
imatinib first- line and those initiating imatinib second- line or later 
(Table S2).	Of	patients	receiving	imatinib	as	first-	line	treatment,	49%	
were	initiated	on	the	standard	dose	of	imatinib	400 mg/day	and	49%	
on	a	higher	dose	of	600 mg/day.	In	patients	receiving	imatinib	treat-
ment	 second-	line	 or	 later,	 the	majority	were	 initiated	 on	 400 mg/
day	(64%)	with	only	27%	initiated	on	600 mg/day.	Very	few	(n = 5, 
6%)	 received	 imatinib	 with	 concomitant	 cancer	 treatments	 (e.g.	
peginterferon alfa- 2a, cytarabine, or hydroxyurea).

3.2  |  Imatinib dose modifications and treatment 
discontinuations

Imatinib dose modifications were commonly observed in this real- 
world	 cohort.	 Within	 the	 first	 12 months	 of	 imatinib	 treatment,	
58%	 (95%	 CI,	 46%	 to	 67%)	 of	 patients	 required	 an	 imatinib	 dose	

modification	(of	any	type),	44%	(95%	CI,	33%	to	54%)	a	dose	reduc-
tion	or	temporary	interruption	of	imatinib	treatment,	and	34%	(95%	
CI,	23%	to	44%)	a	dose	escalation	(Figure 1). Of patients requiring 
an imatinib dose reduction or temporary treatment interruption, 
63%	were	receiving	imatinib	doses	of	600 mg/day	or	greater	at	first	
dose	change,	whilst	35%	were	receiving	400 mg/day.	Adverse	events	
were the most common reason reported for imatinib dose reduc-
tions	and	treatment	interruptions	(86%	of	all	dose	reductions/inter-
ruptions). Of those requiring an imatinib dose escalation, 58% were 
initiated	on	a	standard	imatinib	dose	of	400 mg/day	and	35%	initi-
ated	on	600 mg/day.	The	most	common	reported	reason(s)	for	dose	
escalation	was	poor	response	(54%	of	all	dose	escalations),	followed	
by	good	tolerability	(43%),	and	relapse	or	disease	progression	(8%).

At	last	follow-	up,	only	30%	of	patients	were	still	receiving	imati-
nib	treatment	(26%	of	first-	line	treatments	and	64%	of	second-	line	
or later treatments; p < .05),	with	a	median	TTD	of	49 months	(95%	
CI,	 28	 to	 93 months).	 The	 probability	 of	 imatinib	 discontinuation	
within	the	first	12 months	of	 imatinib	treatment	was	21%	(95%	CI,	
12%	 to	29%),	 increasing	 to	 34%	 (95%	CI,	 23%	 to	43%)	 by	2 years	
and	55%	(95%	CI,	42%	to	65%)	by	5 years	(Figure 1). The most fre-
quently reported reasons for imatinib discontinuation were adverse 
events (52% of imatinib discontinuations) and poor response (31%). 
Nine	 patients	 also	 discontinued	 imatinib	 treatment	 due	 to	 attain-
ment of sDMR, of which two patients then relapsed within a median 
follow-	up	 period	 of	 9	months	 (IQR	 6	 to	 22)	 post	 discontinuation.	
Among	those	who	discontinued	imatinib	treatment	(n =	62),	44	pa-
tients	 (71%)	 switched	 to	 a	 second-	generation	 or	 third-	generation	
TKI	for	CML	treatment,	with	a	median	TTNT	of	92 months	(95%	CI,	
41	to	124 months);	4	patients	progressed	to	a	hematopoietic	stem	
cell	transplant,	4	patients	remained	off	treatment	whilst	maintaining	
molecular remission, 2 patients died, with the disposition of 8 pa-
tients unknown. The estimated probability of switching to a second 
or	third-	generation	TKI	was	15%	(95%	CI,	7%	to	22%)	by	12 months	
of	imatinib	treatment,	27%	(95%	CI,	16%	to	34%)	by	2 years	and	46%	
(95%	CI,	33%	to	57%)	by	5 years	(Figure 1).

3.3  |  Tolerability outcomes

All	 patients	 experienced	 at	 least	 one	 imatinib-	related	ADR	during	
treatment (Table 2; Figure 2). The most frequent imatinib- related 
ADRs	of	any	grade	included	anemia,	superficial	oedema,	leukopenia,	
neutropenia, thrombocytopenia, fatigue, muscle cramps, and infec-
tion (Table 3).	Grade ≥ 3	imatinib-	related	ADRs	were	common,	with	a	
3-	month	cumulative	incidence	of	43%	(95%	CI,	32%	to	53%)	and	18-	
month	cumulative	incidence	of	53%	(95%	CI,	42%	to	63%;	Table 2; 
Figure 2).	 The	 most	 frequent	 grade ≥ 3	 imatinib-	related	 ADRs	 in-
cluded neutropenia, leukopenia, rash, thrombocytopenia, anemia, 
hypertension or vascular disorders and superficial edema (Table 3).

Overall,	there	was	an	incidence	of	18.70	(95%	CI,	15.25	to	23.30)	
imatinib-	related	ADR	episodes	 (of	any	grade)	per	1-	person	year	of	
imatinib	 treatment,	of	which	1.50	 (95%	CI,	1.10	to	2.21)	ADR	epi-
sodes	were	grade ≥ 3	in	severity.	Medical	management	was	required	
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TA B L E  1 Baseline	demographic	and	CML	disease	characteristics	of	the	imatinib	treated	cohort,	including	comparison	by	likely	eligibility	
for	the	ENESTnd37	and	DASISION38 trials

Characteristics

All imatinib- treated patients

Eligibility for ENESTnd and DASISION

Eligible Ineligible

p Value*(N = 86) (N = 39) (N = 47)

Age	at	diagnosis	(years),	mean	(SD) 55	(17) 44	(14) 64	(13) <.001*

CCI score, median (range; IQR) 4	(2–	12;	2.25–	5) 2	(2–	6;	2–	3) 5	(2–	12;	4–	7) <.001*

Male, n (%) 51 (59) 21	(54) 30	(64) .34

Geographic	ancestry,	n (%)a

European 64	(74) 28	(72) 36	(77) .77

Otherb 6	(7) 2 (5) 4	(9)

South	Asian 4	(5) 2 (5) 2	(4)

Otherb 6	(7) 2 (5) 4	(9)

Comorbidities at diagnosis, n (%)

Cardiovascular disease 21	(24) 0 21	(45) <.001*

Poorly controlled diabetes 13 (15) 0 13 (28) <.001*

Poorly controlled hypertension 12	(14) 0 12	(26) <.001*

Chronic pulmonary disease 11 (13) 0 11 (23) <.001*

Peripheral vascular disease 10 (12) 0 10 (21) <.05*

Hypothyroidism post  
thyroidectomy

4	(5) 0 4	(9) .13

History of pancreatitis 2 (2) 0 2	(4) .50

Cerebrovascular disease 2 (2) 0 2	(4) .50

None	of	the	above 42	(49) 39 (100) 3	(6) <.05*

Family	history	of	cardiovascular	disease,	n (%)

Yes 25 (52) 10	(48) 15	(56) .59

No 23	(48) 11 (52) 12	(44)

Unknown 38 18 20

Concomitant medicines, n (%)

CYP3A4	substrate 45	(52) 16	(41) 29	(62) .06

Antiplatelet 40	(47) 8 (21) 32	(68) <.001*

Paracetamol 10 (12) 2 (5) 8	(17) .09

Antineoplastic 9 (10) 2 (5) 7	(15) .17

Digoxin 7	(8) 0 7	(15) <.05*

Thyroxine 6	(7) 0 6	(13) <.05*

CYP2C8	inhibitor 6	(7) 0 6	(13) <.05*

P- gp inhibitor 5	(6) 0 5 (11) .06

CYP3A4	inhibitor 4	(5) 0 4	(9) <.05*

CYP3A4	inhibitor,	CAM 3	(4) 0 3	(6)

CYP3A4	inducer 1 (1) 0 1 (2) .50

CYP3A4	inducer,	CAM 1 (1) 0 1 (2)

None	of	the	above 25 (29) 19	(49) 6	(13) <.001*

Disease phase, n (%)

Chronic 78	(91) 35 (90) 43	(91) .78

Accelerated 8 (9) 4	(10) 4	(9)

Extramedullary leukemia  
present, n (%)

1 (1) 0 1 (2) 1

(Continues)
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Characteristics

All imatinib- treated patients

Eligibility for ENESTnd and DASISION

Eligible Ineligible

p Value*(N = 86) (N = 39) (N = 47)

ECOG	PS,	n (%)

ECOG	PS	0 52	(60) 26	(67) 26	(55) .54c

ECOG	PS	1 29	(34) 12 (31) 17	(36)

ECOG	PS	2 4	(5) 1 (3) 3	(6)

ECOG	PS	3 0 0 0

ECOG	PS	4 1 (1) 0 1 (2)

Sokal score, n (%)

Low 19	(24) 10 (29) 9 (20) .66

Intermediate 40	(50) 16	(46) 24	(53)

High 21	(26) 9	(26) 12	(27)

Unknown 6 4 2

ELTS score, n (%)

Low 40	(50) 22	(63) 18	(40) .12d

Intermediate 26	(33) 9	(26) 17	(38)

High 14	(18) 4	(11) 10 (22)

Unknown 6 4 2

Additional	BM	karyotype	abnormalities,	n (%)

Yes 6	(10) 5	(17) 1 (3) .10

No 54	(90) 24	(83) 30	(97)

Unknown 26 10 16

BM fibrosis, n (%)

Yes 35	(76) 14	(78) 21	(75) 1

No 11	(24) 4	(22) 7	(25)

Unknown 40 21 19

BCR- ABL1 transcript type, n (%)

e13a2 (b2a2) 27	(42) 9 (33) 18	(49) .45e

e14a2	(b3a2) 16	(25) 9 (33) 7	(19)

e13a2	(b2a2)	and	e14a2	(b3a2) 7	(11) 4	(15) 3 (8)

e14a2	(b3a2)	and	e1a2 6	(9) 3 (11) 3 (8)

e13a2 (b2a2) and e1a2 4	(6) 2	(7) 2 (5)

e1a2 2 (3) 0 2 (5)

e19a2 1 (2) 0 1 (3)

e12a2,	e14a2	(b3a2)	and	e1a2 1 (2) 0 1 (3)

Unknown 22 12 10

Abbreviations:	BM,	bone	marrow;	CAM,	complementary	or	alternative	medicine;	CCI,	Charlson	Comorbidity	Index;	CYP,	cytochrome	P450;	ECOG	
PS,	Eastern	Cooperative	Oncology	Group	Performance	Status;	ELTS,	European	Treatment	and	Outcome	Study	(EUTOS)	long-	term	survival;	IQR,	
interquartile range; P- gp, P- glycoprotein; SD, standard deviation.
aGeographic	ancestry	was	assigned	using	information	contained	on	patient	registration	forms	and	in	medical	records.
b3	of	Middle	Eastern/North	African	ancestry	(1	Lebanon,	1	Iran,	1	Egypt)	and	3	of	Pacific	Islander	(Maori)	ancestry.
cDifference	between	groups	also	not	statistically	significant	if	comparing	ECOG	PS	of	0,	1	and	2	or	more	(p = 1).
dSignificant difference in ELTS risk between groups if comparing low versus intermediate to high- risk (p < .05).
eComparison	between	e13a2,	e14a2,	e13a2	with	e14a2,	and	other.
*Statistically significant difference (α < .05).	Quantitative	variables	evaluated	using	the	independent	two-	sample	t- test or Wilcoxon- Mann– Whitney 
test.	Categorical	variables	evaluated	using	Pearson's	chi-	squared	test	or	Fisher's	exact	test.

TA B L E  1 (Continued)
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in	30%	of	imatinib-	related	ADR	episodes.	By	18 months	of	imatinib	
treatment,	70%	(95%	CI,	58	to	78%)	of	patients	had	experienced	at	
least	 one	 imatinib-	related	 ADR	 requiring	 further	 investigations	 or	
referral	 to	 another	 healthcare	 professional,	 57%	 (95%	 CI,	 46%	 to	
66%)	had	experienced	at	 least	one	ADR	resulting	 in	 imatinib	dose	
changes or discontinuation, and 20% (95% CI, 13% to 29%) had ex-
perienced	 an	ADR	 resulting	 in	 hospitalization	 (Table 2). The most 
frequent	ADRs	 resulting	 in	 imatinib	dose	modifications	or	 discon-
tinuation are presented in Table 3.	 Furthermore,	 79%	 of	 patients	
(95%	CI,	68%	to	86%)	had	experienced	at	least	one	imatinib-	related	
ADR	requiring	commencement	of	short-	term	medicines	or	changes	
in long- term medicines (Table 2).

In univariable regression analysis, the following baseline variables 
were	associated	with	a	higher	risk	of	occurrence	of	grade ≥ 3	ADRs	
with imatinib treatment: imatinib starting dose, total body weight, 
CCI score, concomitant use of a medicine with the potential for ima-
tinib drug– drug interactions, treatment with another antineoplastic 
agent for CML, and family history of cardiovascular disease (p < .10;	
Table S3). In the multivariable model, an imatinib starting dose of 
600	or	800 mg/day	was	 independently	predictive	of	 a	 higher	 rate	
of	occurrence	of	grade ≥ 3	ADRs	at	any	time,	compared	to	starting	
doses	of	400	or	500 mg/day	(SHRadjusted,	2.86;	95%	CI,	1.49	to	5.56).	
A	higher	CCI	score	at	diagnosis	was	independently	associated	with	
a	higher	hazard	of	grade ≥ 3	imatinib-	related	ADRs	(SHRadjusted, 1.20; 
95%	CI,	1.06	to	1.34).	Additionally,	a	10	kg	decrease	 in	total	body	
weight	was	associated	with	a	25%	increase	in	the	hazard	of	grade ≥ 3	
ADRs	(SHRadjusted,	1.25;	95%	CI,	1.04	to	1.45).	Geographic	ancestry	
was another significant predictor in the multivariable model, with 
patients	 of	Middle	 Eastern	 or	 North	 African	 ancestry	more	 likely	
to	experience	a	grade ≥ 3	ADR	during	imatinib	treatment	compared	

to patients of European ancestry (SHRadjusted,	2.97;	95%	CI,	1.22	to	
7.20).

Predictors	of	recurrent	grade ≥ 3	ADRs	with	imatinib	treatment	
in univariable analysis included sex, age, total body weight, geo-
graphic	ancestry,	CCI	score,	ECOG	PS,	receiving	a	concomitant	med-
icine with potential for imatinib drug– drug interactions, pre- existing 
cardiovascular disease, pre- existing pulmonary disease, pre- existing 
peripheral vascular disease and a family history of cardiovascular 
disease (Table S3). In the multivariable model of recurrent events, 
patients	commenced	on	an	imatinib	dose	of	600	or	800 mg/day	had	
a	higher	hazard	of	recurrent	grade ≥ 3	ADRs	at	any	time,	compared	
to	starting	doses	of	400	or	500 mg/day	(HRadjusted,	1.49;	95%	CI,	1.04	
to 2.13). Receiving imatinib in combination with another anticancer 
agent for CML was associated with an increased risk of recurrent 
imatinib-	related	grade ≥ 3	ADRs,	compared	 to	 treatment	with	 ima-
tinib alone (HRadjusted,	2.18;	95%	CI,	1.20	to	3.94).	The	multivariable	
model also indicated that female sex (HRadjusted,	1.72;	95%	CI,	1.21	
to	2.45),	higher	baseline	CCI	score	(HRadjusted, 1.19; 95% CI, 1.10 to 
1.28), and pre- existing pulmonary disease (HRadjusted, 1.98 [95% CI, 
1.26	 to	 3.12])	were	 independent	 predictors	 of	 recurrent	 imatinib-	
related	 grade ≥ 3	 ADRs.	 Finally,	 geographic	 ancestry	 was	 an	 im-
portant	predictive	 factor	 for	 recurrent	grade ≥ 3	ADRs	on	 imatinib	
treatment	(East	Asians	vs.	Europeans	HRadjusted, 1.93; 95% CI, 1.01 
to	3.70).

3.4  |  Efficacy outcomes

Among	patients	evaluable	for	EMR	(n =	60	at	3	months,	n =	56	at	
6	months),	73%	achieved	EMR	at	3	months	and	88%	achieved	EMR	

F I G U R E  1 Kaplan–	Meier	estimated	time	to	first	imatinib	dose	modification	(any	type,	dose	reduction	or	treatment	interruption,	and	dose	
escalation), time to imatinib discontinuation and time to next treatment.
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at	6	months	of	 imatinib	treatment.	Univariable	 logistics	regression	
identified that EMR achievement was significantly associated with 
imatinib starting dose, with a 5- fold increase in the odds of achiev-
ing	 EMR	 in	 patients	 commenced	 on	 imatinib	 600	 or	 800 mg/day	
compared	to	imatinib	400	or	500 mg/day	(OR,	4.49;	95%	CI,	1.13	to	
22.99; p < .05).	After	 adjusting	 for	baseline	patient	 characteristics	
(sex and total body weight), the likelihood of EMR in patients initi-
ated	on	 imatinib	600	or	800 mg/day	 remained	 significantly	 higher	
than	those	initiated	on	400	or	500 mg/day	(ORadjusted,	4.76;	95%	CI,	
1.03 to 25.00; p < .05).

The cumulative incidence of MMR among evaluable patients 
(n =	73)	was	58%	(95%	CI,	46%	to	69%)	by	2 years,	whilst	the	cumu-
lative incidence of DMR (n =	72	evaluable)	was	42%	(95%	CI,	30%	
to	53%)	after	3 years	and	49%	 (95%	CI,	36%	to	60%)	after	5 years	
of imatinib treatment (Figure 3).	A	total	of	48	patients	had	received	
imatinib	 treatment	 for	 at	 least	 2 years	 with	 molecular	 monitoring	
sensitive enough to detect DMR, and hence were evaluable for 
sDMR.	Of	these,	26	patients	 (54%)	achieved	sDMR	and	thus	were	
considered as potential candidates for drug discontinuation. The cu-
mulative	incidence	of	sDMR	with	imatinib	treatment	was	34%	(95%	
CI,	21%	to	47%)	by	3 years	and	41%	(95%	CI,	27%	to	55%)	by	5 years	
(Figure 3).

In univariable regression analysis, the following baseline vari-
ables were associated with MMR achievement; ELTS score, Sokal 
score, BCR- ABL1 transcript type and concomitant use of medicines 
with potential for imatinib drug– drug interactions (Table S4). In the 
multivariable	model,	an	e14a2	BRC- ABL1 transcript type (vs. e13a2) 
and an intermediate or high ELTS score at diagnosis were both in-
dependent predictors of inferior MMR at any time during imatinib 
treatment	(SHR,	0.46	[95%	CI,	0.22	to	0.99],	0.41	[95%	CI,	0.18	to	
0.93]	 and	 0.08	 [95%	 CI,	 0.02	 to	 0.36],	 respectively).	 Pre-	existing	
pulmonary disease was also predictive of a lower likelihood of 
MMR	with	 imatinib	 treatment	 (SHR,	 0.38;	 95%	 CI,	 0.17	 to	 0.85).	
Interestingly, concomitant use of a medicine with the potential for 

PK	 or	 PD	 drug–	drug	 interactions	 with	 imatinib	 was	 predictive	 of	
higher MMR rates, compared to patients not receiving potentially 
interacting	medicines	(SHR,	3.27;	95%	CI,	1.56	to	6.86).	Finally,	an	
imatinib	 starting	 dose	 of	 400	 or	 500 mg/day	 was	 independently	
predictive of poorer MMR rates with imatinib treatment, compared 
to	600	or	800 mg/day	 (SHR,	0.33;	95%	CI,	0.16	to	0.70).	No	other	
variables were found to be predictive in the multivariable regression 
analyses.

Within	 the	 follow-	up	 period	 (median	 33 months,	 IQR	 14	 to	
102 months),	 one	 patient's	 disease	 had	 progressed	 from	 chronic	
phase to accelerated phase CML, whilst another patient's disease 
had	 transformed	 to	 AML	 resulting	 in	 death	 approximately	 1	 year	
later.	 An	 additional	 three	 patients	 died,	with	 recorded	 cause(s)	 of	
death including cardiac events (n = 2) and head injury post fall (n = 1), 
and an additional 15 patients experienced molecular or hematolog-
ical	relapse.	Estimated	OS,	PFS,	and	EFS	rates	at	3 years	were	97%	
(95%	CI,	92%	to	100%),	93%	(95%	CI,	87%	to	100%),	and	81%	(95%	
CI,	72%	to	92%),	respectively	(Figure 4).	Estimated	5-	year	OS,	PFS,	
and	EFS	rates	were	94%	(95%	CI,	88%	to	100%),	93%	(95%	CI,	87%	
to	100%),	and	76%	(95%	CI,	66%	to	88%),	respectively	(Figure 4).

A	 univariable	 regression	 analysis	 identified	 the	 following	 pre-
dictors	 of	 EFS	 with	 imatinib	 treatment:	 Sokal	 score,	 pre-	existing	
cardiovascular disease, and imatinib in combination with another 
antineoplastic agent for CML (Table S5). In the multivariable model, 
after adjusting for baseline Sokal score and line of treatment, pre- 
existing cardiovascular disease was the only independent predictor 
for	 inferior	 EFS	 with	 imatinib	 treatment	 (HRadjusted, 3.18; 95% CI, 
1.22	to	8.24;	p < .05).

3.5  |  Considering clinical trial exclusion criteria

Overall,	 48	 patients	 treated	with	 imatinib	 (56%)	would	 have	been	
excluded	 from	 the	 DASISION	 and	 ENESTnd	 trials	 due	 to	 serious	

F I G U R E  2 Cumulative	incidence	of	imatinib-	related	adverse	drug	reactions	(ADRs)	Cumulative	incidence	of	imatinib-	related	ADRs	by	
3 years	(95%	confidence	intervals)	calculated	using	the	cumulative	incidence	competing	risk	method.
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Adverse drug reaction (ADR) type  
(CTCAE v5)a

Cumulative incidence at 
3 months, % (95% CI)b

Cumulative incidence at 
18 months, % (95% CI)b

Top	20	most	frequent	ADRs	of	any	grade

Anemia 54	(43–	64) 69	(58–	78)

Superficial oedema 46	(35–	56) 64	(53–	74)

Leukopenia 52	(41–	62) 60	(49–	69)

Neutropenia 52	(41–	62) 59	(48–	68)

Thrombocytopenia 48	(38–	58) 55	(44–	65)

Fatigue 34	(24–	44) 48	(27–	58)

Muscle cramps 30	(21–	40) 42	(31–	52)

Infection 23	(14–	32) 41	(30–	51)

Diarrhea 20 (13– 29) 40	(3–	50)

Nausea 27	(18–	37) 40	(29–	50)

Rash 21	(14–	30) 35	(25–	45)

Creatinine elevation 23	(14–	32) 30 (20– 39)

Other	hematological	or	biochemical	ADRs 16	(9–	24) 28 (19– 38)

Hypocalcaemia 20 (13– 29) 26	(17–	36)

Hypophosphatemia 18	(11–	27) 26	(17–	36)

Arthralgia/arthritis 18	(11–	27) 25	(16–	34)

Other eye disorders 12	(7–	20) 23 (15– 32)

Vomiting 10 (5– 18) 22	(14–	31)

Weight gain 15 (8– 23) 22	(14–	31)

Pruritus 8 (3– 15) 21 (13– 30)

Top	10	most	frequent	grade ≥ 3	ADRs

Neutropenia 18	(11–	27) 18	(11–	27)

Leukopenia 12	(7–	20) 14	(7–	22)

Rash 7	(3–	13) 13	(7–	20)

Thrombocytopenia 8 (3– 15) 9	(4–	16)

Anemia 3 (0.9– 9) 6	(2–	12)

Hypertension or other vascular disorders 1	(0.1–	6) 5 (2– 11)

Superficial oedema 1	(0.1–	6) 5 (2– 10)

Infection 1	(0.1–	6) 4	(1–	9)

Other	hematological	or	biochemical	ADRs 2	(0.4–	7) 3 (1– 9)

ALT	elevation 2	(0.4–	7) 3 (1– 9)

Top	10	most	frequent	ADRs	resulting	in	imatinib	dose	modifications	or	treatment	discontinuation

Nausea 7	(3–	13) 16	(9–	25)

Rash 8 (3– 15) 15 (8– 23)

Superficial oedema 7	(3–	13) 15 (8– 23)

Neutropenia 11	(6–	19) 12	(7–	20)

Thrombocytopenia 9	(4–	16) 10 (5– 18)

Leukopenia 8 (3– 15) 9	(4–	16)

Vomiting 2	(0.4–	7) 8	(4–	15)

Diarrhea 1	(0.1–	6) 8	(4–	15)

Anemia 5 (2– 10) 8	(4–	15)

Muscle cramps 2	(0.4–	7) 6	(2–	12)

Abbreviations:	ALT,	alanine	transaminase;	CI,	confidence	interval.
aADRs	are	classified	using	the	National	Cancer	Institute	Common	Terminology	Criteria	for	Adverse	
Events	(CTCAE	v5).
bCumulative incidences are calculated using the cumulative incidence competing risk method.
*Statistically significant difference (α < .05).

TA B L E  3 Cumulative	incidence	of	most	
common imatinib- related adverse drug 
reactions
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or poorly controlled medical conditions (n =	 44,	 51%	of	 patients),	
inadequate hepatic or renal function (n = 9, 10%), concurrent can-
cer (n = 1, 1%), concomitant use of therapeutic coumarin deriva-
tives (n =	7,	8%),	or	receiving	treatment	with	any	medicines	that	are	
CYP3A4	inhibitors	or	inducers	(n =	7,	8%).

Patients	who	would	have	been	ineligible	for	both	DASISION	and	
ENESTnd	clinical	trials	(based	on	the	exclusion	criteria)	were	signifi-
cantly	 older	 (mean	 age	 64	 vs.	 44 years	 if	 eligible,	p < .001),	 had	 a	

higher baseline CCI score (median score 5 vs. 2 if eligible, p < .001),	
and had a higher- risk according to the ELTS score (Intermediate- high 
risk:	60%	vs.	37%	if	eligible;	p < .05;	Table 1).	A	significantly	 larger	
proportion of patients in the ineligible group were receiving one 
or more potentially interacting medicine during imatinib treatment 
(87%	vs.	51%	if	eligible;	p < .001).	Other	baseline	characteristics,	in-
cluding total body weight, imatinib starting dose, distribution of the 
ECOG	PS	and	Sokal	risk	scores,	were	well	balanced	between	groups.

F I G U R E  3 Cumulative	incidence	of	major	molecular	response	(MMR),	deep	molecular	response	(DMR)	and	sustained	DMR	(sDMR)	in	
patients treated with imatinib. Cumulative incidence of molecular response at certain time points are presented with their associated 95% 
confidence intervals. Cumulative incidence was calculated using the cumulative incidence competing risk method.

F I G U R E  4 Kaplan–	Meier	estimated	overall	survival	(OS),	progression-	free	survival	(PFS)	and	event	free	survival	(EFS)	in	patients	receiving	
imatinib treatment.
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Of	 interest,	 patients	 likely	 ineligible	 for	 the	 ENESTnd	 and	
DASISION	trials	had	a	significantly	higher	risk	of	recurrent	imatinib	
dose reductions or temporary treatment interruptions (HR, 1.53; 
95% CI, 0.80 to 2.90; p < .05)	 compared	 to	 patients	 who	 would	
have	been	eligible.	Although	MMR	rates	were	comparable	between	

groups	(SHR,	0.82;	95%	CI,	0.47	to	1.43;	p = .49;	Figure 5), inferior 
DMR rates at any time were observed in patients considered ineligi-
ble	for	the	ENESTnd	and	DASISION	trials	(SHR,	0.51;	95%	CI,	0.26	
to 0.99; p < .05;	Figure 5).	Furthermore,	the	ineligible	cohort	had	a	
significantly	higher	 risk	of	occurrence	of	 imatinib-	related	grade ≥ 3	

F I G U R E  5 Cumulative	incidence	of	(A)	major	molecular	response	(MMR),	(B)	deep	molecular	response	(DMR)	and	(C)	sustained	DMR	
(sDMR)	in	patients	treated	with	imatinib,	by	likely	eligibility	for	the	ENESTnd37	and	DASISION38 trials. The unadjusted subdistribution hazard 
ratios	(SHRs)	and	associated	95%	confidence	intervals	(CIs)	are	reported,	with	Gray's	weighted	log-	rank	test	used	to	compare	groups.
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ADRs	(SHR,	1.77;	95%	CI,	1.08	to	2.91;	p < .05;	Table 2; Figure 6), 
specifically	non-	hematological	grade ≥ 3	ADRs	 (SHR,	2.27;	95%	CI,	
1.29	 to	4.00;	p < .05),	 and	ADRs	 resulting	 in	hospitalization	 (SHR,	

2.36;	95%	CI,	1.21	 to	4.61;	p < .05;	Figure 6). Patients considered 
ineligible for clinical trial inclusion were also more likely to experi-
ence	recurrent	imatinib-	related	ADRs	(Table 2), including recurrent 

F I G U R E  6 Cumulative	incidence	of	imatinib-	related	adverse	drug	reactions	(ADRs)	by	likely	eligibility	for	the	ENESTnd37	and	DASISION38 
trials;	(A)	ADRs	of	any	grade,	(B)	grade	≥3	ADRs	and	(C)	ADRs	resulting	in	hospitalizationThe	unadjusted	subdistribution	hazard	ratios	(SHRs)	
and	associated	95%	confidence	intervals	(CIs)	are	reported,	with	Gray's	weighted	log-	rank	test	used	to	compare	groups.
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grade ≥ 3	ADRs	(HR,	1.45;	95%	CI,	1.05	to	2.01;	p < .05)	and	recur-
rent	 ADRs	 resulting	 in	 hospitalization	 (HR,	 1.89;	 95%	 CI,	 1.06	 to	
3.39; p < .05).	No	significant	differences	were	observed	in	OS,	PFS	
and	 EFS	 after	 eligibility	 criteria	 of	 ENESTnd	 and	 DASISION	 trials	
were applied to patients in our study (Figure 7).

4  |  DISCUSSION

This study shows a high rate of molecular response and good long- 
term survival with imatinib treatment for people with CML in real- 
world clinical practice. Survival outcomes with imatinib- treatment in 
this	study	(3-	year	OS	of	95%,	PFS	of	93%,	and	EFS	of	81%)	are	con-
sistent with results of other real- world48 and clinical trial39,49–	52 data. 
In	 the	ENESTnd	 trial,	 the	estimated	3-	year	OS,	PFS	and	EFS	 rates	
for	patients	treated	with	imatinib	were	94%,	94%,	and	93%	respec-
tively.49	 For	 patients	 receiving	 imatinib	 in	 the	DASISION	 trial,	 the	
3-	year	OS	and	PFS	rates	were	93%	and	91%,	respectively.50 Similar 
survival	 probabilities	 were	 noted	 in	 the	 Tyrosine	 Kinase	 Inhibitor	
Optimization	and	Selectivity	(TOPS)	trial	(3-	year	OS,	PFS	and	EFS	of	
96%,	94%	and	92%	in	the	imatinib	400 mg/day	arm,	respectively,	and	
96%,	97%	and	95%	in	the	imatinib	800 mg/day	arm,	respectively).51 
Minor differences in survival outcomes could be explained by differ-
ences in definitions and censoring between studies.

Notably,	major	and	deep	molecular	response	rates	observed	 in	
this	 study	 (3-	year	MMR	and	DMR	 rates	of	63%	and	42%,	 respec-
tively) are higher than those previously reported in controlled clin-
ical trials.49–	51,53,54	 In	 the	 ENESTnd	 and	 DASISION	 trials,	 3-	year	
cumulative MMR rates of imatinib- treated patients were 53% and 
55%,	 respectively,	whilst	 3-	year	 cumulative	DMR	 rates	were	 26%	
and	14%,	respectively.49,50 Similarly, the rate of MMR at 3- years in 
the	TOPS	trial	was	52%	for	the	imatinib	400 mg/day	arm	and	50%	for	
the	imatinib	800 mg/day	arm,	with	DMR	achieved	in	13%	of	patients	

in	both	the	400	and	800 mg/day	treatment	groups.51 Our findings 
are also consistent with a study of 208 patients treated with first- 
line	imatinib	outside	clinical	trials	which	reported	estimated	7-	year	
MMR	and	DMR	rates	of	70%	and	52%,	respectively.55

Achievement	of	sDMR	has	been	associated	with	significant	im-
provements in long- term survival outcomes with imatinib,3,53,56 and 
is	considered	the	gateway	to	obtaining	TFR.57	Although	elective	dis-
continuation of imatinib due to attainment of sDMR was only con-
sidered in a small sample of patients in this real- world cohort, we 
observed a similar rate of remission after imatinib discontinuation 
to	previous	reports	(12-	month	TFR	rate	between	41%	to	68%).58–	65 
This raises the possibility that, at least in some patients, CML may 
be cured with imatinib treatment. Imatinib discontinuation has a 
large	economic	impact,	with	cost	analysis	of	the	Euro-	SKI	(European	
Stop	Tyrosine	Kinase	Inhibitor)	study	demonstrating	substantial	cost	
savings of €22 million with imatinib discontinuation.63 Multiple clin-
ical	parameters	have	been	identified	as	potential	predictors	of	TFR	
after imatinib discontinuation, including; longer treatment duration, 
longer DMR durations, previous interferon- α treatment, low Sokal 
score, male sex and older age.58,59,62,63,65,66	Predictors	of	TFR	were	
not explored in this study due to the small number of patients at-
tempting discontinuation after sDMR achievement.

The	nature	of	ADRs	experienced	with	 imatinib	 in	 this	 study	 is	
consistent with observations in controlled clinical trials, with no new 
safety	signals	identified.	The	majority	of	ADRs	occurred	within	the	
first	 6	months	 of	 imatinib	 therapy	 and	 very	 few	 new	ADRs	were	
reported	 after	12 months	on	 therapy.	However,	 the	3-	year	proba-
bility	of	 imatinib-	related	grade ≥ 3	ADRs	 in	 this	 study	was	notably	
higher	than	observed	with	imatinib-	treated	patients	in	ENESTnd	and	
DASISION	 (58%	 vs.	 24%	 and	 28%,	 respectively).49,50 Specifically, 
the	 frequencies	 of	 non-	hematological	 grade ≥ 3	ADRs	 observed	 in	
this real- world study were higher than that reported in clinical tri-
als. In an 18- month follow- up of the IRIS trial, non- hematological 

F I G U R E  7 Kaplan–	Meier	estimated	overall	survival	(OS),	progression-	free	survival	(PFS),	and	event-	free	survival	(EFS)	in	imatinib-	treated	
patients	by	likely	eligibility	for	the	ENESTnd37	and	DASISION38 trials. The unadjusted hazard ratios (HRs) and associated 95% confidence 
intervals	(CIs)	are	reported,	with	a	log-	rank	test	used	to	compare	groups.	48	treatments	likely	ineligible	for	the	ENESTnd	and	DASISION	trials	
(dashed	lines)	and	41	likely	eligible	(solid	lines).
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grade ≥ 3	ADRs	had	occurred	in	14%	of	imatinib-	treated	patients	(vs.	
38%	by	18 months	in	this	study),	with	grade ≥ 3	rash	in	2%	(vs.	13%	
by	18 months)	and	superficial	oedema	in	1%	(vs.	5%	by	18 months).1 
Imatinib-	treated	 patients	 in	DASISION38	 and	 ENESTnd37 had sim-
ilarly	 low	 incidences	 of	 non-	hematological	 grade ≥ 3	 ADRs,	 with	
grade ≥ 3	 rash	 occurring	 in	 1%	 and	 superficial	 oedema	 in	<1% of 
patients	within	a	median	follow-	up	of	14 months.	The	incidence	of	
hematological	grade ≥ 3	ADRs	in	this	study	reflects	that	reported	in	
clinical trials.1,37,38

A	major	finding	of	this	study	is	the	high	incidence	of	ADRs	result-
ing in imatinib discontinuation, with an 18- month probability of 15% 
and 3- year probability of 25%. This is notably higher than previous 
reports.	In	the	3-	year	follow-	up	of	the	ENESTnd	and	DASISION	tri-
als,49,50	11%	and	6%	of	 imatinib	treated	patients,	 respectively,	had	
discontinued	 treatment	due	 to	ADRs.	Similarly,	 low	rates	of	 imati-
nib	discontinuation	secondary	to	ADRs	were	reported	in	the	TOPS	
trial	 (4%	 of	 imatinib	 400 mg/day	 and	 9%	 of	 imatinib	 800 mg/day,	
17 month	median	follow-	up).67 In a phase 2 study of imatinib treat-
ment post interferon-  α	failure,	ADRs	let	to	imatinib	discontinuation	
in	only	2%	of	patients	 (median	follow-	up	of	18 months).68	Analysis	
of	the	French	subset	of	the	UNIC	(Unmet	needs	in	CML)	study	re-
ported that 31% of patients receiving imatinib had experienced an 
ADR	leading	to	dose	changes	or	discontinuation	of	imatinib	within	a	
median	treatment	duration	of	3 years,69 which is notably lower than 
the 3- year rate of 58% observed in this study.

This study also identified a range of implications of imatinib- 
related	 ADRs	 on	 healthcare	 resource	 utilization	 in	 real-	world	 pa-
tients	 treated	 in	 an	 Australian	 setting.	 The	 French	 subset	 of	 the	
UNIC	study	also	reported	high	healthcare	utilization	in	patients	re-
ceiving imatinib, with a mean number of 3 general practitioner visits, 
5 hematology visits, 1 visit to another specialist, 1 outpatient hospi-
tal stay, 0.5 chest x- rays, 0.2 blood transfusions, and 0.2 computer-
ized	tomography	scans	required	during	the	 last	12 months	of	each	
patients' observation period.69

There	is	large	inter-	individual	variability	in	imatinib	PK,	with	re-
ported	coefficient	of	variations	of	40	to	60%	observed	 in	 imatinib	
trough plasma concentrations at steady state (Css,min) in patients ad-
ministered the same dose.70–	74	Variability	in	imatinib	PK	is	a	possible	
determinant of variability in imatinib efficacy and toxicity.70,71,73,75–	82 
Although	plasma	concentration	data	were	not	available	for	this	co-
hort, we conducted a follow- up study using physiologically based 
pharmacokinetic	 (PBPK)	 modeling	 and	 simulation	 to	 predict	 the	
imatinib plasma concentration- time profile of patients included in 
this real- world study.83	 Notably,	 the	 PBPK	model	 showed	 signifi-
cant correlations between predicted steady- state imatinib exposure 
and clinical outcomes (achievement of EMR, and the occurrence of 
grade ≥ 3	imatinib-	related	ADRs).83

In multivariable regression analyses, lower total body weight 
was predictive of higher rates of occurrence of imatinib- related 
grade ≥ 3	ADRs.	This	 is	supported	 in	a	study	by	Shin	et	al84 where 
patients	with	a	lower	total	body	weight	(≤ 64 kg)	had	a	significantly	
higher incidence of imatinib- related dose- limiting toxicities com-
pared	to	heavier	patients	(58%	vs.	30%	at	12 months,	p < .001).	This	

effect could be a result of higher imatinib plasma concentrations, 
and therefore more frequent toxicities, in patients with lower total 
body weight.70,75,76,82	Female	 sex	was	 independently	predictive	of	
recurrent	imatinib-	related	grade ≥ 3	ADRs,	consistent	with	previous	
observations.39,85 Of importance, females in this study had signifi-
cantly	 lower	 total	 body	weight	 compared	 to	males	 (median	65	vs.	
82 kg,	p < .001),	and	thus	possibly	higher	systemic	exposure.	Imatinib	
plasma concentrations up to 30% higher have been reported in fe-
males compared with males.76,86,87

This study adds to the evidence that geographic ancestry is an 
important covariate in the inter- individual variability of imatinib 
treatment outcomes.88	 A	 significantly	 higher	 hazard	 of	 imatinib-	
related	grade ≥ 3	ADRs	was	observed	in	patients	of	Middle	Eastern/
North	African	or	Pacific	Islander	ancestries,	compared	to	patients	
of European ancestry. This is a novel finding, however with small 
numbers of patients in these groups, further studies with a larger 
sample	size	are	required	to	confirm	this	observation.	Furthermore,	
East	 Asian	 patients	 had	 a	 trend	 towards	 higher	 likelihood	 of	 re-
current	 imatinib-	related	 grade ≥ 3	 ADRs	 compared	 to	 patients	
of European ancestry. Similarly, subpopulation analyses of the 
DASISION	and	ENESTnd	trials	revealed	that	patients	of	East	Asian	
ancestry	were	more	 susceptible	 than	 non-	East	 Asian	 patients	 to	
imatinib-	related	fluid	retention,	rash,	nausea,	and	grade ≥ 3	neutro-
penia, and more frequently required an imatinib dose reduction or 
temporary treatment interruption.89– 91 This variability in response 
is	 possibly	 a	 reflection	of	 inter-	ethnic	 differences	 in	PK	determi-
nants of imatinib, such as in the expression/activity of breast can-
cer resistance protein (BCRP) and P- glycoprotein (P- gp), plasma 
protein binding, body size and weight, complementary medicine 
use, and diet.88 Despite these observations, there are currently no 
guidelines recommending dose adjustment of imatinib in different 
ethnic groups. Body- weight based dosing, combined with thera-
peutic drug monitoring- guided dose adaptation, may help reduce 
the	incidence	of	severe	imatinib-	related	ADRs	in	patients	of	East-	
Asian	ancestry.

Comorbidities are important considerations in treatment of dis-
eases with onset in older populations and expected long survival 
times,	such	as	CML.	An	important	finding	of	this	study	is	the	strong	
association between comorbidities at diagnosis and inferior efficacy 
and	 tolerability	 with	 imatinib	 treatment.	 Similarly,	 in	 the	 German	
CML- Study IV, a higher CCI score was associated with lower OS prob-
abilities in multivariable analysis, even after removal of age- related 
components from the score.92	A	retrospective	study	in	Brazil	found	
significantly	poorer	EFS	with	 imatinib	and	a	higher	 rate	of	 tempo-
rary treatment interruption secondary to toxicities and nonadher-
ence in patients with higher CCI scores.93 CCI stratification applied 
on a large cohort of older patients with CML (> 75 years)	receiving	
imatinib treatment reported a significant correlation between CCI 
and	survival	(EFS	and	OS).94 We hypothesize that the increased risk 
of	 recurrent	 imatinib-	related	 grade ≥ 3	 ADRs	 observed	 in	 patients	
with higher CCI scores and pre- existing pulmonary disease resulted 
in poor adherence or more frequent imatinib dose reductions/inter-
ruptions,	leading	to	inferior	molecular	response	rates	and	EFS.
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Interestingly, receiving a concomitant potentially interacting 
medicine	during	imatinib	treatment	(71%	of	patients)	was	predic-
tive of superior MMR rates and occurrence of imatinib- related 
grade ≥ 3	 ADRs	 in	 this	 real-	world	 cohort.	 Few	 studies	 have	 ex-
plored the effect of concomitant medicines on imatinib outcomes, 
with	none	selecting	for	medicines	with	the	potential	for	PK	or	PD	
drug– drug interactions.95,96	Kunbaz	et	al96 showed that receiving 
≥1	concomitant	medicines	for	management	of	comorbidities	was	
associated	with	a	higher	incidence	of	imatinib-	related	ADRs,	whilst	
Gora-	Tybor	 et	 al95 showed a higher probability of molecular re-
sponse	in	patients	receiving	≥2	concomitant	medicines	with	imati-
nib	treatment.	Imatinib	is	predominantly	metabolized	by	CYP3A4	
and	CYP2C8	to	a	major	metabolite	N-	desmethyl	imatinib,	and	is	a	
substrate of P- gp and BCRP efflux transporters.97 Coadministering 
inhibitors or inducers of these enzymes and transporters with 
imatinib has the potential to alter imatinib systemic exposure, 
which is particularly important as imatinib plasma concentrations 
have been correlated to response rates in CML70,71,73,76–	81 and to 
ADRs.70,75,76,82 Case reports have observed inadequate imatinib 
response and subtherapeutic imatinib concentrations at standard 
dosing in patients also receiving treatment with phenytoin98 and 
carbamazepine	 (CYP3A4	 inducers).99– 101	Additionally,	as	a	mech-
anism	 based	 inhibitor	 of	 CYP3A4,102 imatinib itself can also in-
fluence the systemic exposure of concomitantly administered 
CYP3A4	 substrates,103,104 potentially altering their toxicity and 
response.	A	case	report	of	imatinib	coadministered	with	cyclospo-
rine,	a	CYP3A4	substrate,	reported	an	increased	plasma	concen-
tration of cyclosporine and increased need for cyclosporine dose 
reduction due to toxicities.105 Therefore, drug– drug interactions 
should be considered as a potential source of toxicities or inade-
quate response with imatinib treatment and consideration of al-
ternatives to avoid interactions is recommended.

The finding of superior imatinib response with a low- risk ELTS 
score is consistent with recent reports in real- world settings106–	109 
and clinical- trial populations.21 Baseline BCR- ABL1 transcript type is 
another CML disease prognostic marker. Contrary to results from 
this study, superior MMR rates with imatinib treatment have been 
demonstrated	in	patients	expressing	the	e14a2	transcript	compared	
to e13a2 transcript.53,110–	116 The negative correlation found in this 
study	 between	 MMR	 and	 e14a2	 BCR- ABL1 transcript type could 
possibly	reflect	differences	in	other	baseline	characteristics.	For	ex-
ample,	patients	expressing	the	e14a2	transcript	were	younger	than	
e13a2	expressors	(median	age	56	vs.	63 years),	with	a	higher	ECOG	
PS (median score of 1 vs. 0) and a lower proportion of potential 
imatinib-	drug	interactions	(61	vs	78%).

Results from this study indicate that the approach of using a 
standard	 400 mg/day	 imatinib	 starting	 dose	 for	 patients	 with	
chronic phase CML can be improved. Higher imatinib starting doses 
of	600	or	800 mg/day	were	associated	with	significantly	 superior	
EMR	and	MMR	rates	compared	to	doses	of	400	or	500 mg/day,	in	
agreement with other studies. Single- arm observational studies 
of	patients	 receiving	high-	dose	 imatinib	 (800 mg/day)	 have	 found	
higher rates of MMR and CCyR when compared with historical 

controls	or	patients	 from	the	 IRIS	study	treated	with	400 mg	dai-
ly.117–	119	A	single	institution	study	observed	superior	CCyR	rates	in	
patients	 receiving	an	average	 imatinib	dose	greater	 than	350 mg/
day	during	the	first	6	months	of	first-	line	treatment.54 Imatinib dose 
escalation	to	600 mg/day	in	patients	failing	to	achieve	optimal	re-
sponse	with	400 mg/day	has	 also	proven	 to	 significantly	 increase	
MMR and CCyR rates.120,121	 Furthermore,	 randomized	 controlled	
trials	comparing	 imatinib	starting	doses	of	800 mg/day	with	stan-
dard	doses	of	400 mg/day	have	demonstrated	quicker	and	deeper	
MMR and CCyR with high- dose imatinib.53,56,67,122 However, im-
proved efficacy is likely to come at the cost of tolerability. In con-
cordance with previous findings,67,122 in our study higher imatinib 
starting	 doses	 (600	 or	 800 mg/day)	 were	 predictive	 of	 grade ≥ 3	
ADRs	 in	 this	 real-	world	 cohort.	 A	 refinement	 of	 clinical	 practice	
that may minimize toxicity could be to initiate imatinib at a high- 
dose	 (800 mg/day)	 and	 aim	 to	 dose	 reduce	 after	 achievement	 of	
a stable molecular response, with studies demonstrating mainte-
nance of molecular response in the majority of patients reduced to 
imatinib	300	or	400 mg/day.123,124

It is widely acknowledged that the study population in clinical 
trials does not reflect the community of patients requiring treat-
ment. In our study, we demonstrated that over half of real- world 
treated patients on imatinib would have been excluded from par-
ticipation	in	the	seminal	phase	III	ENESTnd	and	DASISION	studies.	
Those patients likely to be excluded were older, had a higher comor-
bidity burden, higher ELTS risk score, and a larger proportion re-
ceived	concomitant	potentially	interacting	medicines.	Accordingly,	
compared with the real- world patients who would have been el-
igible for the clinical trials, these patients demonstrated inferior 
DMR	rates	and	a	higher	risk	of	grade ≥ 3	ADRs.	Rates	of	MMR	were	
similar	between	groups,	as	was	duration	of	PFS,	whilst	the	availabil-
ity	of	potent	second-	line	TKIs	is	a	likely	explanation	for	preserved	
OS	 in	 this	 group.	 Another	 retrospective	 observational	 study	 re-
ported	that	14%	of	patients	would	have	been	excluded	from	both	
the	ENESTnd	and	DASISION	trials	due	to	severe	comorbidities.125 
Patients who would have been excluded were significantly older, 
with a higher CCI score, higher Sokal risk, higher number of con-
comitant medicines, and showed inferior treatment outcomes (a 
higher	rate	of	severe	ADRs	and	worse	OS).125 The applicability of 
all results from controlled clinical trials to complex patients in real- 
world clinical practice, with many competing risks, should there-
fore be exercised with caution. Our study confirms the utility of 
real- world post- marketing studies which include subsets of patients 
often excluded from trials.

As	CML	 is	 considered	 a	 rare	 disease,	 the	 sample	 size	 of	 this	
study was limited by the number of patients diagnosed and treated 
at	 the	 respective	 centres	 over	 the	 period	 of	 data	 collection.	 As	
such, the effect of certain baseline predictor variables (e.g. disease 
phase, BM fibrosis, additional BM karyotype abnormalities, body 
mass index, body surface area) on imatinib clinical outcomes could 
not	 be	 evaluated	 in	multivariable	 regression.	 As	 a	 retrospective	
study, the information available relies on the reporting by patients 
and physicians at the time, leading to a potential underreporting 
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of	imatinib-	related	ADRs.	Furthermore,	patient	adherence	to	their	
prescribed imatinib dose regimens could not be considered in re-
gression models of imatinib treatment outcomes due to lack of 
sufficient recording in medical records. Owing to their therapeu-
tic success, only a small number of patients died and/or experi-
enced	disease	progression	on	 imatinib	 treatment.	As	 such,	 large	
patient samples and long observation times are needed to identify 
groups	with	different	OS	and	PFS.	Finally,	outcomes	from	this	ob-
servational study cannot be compared directly with those from 
other studies without acknowledging differences in study design 
(including lack of randomization in this real- world study, and dif-
ferential monitoring of outcomes and management of events) and 
definitions of outcome measures.

Despite these limitations, the similarity in survival results and ad-
verse event profiles with those of controlled clinical trials provides 
a level of confidence in the data, with differences observed likely 
to reflect true differences between real- world and protocol- driven 
practices. Importantly, characteristics of the patients included 
in this study were consistent with expectations of a CML patient 
receiving	 care	 in	 the	 Australian	 oncology	 setting.126 Conversely, 
patients	 included	 in	 the	 IRIS,	 ENESTnd,	 and	DASISION	controlled	
trials were younger than expected in a real- world setting (median 
age	 of	 50 years	 in	 IRIS,1	 46 years	 in	 ENESTnd,37	 and	 49 years	 in	
DASISION).38 There are several strengths in the methodology of 
this	 study,	 including	 use	 of	 the	 CTCAE	 and	 Naranjo	 algorithm	 to	
classify	 ADRs,	 re-	abstraction	 of	 data	 by	 a	 second	 investigator	 in	
30% of randomly selected patients, use of the cumulative incidence 
competing risk method to evaluate molecular response rates and 
ADR	incidences,	and	use	of	a	multiple	imputation	method	in	cases	of	
missing data. Importantly, this real- world data on 89 imatinib treat-
ment	courses	represents	a	total	of	421	patient	years	of	experience	
with	imatinib	treatment	in	CML.	As	a	real-	world	study,	this	data	has	
presented new and important insights into prescribing practices and 
clinical outcomes of patients receiving imatinib treatment with com-
plex comorbidities and on multiple medicines, without the potential 
selection bias present in controlled clinical trials.

In summary, this study found that imatinib induces fast and deep 
molecular responses that translate to good survival outcomes in a 
real-	world	setting.	A	higher	incidence	of	imatinib-	related	ADRs	were	
observed in this real- world cohort, compared to controlled clinical 
trials. Baseline evaluation of concomitant medicine use and pre- 
existing comorbidities, together with consideration of biological and 
clinical factors, can help identify patients with an excellent progno-
sis and those who may require careful monitoring and/or interven-
tion. Early high- doses of imatinib, followed by rapid individualized 
dose- adaptation to good tolerability can be a strategy to achieve a 
balance between efficacy and tolerability.
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