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Introduction

Chronic myeloid leukemia (CML) accounts for 15% of all leu-
kemias, and in 2021, it is estimated that there will be approxi-
mately 9110 new CML diagnoses and 1220 CML-related 
deaths.1 Oral tyrosine kinase inhibitors (TKIs) have revolu-
tionized CML from a fatal malignancy into a chronic disease 
with dramatically reduced mortality.2,3 Major molecular 
response (MMR), defined as at least a 3-log reduction of BCR-
ABL1 mRNA transcript levels (ie, BCR-ABL1 levels ≤0.1% of 
baseline) at 12 months, is the gold standard measurement of 
treatment response in patients with CML because it is a signifi-
cant predictor of treatment-free remission.4,5 Other clinical 
milestones include a complete hematologic response (CHR) at 
1 month and an early molecular response (EMR) at 3 months 
(ie, BCR-ABL1 mRNA transcripts ≤10% of baseline).4

Despite the efficacy of CML TKIs in phase 3 clinical 
trials, studies examining outcomes in real-world patients 
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Abstract
Background: Tyrosine kinase inhibitors (TKIs) are the front-line therapy for chronic myeloid leukemia (CML), where 
phase 3 clinical trials have demonstrated their safety and efficacy. However, trial patients may not be representative of 
real-world patients (RWPs). Objective: To evaluate RWP clinical factors associated with effectiveness and safety in CML 
patients treated with TKIs. Methods: Patients with CML treated with at least 30 days of imatinib, dasatinib, nilotinib, or 
bosutinib between 2014 and 2018 were included. Patients were stratified into categories based on the number of factors 
that would have precluded enrollment into pivotal TKI phase 3 trials (0, 1, ≥2). End points included complete hematologic 
response (CHR), early molecular response (EMR), major molecular response (MMR), adverse event (AE)-induced dose 
decreases, treatment interruptions, and treatment discontinuations. Results: Final analyses included 174 patients. 
Patients with ≥2 factors had a higher risk of dose decreases (relative risk = 1.54; 95% CI = 1.02-2.34; P = 0.02) and 
a shorter time to dose decrease (hazard ratio = 2.43; 95% CI = 1.23-4.97; P = 0.006) compared with patients with 0 
factors. Significant differences were observed in CHR at 1 month and MMR at 3 months between patients with 0 and ≥2 
factors (P = 0.03 and P = 0.04, respectively). Conclusion and Relevance: Approximately 60% of our RWPs would have 
been excluded from the pivotal phase 3 TKI trials. These data suggest that RWPs require more precise dosing to achieve 
CML clinical milestones and to mitigate AEs, but findings should be validated prospectively.
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(RWPs) with CML remain scarce. Pivotal phase 3 clinical 
trials for CML TKIs included patients who were younger, 
were healthier, and had fewer concomitant medications 
compared with RWPs with CML.6-10 Although clinical trial 
data have suggested that patients with CML treated with 
TKIs may achieve a near-normal life expectancy, real-
world registry studies have shown a 2-fold increased risk 
of death among patients with CML in the United States.11 
In addition, a recent study revealed that RWPs experi-
enced a higher rate of TKI dose interruptions or treatment 
discontinuations (≥45%) compared with phase 3 clinical 
trial patients (≤25%), and only 54% of the imatinib-treated 
patients with CML remained on therapy after 3 years. The 
authors surmised that in RWPs the threshold for switching 
treatment, secondary to treatment-emergent adverse events 
(AEs), was likely lower than in clinical trials. Notably, the 
median age of patients enrolled in phase 3 trials was approx-
imately a decade younger (46-49 years) than the median age 
of RWPs included in this study (57-58 years).7,8,12 Also, 
RWPs were more likely to have comorbidities, with three-
quarters of patients having an age-adjusted Charlson 
Comorbidity index of at least 1 or higher.12 In contrast, 
phase 3 clinical trial patients were significantly healthier, as 
evidenced by trial exclusion criteria, which included uncon-
trolled hypertension, diabetes, organ dysfunction, past med-
ical history of stroke, myocardial infarction, congestive 
heart failure, HIV/AIDS, malabsorptive disease, or use of 
potentially interacting medications.6-8,10,12

Thus, there is an unmet clinical need to determine effec-
tiveness and tolerability of TKI therapy in patients with 
CML who would not have been included in clinical trials 

(ie, RWPs) compared with patients who present with simi-
lar demographics from phase 3 clinical trials. The objective 
of this single-center retrospective study was to evaluate 
and describe RWP clinical and demographic factors that 
were associated with effectiveness and safety in patients 
with CML treated with TKIs.

Patients and Methods

Study Design

This was a single-institution, retrospective study of chronic 
phase patients with CML treated with TKIs at the University 
of North Carolina (UNC) Medical Center (UNC IRB #18-
0905). To determine whether specific patient factors may 
affect TKI effectiveness and safety, this study evaluated 
differences in clinical milestones and TKI-induced AEs 
between patients who would have been eligible for the piv-
otal CML TKI phase 3 clinical trials6-10 and those who 
would not have been eligible for phase 3 trial enrollment 
(Table 1). The primary end point of the study was MMR at 
12 months. The secondary end points included CHR at 1 
month, EMR at 3 months, MMR at 3 months, and TKI-
induced AEs. These AEs include incidence of AE-related 
dose decreases, incidence and duration of treatment inter-
ruptions, or permanent treatment discontinuation.

Study Population Identification

The Carolina Data Warehouse for Health (CDW-H), a cen-
tral data repository containing clinical and research data 

Table 1.  Exclusion Factors Used for Study Group Stratification.a

Stratification factor, n (%) Criteria 1 Factor, n = 50 ≥2 Factors, n = 53

Age >70 years 1 (2.0) 29 (54.7)
Uncontrolled hypertension SBP >140 mm Hg, or DBP >90 mm Hg 27 (54.0) 37 (69.8)
Blood glucose >200 mg/dL 2 (4.0) 6 (11.3)
Serum creatinine >2× ULN 0 (0.0) 3 (5.7)
LFTs: AST or ALT >2× ULN 0 (0.0) 0 (0.0)
Total bilirubin >2× ULN 0 (0.0) 1 (1.9)
ECOG performance score 3-4 0 (0.0) 2 (3.8)
Past medical history Stroke, MI, CKD, CHF, HIV/AIDS, or 

malabsorptive disease
10 (20.0) 34 (64.2)

Drug interactions Concomitant moderate/strong CYP3A4 inhibitors 
or inducers; PPIs, H2RAs, or QT-prolonging 
agents depending on specific TKI used

10 (20.0) 22 (41.5)

Abbreviations: AIDS, acquired immunodeficiency syndrome; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CHF, congestive heart 
failure; CKD, chronic kidney disease; CML, chronic myeloid leukemia; CYP3A4, cytochrome P450 3A4; DBP, diastolic blood pressure; ECOG, Eastern 
Cooperative Oncology Group; H2RA, histamine 2 receptor antagonists; HIV, human immunodeficiency virus; IU, international units; LFT, liver function 
test; MI, myocardial infarction; QT, the interval measured from the start of the Q wave to the end of the T wave by electrocardiogram; PPI, proton 
pump inhibitor; SBP systolic blood pressure; SCr, serum creatinine; TKI, tyrosine kinase inhibitor; ULN, upper limit of normal.
aIncluded are the exclusion factors used in this study, which were derived from the pivotal CML TKI phase 3 clinical trial exclusion criteria.6-10 These 
factors were used to stratify patients into 3 groups: one with patients who would have been eligible for the phase 3 clinical trials (0 factors) and 2 
groups of patients who would have been ineligible for the phase 3 clinical trials (1 and ≥2 factors). ULN for SCr was defined as 1.3 mg/dL, AST as 55 
IU/L, ALT as 72 IU/L, and total bilirubin as 1.2 mg/dL.
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sourced from the UNC Medical Center and UNC Health 
Care System, was queried to identify potentially eligible 
patients for this study. Patients were included if they were 
≥18 years old, treated at UNC between April 2014 and 
May 2018, and treated with imatinib, dasatinib, nilotinib, or 
bosutinib for at least 30 days within that same time frame. 
Patients were excluded if they were prescribed a TKI for a 
diagnosis other than CML, prescribed ponatinib (given its 
limited use as a last option or only in patients with T315I 
mutation), missing baseline hematopathology results, or 
treated at an oncology practice external to UNC.

Clinical Data Extraction

Patient clinical and demographic data were collected from 
the UNC electronic medical record. All data were extracted 
from patient visits and labs at the time of TKI initiation, and 
standard-of-care follow-up visits. CML diagnosis was con-
firmed via ICD-9/10 coding, clinic documentation, and 
presence of elevated BCR-ABL1 mRNA transcript levels at 
baseline. Drug dosing information was collected at initia-
tion and 1, 3, 6, 9, and 12 months thereafter, and included 
the name of the TKI, line of therapy, dose, and frequency of 
administration. BCR-ABL1 mRNA transcript values were 
collected at baseline and 3, 6, 9, and 12 months after TKI 
initiation. Complete blood count with differential results 
were collected at baseline, 1, and 3 months to evaluate 
CHR. The first incidence of an AE-induced dose decrease, 
TKI interruption, or TKI discontinuation were recorded 
throughout the 12-month period after TKI initiation.

Exclusion criteria from the pivotal phase 3 clinical 
trials6-10 were compiled a priori, and patients were evalu-
ated for the presence or absence of these factors. Given 
minor differences in exclusion criteria in phase 3 trials, a 
composite list of exclusion factors were designed 
(Supplementary Table 1, available online). Patients were 
then stratified into groups based on the presence of 0, 1, 
or ≥2 factors. Factors that would have excluded patients 
included age >70 years, uncontrolled hypertension, base-
line blood glucose >200 mg/dL, baseline labs >2× the 
upper limit of normal (serum creatinine, total bilirubin, 
or additional liver function tests), Eastern Cooperative 
Oncology Group performance status 3 to 4, concomitant 
medications that could alter TKI exposure-response rela-
tionships, or a past medical history significant for stroke, 
myocardial infarction, chronic kidney disease, conges-
tive heart failure, HIV/AIDS, or malabsorptive disease 
(Table 1).

Statistical Analyses

Descriptive statistics for clinical and demographic data 
were reported as means with standard deviations, or as 
medians with ranges and percentages. A significance level 

of 0.05 (P < 0.05) was selected a priori, and all analyses 
were 2-sided. Generalized linear models with binomial dis-
tribution and log link function were used to compute and 
compare the unadjusted binary outcomes across factor 
groups, as well as adjusted relative risks (RRs) that con-
trolled for TKI treatment effect. The Kaplan-Meier method 
was used to compare the time to AE-induced dose decrease 
across factor groups (including patients who did not experi-
ence a decrease as censored events at 12 months). Cox pro-
portional hazards models were fit to compute and compare 
the unadjusted hazard ratios for time to AE-induced dose 
decrease across factor groups. Hazard ratios were also 
adjusted to control for TKI treatment effect. Because of the 
exploratory nature of this study, results were not corrected 
for multiple comparisons. All statistical analyses were con-
ducted using SAS JMP v14.0.0 (SAS, Cary, NC), and fig-
ures were created using GraphPad Prism v8.2 (GraphPad 
Software, La Jolla, CA).

Results

Demographic and Clinical Characteristics

A total of 409 adult patients with CML were identified from 
the CDW-H, and 235 patients were deemed ineligible for 
final analyses (Figure 1). The most common reasons for 
exclusion were the absence of initiating clinical and lab data 
in the medical record (n = 119), as well as patient identifi-
cation discrepancies where patients were incorrectly identi-
fied by CDW-H as having a CML diagnosis (n = 55). In all, 
174 patients with CML treated at UNC were stratified into 
3 groups based on factors derived from the exclusion crite-
ria in the pivotal phase 3 clinical trials (Supplementary 
Table 1).6-10 Whereas all patients were eligible to be evalu-
ated for AE outcomes, only 144 were eligible to be evalu-
ated for effectiveness outcomes because 30 patients had 
BCR-ABL1 mRNA transcript levels <10% at the time of 
initiation of second-line (and beyond) TKI treatment, or 
were treated for less than 30 days before discontinuing a 
TKI (Figure 1). Among the final study cohort, the median 
patient age was 55 years (interquartile range = 45-68), 
approximately 55% of the patients were female, 72% of the 
patients were White, and imatinib was the most commonly 
prescribed TKI (n = 62; 35.6%). The mean total daily 
maintenance doses for imatinib, dasatinib, nilotinib, and 
bosutinib were 357, 86, 546, and 403 mg, respectively 
(Table 2).

Patients were stratified into 1 of 3 groups (0, 1, or ≥2 
factors) based on the presence of a composite list of factors 
developed from phase 3 clinical trial exclusion criteria 
(Table 1 and Supplementary Table 1, available online). 
Among the study cohort, approximately 60% of the patients 
presented with ≥1 factor that would have excluded their 
enrollment into a phase 3 clinical trial (n = 103). A total of 
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71 patients (40.8%) presented with 0 factors at baseline, 50 
(28.7%) presented with only 1 factor, and 53 (30.5%) pre-
sented with ≥2 factors. Among those with only 1 factor, 
the most common were uncontrolled hypertension (n = 
27, 54.0%) as well as drug-drug interactions (DDIs) 
between concomitant medications and the prescribed TKI 
and comorbidities in their past medical history (n = 10, 
20.0% each) (Supplementary Table 2, available online). 
Importantly, among the patients prescribed concomitant 
medications with potential for DDIs, all had TKI doses that 
were appropriately adjusted according to US Food and 
Drug Administration (FDA) package labeling instruc-
tions.13-16 For those with ≥2 factors, the most prevalent 
factors were uncontrolled hypertension (n = 37, 69.8%), 
past medical history (n = 34, 64.2%), and age >70 years 
(n = 29, 54.7%; Table 1).

Effectiveness Outcomes

A total of 144 patients were eligible for effectiveness 
evaluations, which included 59 patients with 0 factors, 39 
patients with 1 factor, and 46 patients with ≥2 factors. 
After 12 months of treatment, 72.2% of the evaluable 
patients (n = 104) had achieved MMR. However, the 
study failed to achieve its primary end point because no 
significant difference between patients with 0 factors ver-
sus 1 factor and 0 versus ≥2 factors were observed for 
MMR at 12 months, even when controlling for the effects 

Figure 1.  Study schematic.
Abbreviations: AE, adverse event; CML, chronic myeloid leukemia; EMR, electronic medical record; TKI, tyrosine kinase inhibitor; UNC, University of 
North Carolina.

of TKIs (P = 0.61 and P = 0.19, respectively; Table 3). 
Furthermore, 37 (25.7%) patients achieved early MMR at 
3 months; of those, 13 (22%) had 0 factors, 5 (12.8%) had 
1 factor, and 19 (41.3%) had ≥2 factors. Patients with ≥2 
factors were nearly twice as likely to achieve an early 
MMR at 3 months when compared with patients with 0 
factors (RR = 1.87; 95% CI = 1.04-3.38; P = 0.04); how-
ever, significant differences in MMR at 3 months were not 
observed between patients with 0 or 1 factor (P = 0.26). 
After controlling for the TKI treatment effect, patients with 
≥2 factors were still about twice as likely to achieve early 
MMR at 3 months, when compared with patients with 0 
factors (RR = 1.89, 95% CI = 1.05-3.32, P = 0.03; Table 
3 and Figure 2A).

Next, after 1 month of treatment, 83.3% of the evaluable 
patients (n = 120) had achieved CHR. Only 71.7% (n = 33) 
of the patients with ≥2 factors achieved CHR at 1 month, 
whereas 89.8% (n = 53) and 87.2% (n = 34) of patients 
with 0 or 1 factor achieved CHR, respectively. Patients with 
≥2 factors were 20% less likely to achieve CHR at 1 month 
when compared with patients with 0 factors (RR = 0.80; 
95% CI = 0.65-0.98; P = 0.03); however, a significant dif-
ference in CHR at 1 month was not observed between 
patients with 0 factors or 1 factor (P = 0.69). Moreover, 
when controlling for TKI treatment effect, patients with ≥2 
factors remained 20% less likely to achieve CHR at 1 month 
when compared with patients with 0 factors (RR = 0.80, 
95% CI = 0.65-0.97, P = 0.02; Figure 2B). A significant 
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Table 2.  Patient Baseline Clinical and Demographic Characteristics.a

Variable Value

Median age, years (IQR) 55 (45-68)
Sex, female, n (%) 95 (54.6)
Race, n (%)
  White 126 (72.4)
  Black 32 (18.4)
  Otherb 16 (9.2)
TKI therapy, n (%)
  Imatinib 62 (35.4)
    First line 43 (69.4)
    Second line 8 (12.9)
    Third line 11 (17.7)
  Dasatinib 55 (32.0)
    First line 31 (56.4)
    Second line 21 (38.2)
    Third line 3 (5.4)
  Bosutinib 30 (17.1)
    First line 0 (0.0)
    Second line 16 (53.3)
    Third line 14 (46.7)
  Nilotinib 27 (15.4)
    First line 7 (25.9)
    Second line 15 (55.6)
    Third line 5 (18.5)
TKI dosec

  Imatinib  
    Study, mean starting daily dose, mg (SD) 383.9 (54.9)
    Study, mean final daily dose, mg (SD) 356.8 (86.8)
    Study, median final daily dose, mg (IQR) 400 (400-400)
    Phase 3, median daily, mg (IQR) 400 (114-732)
  Dasatinib  
    Study, mean starting daily dose, mg (SD) 98.0 (21.6)
    Study, mean final daily dose, mg (SD) 86.4 (27.9)
    Study, median final daily dose, mg (IQR) 100 (70-100)
    Phase 3, median daily, mg (IQR) 99 (21-136)
  Bosutinib  
    Study, mean starting daily dose, mg (SD) 373.3 (131.1)
    Study, mean final daily dose, mg (SD) 403.3 (92.8)
    Study, median final daily dose, mg (IQR) 400 (300-500)
    Phase 3, median daily, mg (IQR) 489 (115-575)
  Nilotinib  
    Study, mean starting daily dose, mg (SD) 577.8 (155.3)
    Study, mean final daily dose, mg (SD) 546.2 (159.3)
    Study, median final daily dose, mg (IQR) 600 (450-600)
    Phase 3 (300 mg bid), median daily, mg (IQR) 592 (543-600)
    Phase 3 (400 mg bid), median daily, mg (IQR) 779 (581-800)
Exclusion factors, n (%)d

  0 Factors 71 (40.8)
  1 Factor 50 (28.7)
  ≥2 Factors 53 (30.5)

Abbreviations: bid, twice daily; IQR, interquartile range; SD, standard deviation; TKI, tyrosine kinase inhibitor; UNC, University of North Carolina.
aBaseline demographic and clinical data for study patients (n = 174) were collected from the UNC electronic medical record.
bIndicates a composite of self-reported race, which includes unspecified (n = 6), Hispanic (n = 5), Native Hawaiian/Pacific Islander (n = 3), or Asian (n = 2) ancestry.
cIndicates TKI doses reflect the total daily dose of the last captured prescription within the 12-month study period. 
dExclusion criteria from the pivotal phase 3 chronic myeloid leukemia TKI clinical trials6-10 were compiled as a composite list, and number of exclusion factors dictated study 
group stratification. Given minor differences in exclusion criteria in phase 3 trials, we designed a composite list of exclusion factors.
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difference in CHR at 1 month was not observed between 
patients with 0 factors or 1 factor, even after controlling for 
TKI effect (P = 0.83; Table 3).

After 3 months of TKI treatment, 91 (63.2%) patients 
had achieved EMR. Of these, 54.2% of patients with 0 fac-
tors, 69.2% of patients with 1 factor, and 69.6% of patients 
with ≥2 factors achieved EMR at 3 months. When 

comparing the 3 groups, no significant differences were 
observed for EMR at 3 months (P > 0.05). 

Adverse Event Outcomes

All 174 patients were evaluable for AE analyses. A total of 
48 (27.6%) patients required a dose reduction as a result of 

Table 3.  Evaluation of TKI Effectiveness End Points.a

0 Factors (n = 59) 1 Factor (n = 39) ≥2 Factors (n = 46)

Achieved CHR at 1 month
  Number (%) 53 (89.8) 34 (87.2) 33 (71.7)
  RR (95% CI) 0.97 (0.84-1.13); P = 0.69 0.80 (0.65-0.98); P = 0.03
  Adjusted RR (95% CI) 0.98 (0.85-1.14); P = 0.83 0.80 (0.65-0.97); P = 0.02
Achieved EMR at 3 months
  Number (%) 32 (54.2) 27 (69.2) 32 (69.6)
  RR (95% CI) 1.28 (0.93-1.75); P = 0.13 1.28 (0.95-1.74); P = 0.11
  Adjusted RR (95% CI) 1.23 (0.89-1.69); P = 0.21 1.24 (0.91-1.68); P = 0.17
Achieved MMR at 3 months
  Number (%) 13 (22.0) 5 (12.8) 19 (41.3)
  RR (95% CI) 0.58 (0.23-1.50); P = 0.26 1.87 (1.04-3.38); P = 0.04
  Adjusted RR (95% CI) 0.58 (0.22-1.50); P = 0.26 1.89 (1.05-3.32); P = 0.03
Achieved MMR at 12 months
  Number (%) 40 (67.8) 28 (71.8) 36 (78.3)
  RR (95% CI) 1.06 (0.81-1.38); P = 0.67 1.15 (0.91-1.46); P = 0.23
  Adjusted RR (95% CI) 1.07 (0.82-1.40); P = 0.61 1.17 (0.93-1.48); P = 0.19

Abbreviations: CHR, complete hematologic response; EMR, early molecular response; MMR, major molecular response; RR, relative risk; TKI, tyrosine 
kinase inhibitor.
aFor evaluable patients (n = 144), CHR at 1 month, EMR at 3 months, MMR at 3 months, and MMR at 12 months are presented. Analyses were 
conducted in patients with 1 factor versus 0 factors and in patients with ≥2 factors and 0 factors. Multivariable analyses, where TKI treatment effects 
are included in the model, were used to calculate adjusted RR ratios. Significant results (P < 0.05) are bolded.

Figure 2.  CHR at 1 month and early MMR at 3 months. Panel A depicts differences in relative risk of achieving early MMR by 3 
months among study patients with 0 factors versus ≥2 factors (n = 59 and n = 46, respectively). Panel B depicts differences in relative 
risk of achieving CHR by 1 month among study patients with 0 factors versus ≥2 factors.
Abbreviations: CHR, complete hematologic response; MMR, major molecular response.
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a TKI-induced AE. Among those who experienced a toxic-
ity, 39.6% of patients with ≥2 factors required a dose 
decrease by 6 months on TKI therapy compared with 11.3% 
and 18.0% of patients with 0 factors and 1 factor, respec-
tively. The median times to a TKI-induced AE were 133, 
46, and 34 days for patients with 0, 1, and ≥2 factors, 
respectively (Table 4). Patients with ≥2 factors were at 
higher risk for an AE-induced dose decrease of their TKI 
when compared with patients with 0 factors (RR = 1.54; 
95% CI = 1.02-2.34; P = 0.02), which remained significant 
after controlling for TKI treatment effect. Patients with ≥2 
factors were also at a nearly 2.5-fold increased cumulative 
incidence of a dose decrease resulting from TKI-induced 
AEs when compared with patients with 0 factors (hazard 
ratio = 2.43; 95% CI = 1.23-4.97; P = 0.006), and this also 
remained significant after controlling for TKI treatment 
effect (Table 4, Figure 3). However, an increased risk of 
AE-induced dose decrease was not observed between 
patients with 0 factors or 1 factor (P = 0.75), or between 
patients with 1 factor and ≥2 factors (P = 0.06).

There were no significant differences (P > 0.05) for 
the total number of TKI interruptions or discontinuations 
observed among patients with 0, 1, and ≥2 factors (Table 4).

Discussion

Despite their routine use in CML, the efficacy-effectiveness 
and toxicity profiles of TKIs differs between RWPs and 
phase 3 clinical trials because of the heterogeneity among 
the RWP population. This study evaluated RWPs who 
would have been eligible for phase 3 clinical trials against 
those who would have been precluded from enrollment. 
Approximately 60% of patients in this study had at least 1 
factor that would have excluded enrollment,6-10 suggesting 
that a significant proportion of RWPs with CML are not 
represented in the pivotal trials.

In the overall study population, 1 in 5 RWPs with CML 
required a dose interruption in the first month of treatment 
if they had ≥1 factor. During the first several weeks imme-
diately following TKI initiation, patients often experience 

Table 4.  Evaluation of TKI-Induced AE End Points.a

End point 0 Factors (n = 71) 1 Factor (n = 50) ≥2 Factors (n = 53)

AE-induced dose decrease
  Number (%) 15 (21.1) 12 (24.0) 21 (39.6)
  RR (95% CI) 1.06 (0.73-1.55); P = 0.75 1.54 (1.02-2.34); P = 0.02
  Adjusted RR (95% CI) 1.09 (0.79-1.80); P = 0.72 1.53 (1.05-2.40); P = 0.03
Time to AE-induced dose decrease
  Days, median (range)b 133 (31-327) 46 (8-330) 34 (3-141)
  Dose decrease by 1 month, n (%) 0 (0.0) 3 (6.0) 10 (18.9)
  Dose decrease by 3 months, n (%) 5 (7.0) 7 (14.0) 21 (39.6)
  Dose decrease by 6 months, n (%) 8 (11.3) 9 (18.0) 21 (39.6)
  HR (95% CI) 1.21 (0.56-2.62); P = 0.62 2.43 (1.23-4.97); P = 0.006
  Adjusted HR (95% CI) 1.18 (0.55-2.52); P = 0.68 2.47 (1.27-4.80); P = 0.005
AE-induced TKI interruption
  Number (%) 15 (21.1) 17 (34.0) 18 (33.9)
  RR (95% CI) 1.32 (0.89-1.99); P = 0.13 1.37 (0.91-2.06); P = 0.09
  Adjusted RR (95% CI) 1.34 (0.94-2.09); P = 0.14 1.38 (0.96-1.99); P = 0.08
AE-induced TKI interruption durationb

  Days, mean (95% CI) 27.6 (17.3-37.9) 21.7 (12.1-31.3); P = 0.40 21.2 (11.8-30.5); P = 0.36
  Days, adjusted mean (95% CI) 26.9 (15.7-38.1) 20.3 (8.7-31.9); P = 0.37 20.6 (10.4-30.7); P = 0.38
AE-induced TKI discontinuation
  Number (%) 17 (23.9) 11 (22.0) 17 (32.1)
  RR (95% CI) 0.95 (0.67-1.34); P = 0.76 1.21 (0.83-1.77); P = 0.29
  Adjusted RR (95% CI) 0.96 (0.70-1.41); P = 0.83 1.20 (0.85-1.81); P = 0.42

Abbreviations: AE, adverse event; HR, CI, confidence interval; hazard ratio; RR, relative risk; TKI, tyrosine kinase inhibitor.
aFor all patients included in the study (n = 174), the incidences of AE-induced dose decreases, TKI interruptions, and TKI discontinuations between 
each of the exclusion factor groups as well as the associated time to event are given. AE-induced dose decreases were defined as the first incidence of 
a dose decrease after initiation of a TKI. TKI interruptions were defined as the stoppage of a TKI as directed by a provider, followed by a subsequent 
restart of the same TKI. TKI discontinuations were defined as the permanent stoppage of a TKI, followed by initiation of a different TKI. Analyses 
were conducted in patients with 1 factor versus 0 factors and in patients with ≥2 factors and 0 factors. Significant results (P < 0.05) are bolded. HRs 
and RRs were adjusted to control for TKI treatment effect.
bDenotes time to event in days was calculated for only those who had a dose decrease secondary to a treatment-emergent AE.
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early-onset AEs such as nausea, vomiting, diarrhea, or 
edema, which are managed with dose reductions and inter-
ruptions until a sustainable maintenance dose can be 
achieved.17 Patients who experience a higher number of 
AEs warrant more frequent therapy adjustments, which 
may inevitably delay early treatment milestones, such as 
CHR. Similarly, a higher incidence of AEs may suggest 
that RWP factors cause increased TKI exposure or a higher 
sensitivity to drug effects. Although early responses can 
suggest a more promising response in some patients, these 
results may not be sustainable because of the higher inci-
dence and prolonged duration of AEs. Accordingly, it is 
important to recognize that standard TKI dosing may not 
be appropriate for all patients. TKI AEs are also known to 
contribute to significantly increased health care expendi-
tures at the patient and health-system levels.18

Although there was not an increased risk of AEs observed 
among RWPs with only 1 factor that would have precluded 
enrollment in a clinical trial, those with ≥2 factors experi-
enced significantly more AE-induced dose reductions, and 
presented with AEs earlier, compared with those with 0 fac-
tors. Among patients with ≥2 factors, an increased inci-
dence of TKI-induced AEs and a quicker time to AEs were 
observed. Interestingly, patients with ≥2 factors were less 
likely to achieve CHR at 1 month but more likely to achieve 
early MMR at 3 months. Observing such an early MMR 
was surprising considering MMR by 12 months is the pri-
mary treatment goal in CML.4,5 Among the 19 patients with 
≥2 factors who achieved an MMR by 3 months, nearly 
50% (n = 8) also experienced TKI-induced AEs that 
required a dose reduction. Moreover, patients with ≥2 fac-
tors who achieved MMR by 3 months were at a 

Figure 3.  Cumulative incidence plots for time to dose decrease as a result of TKI-induced AEs by number of factors. Panel A depicts 
differences in the cumulative incidence of AE-induced TKI dose decreases among study patients with 0, 1, and ≥2 factors. Panel B 
depicts differences among study patients with 0 and 1 versus ≥2 factors. Panel C depicts differences among study patients with 0 
versus ≥2 factors. Panel D depicts differences among study patients with 1 versus ≥2 factors.
Abbreviations: AE, adverse event; TKI, tyrosine kinase inhibitor.
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significantly higher risk for a dose decrease as a result of 
TKI-induced AEs (P < 0.0001). A potential explanation 
for these effectiveness and toxicity findings could be related 
to TKI exposure-response relationship differences.

In patients with CML, frequent treatment interruptions 
have been shown to increase the risk of BCR-ABL kinase 
domain point mutations, and subsequent resistance to treat-
ment.19 Treatment-emergent AEs are the most common bar-
rier that leads to nonadherence and compromises dose 
intensity of TKIs.20,21 It has been observed that near-perfect 
medication adherence (>90% of doses) is a major predictor 
of TKI response in patients with CML achieving MMR, and 
thus, dose interruptions resulting from toxicity can lead to a 
subtherapeutic treatment response.20,22 Although 12-month 
rates of MMR were similar between the patients in the 3 
study groups, prior published data suggest that frequent 
dose interruptions would lead to loss of molecular response 
over a longer period (>18 months).19 Future prospective 
studies should be designed to evaluate MMR for a longer 
follow-up period (eg, 18 or 24 months) to ascertain if RWPs 
have less MMR as a result of more frequent AEs and dose 
interruptions, and ultimately, compromised medication 
adherence. Unfortunately, because of challenges inherent to 
retrospective research, adherence could not be included as a 
covariate in this study’s analyses but should be an important 
factor that is included in future prospective research. In 
addition, rare but severe treatment-emergent AEs can occur 
with these TKIs, and compromise MMR and other clinical 
milestones.23 In the future, prospective research could also 
integrate germline genotyping for functional pharmacoge-
netic variants and pharmacokinetic sampling, with the goal 
of identifying patients most at risk for serious toxicities and 
who could benefit from personalized TKI dosing or another 
TKI altogether.

Limitations to this study include an insufficient sample 
size to comprehensively evaluate clinical outcomes with 
individual TKIs and their sequencing, the lack of an external 
validation cohort, and inability to detect the effect of each 
clinical or demographic characteristic. It should also be 
acknowledged that exclusion criteria varied slightly across 
phase 3 clinical trials, and a composite list of criteria for the 
exclusion factors was designed for this study. Additionally, 
only the first incidence of AEs was captured, and outcomes 
were not evaluated beyond 12 months after initiation of a 
TKI, limiting the ability to extrapolate these results to long-
term outcomes. When considering issues with concomitant 
medications, individual DDIs and DDI severity were not 
evaluated in this study. In future prospective studies, grading 
the DDI severity may be prudent to estimate how individual 
concomitant medications may affect TKI effectiveness and 
safety.

A common pattern has emerged for medications 
approved by the FDA, where the benefit-to-risk relation-
ship of a drug post-approval differs from what was reported 

in phase 3 clinical trials. This pattern is often a result of the 
greater diversity among RWP populations, relative to the 
clinical trial population.24 Factors that can significantly dif-
fer between RWPs and those enrolled in phase 3 clinical 
trials can include age, sex, socioeconomic status, weight, 
hepatic or renal function, genotypic variation, comorbidi-
ties, concomitant medications, and medication adherence. 
These differences may affect the drug effectiveness and 
safety  profile, and subsequently require drug dose adjust-
ments beyond those recognized in the FDA label. The dif-
ference in outcomes between phase 3 clinical trial patients 
and RWPs is known as the efficacy-effectiveness gap.25,26 
Accounting for individual factors that affect dose response 
can maximize effectiveness and minimize AEs in RWPs.27 
Given our study findings, we designed and executed a pro-
spective study (NCT03885830) that seeks to associate 
effectiveness and toxicity outcomes with TKI plasma con-
centrations, with the long-term goal of guiding TKI dose 
selection based on RWP factors.

Conclusion and Relevance

This study supports the hypothesis that a “one size fits all” 
TKI dosing regimen is not optimal for all patients. Although 
effectiveness was similar between groups, RWPs were 
more intolerant of TKIs and required dose modifications. It 
is imperative to identify and validate RWP characteristics 
that associate with supratherapeutic and subtherapeutic TKI 
concentrations that ultimately influence effectiveness and 
AEs. Ideally, our future prospective work will lead to the 
implementation of TKI individualized dosing to improve 
clinical outcomes that enhance health-related quality of life 
and reduce unnecessary health care resource utilization.
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