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Key Points

• TKI therapy is signifi-
cantly associated with
increased IR of CV-AEs
and AT-AEs in patients
with chronic-phase
CML.

• Among TKIs, ponatinib
has the highest IRR for
CV-AEs and AT-AEs.

Cardiovascular or arteriothrombotic adverse events (CV- or AT-AEs) are reported in

chronic myeloid leukemia (CML) patients treated with tyrosine kinase inhibitors (TKIs).

The incidence and characteristics across different TKI have not been systematically

analyzed.Weanalyzed 531patients treatedwith frontline TKIs in different prospective trials:

imatinib 400 mg (n5 71) and 800 mg (n 5 203), nilotinib (n 5 108), dasatinib (n 5 106),

and ponatinib (n 5 43). Characteristics and incidence of new-onset CV-AEs and AT-AEs

were analyzed. Poisson regression models assessed factors associated with AE incidence.

Median follow-up was 94 months (range, 2-195). Overall, 237 patients (45%) developed

CV-AEs and 46 (9%) developed AT-AEs. Hypertension was the most common AE seen

in 175 patients (33%; grade 3/4 in 17%). CV-AE and AT-AE incidence ratios (IRs) with 95%

confidence intervals (CIs) were 8.6 (7.6-9.8) and 1.7 (1.2-2.2) per 100 person-years. Among

the TKIs, ponatinib showed the highest IR (95% CI) for CV-AEs and AT-AEs at 40.7 (27.9-59.4)

and 9.0 (4.1-20.1). In multivariate analysis, ponatinib therapy was associated with

increased incidence rate ratio (IRR) for CV-AEs (4.62; 95% CI, 2.7-7.7; P , .0001) and AT-AEs

(6.38; 95% CI, 1.8-21.8; P , .0001) compared with imatinib 400. In summary, there is an

increased risk of CV-AEs (except hypertension) and AT-AEs in CML patients treated with

newer TKIs, particularly with ponatinib. Patients on TKIs must be informed and closely

monitored for vascular AEs. These studies were registered at www.clinicaltrials.gov as

#NCT00048672, #NCT00038649, #NCT00050531, #NCT00254423, #NCT00129740, and

#NCT01570868.

Introduction

Treatment with tyrosine kinase inhibitors (TKIs) for chronic myeloid leukemia (CML) is associated
with increased risk of cardiovascular and arteriothrombotic adverse events (CV-AEs and AT-AEs).1,2

Ponatinib was temporarily withdrawn from the market in 2014 after a safety warning by the US Food and
Drug Administration (FDA) due to the rising incidence of CV-AEs and AT-AEs. Recent reports have
highlighted an increased risk (relative to imatinib) with nilotinib 3-5 and to some extent with dasatinib.6-9

In the long-term follow-up of the randomized CML-IV study, the 8-year probability of cardiac and
vascular adverse events (AEs) from imatinib (imatinib 400 mg; n 5 392, imatinib 800 mg; n 5 413,
imatinib 400 mg with interferon; n 5 323) showed that cardiac or vascular AEs were uncommon with
imatinib. The 8-year probability of grade 3-4 cardiac, vascular, or congestive heart failure (CHF) AEs
with imatinib was 0.5%, 0.3%, or 3.1%, respectively.10
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The relative frequencies of vascular5,11-18 and cardiac19-26 AEs with
the different TKIs are difficult to estimate based on the literature
because different reports have used different methods for analysis, and
what events are included in the general category of “arteriothrombotic
events” vary widely, with some reports analyzing a few hundredmedical
dictionary for regulatory activities (MeDRA) terms while others focus
only on specific confirmed diagnosis.

To adjust for these differences, we envisaged this analysis of
CV-AEs and AT-AEs occurring during the course of therapy
with different TKIs (imatinib 400 mg, imatinib 800 mg, nilotinib,
dasatinib, and ponatinib) used as frontline therapy in prospective
clinical trials all in the same institution and using the same criteria
to define these events.

Patients and methods

We reviewedmedical records from 531 patients with newly diagnosed
chronic-phase CML (CML-CP) enrolled in consecutive or parallel
single-institution clinical trials with TKIs: imatinib 400 mg daily
(n5 71), imatinib 800mg daily (n5 203), nilotinib 400mg twice daily
(n5 108), dasatinib 100mg daily or 50mg twice daily (n5 106), and
ponatinib starting dose was 45 mg (n 5 43). The eligibility criteria,
follow-up, monitoring, and end-point definitions were analogous for all
trials (see supplemental Key inclusion criteria). Patients were
allocated to contemporaneous studies (nilotinib and dasatinib)
in an alternating fashion, with no preferential allocated patients
based on patient characteristics or cardiovascular risk profile.
The therapeutic trials and the chart review study were approved

by the institutional review board and performed according to the
Declaration of Helsinki. All patients provided written informed
consent for participation in the clinical trials.

Patients were monitored for new-onset AEs (including CV-AEs or
AT-AEs) after enrollment in the therapeutic trials and until 30 days
after discontinuation of study drug. For the present analysis,
in addition to the AE logs and serious AE (SAE) reports for
each clinical trial, we performed a detailed review of the medical
records. Treatment-emergent AEs under MeDRA headings27,28

“cardiovascular,” “vascular,” “artery,” and “thrombosis” were analyzed.
This included.1000 individual MeDRA terms. For the purpose of this
analysis, CV-AEs included events listed in the Common Terminology
Criteria for Adverse Events (CTCAE) under either cardiac or vascular
events, including hypertension, arrhythmias, abnormal electrocardio-
gram or echocardiogram, palpitations, prolongation of QT interval,
pericarditis, and peripheral vascular disease (PVD); AT-AEs were
grouped into the broad categories of coronary artery disease (CAD),
cerebrovascular (CVA) disease (CVD), and peripheral arterial disease
(PAD). We considered “new-onset” AE as the first such event that
occurred after starting the initial TKI. Patients with hypertension
were classified as overall, new-onset, and worsening (in patients
with history of hypertension). Baseline demographics and pre-
treatment risk factors for CV-AEs and AT-AEs were recorded
(whichever was available), including body mass index (BMI in
kg/m2), history of smoking, hypertension, diabetes, hyperlipidemia, prior
vascular events (venous thrombotic disease, CAD, CVD, and
peripheral venous disease), and other cardiac conditions (such
as cardiac arrhythmias).

Table 1. Frequencies of CV-AEs and AT-AEs across the 5 frontline TKI modalities

IM400, n 5 71 IM800, n 5 203 Nilotinib, n 5 108 Dasatinib, n 5 106 Ponatinib, n 5 43 P* Overall, N 5 531

Median follow-up (range), mo 146 (2-196) 136 (2-186) 77 (3-134) 85 (8-132) 42 (5-55) .001 94 (2-196)

Peak systolic BP, median (range), mm Hg 148 (110-189) 145 (97-211) 144 (103-223) 146 (106-184) 146 (102-215) .88 146 (97-223)

Peak diastolic BP, median (range), mm Hg 79 (56-96) 80 (52-139) 80 (65-135) 80 (60-97) 82 (60-112) .54 80 (52-139)

CV-AE,* n (%) 35 (49) 90 (44) 44 (41) 41 (39) 27 (63) .13 237 (45)

Hypertension

Overall 34 (48) 76 (37) 26 (24) 16 (15) 23 (53) <.001 175 (33)

New 22 (31) 35 (17) 11 (10) 1 (1) 9 (21) .24 78 (15)

Worsening 12 (17) 41 (20) 15 (14) 15 (14) 14 (33) .05 97 (18)

Arrhythmia 3 (4) 16 (8) 16 (15) 21 (20) 1 (2) .001 57 (11)

Palpitations 0 (0) 5 (2) 4 (4) 8 (7) 1 (2) .08 18 (3)

Prolonged QT interval 1 (1) 1 (1) 3 (3) 3 (2) 1 (2) .35 8 (1)

Pericarditis 1 (1) 2 (1) 2 (2) 1 (1) 1 (2) .80 7 (1)

PVD 0 (0) 2 (1) 1 (1) 1 (1) 0 (0) .99 4 (1)

AT-AE,* n (%) 5 (7) 9 (4) 11 (10) 15 (14) 6 (14) .03 46 (9)

CAD 3 (4) 5 (3) 7 (6) 9 (8) 2 (5) .15 26 (5)

CVA (stroke/TIA) 1 (1) 2 (1) 3 (3) 3 (3) 2 (5) .13 11 (2)

PAD 0 (0) 2 (1) 0 (0) 2 (2) 2 (5) .11 6 (1)

Pulmonary hypertension 0 (0) 0 (0) 1 (1) 7 (7) 1 (3) <.001 9 (2)

CHF 0 (0) 6 (3) 2 (2) 4 (4) 0 (0) .47 12 (2)

Carotid artery occlusion 0 (0) 0 (0) 0 (0) 3 (3) 1 (1) .03 3 (1)

New-onset hypertension after starting TKI without any prior history of hypertension; worsening is hypertension after TKI in patients with a prior history of hypertension.
BP, blood pressure; TIA, transient ischemic event.
*Bold indicates significant P values (P , .05).
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With regard to statistical analysis, data were summarized by
medians and ranges for continuous variables, and by numbers and
percentages for categorical variables. Comparisons between TKI
groups were assessed with the Kruskal-Wallis test and Fisher’s
exact test for continuous and categorical variables, respectively.
Person-time incidence ratio (IR) was defined as the number of
CV-AEs or AT-AEs during their treatment exposure time. Exposure
time was measured from the start of treatment to new event date
or last follow-up, whichever occurred first while on their initial TKI,
and expressed per 100 person-years while on TKI. Univariate and
multivariate (MVA) Poisson regression models were used to analyze
the association between the incidence of AEs and clinical/
demographic characteristics taking into account the exposure
time. Incidence rate ratio (IRR) were calculated using Poisson
regression. For continuous variables, we calculated the coefficient
(betas) using the Poisson distribution (maximum likelihood) and
then took the exponential of the coefficient (b) to get the IRR.
Statistical significance was determined at P , .05. Statistical
analysis was performed using Stata/SE version 15.1 statistical
software (Stata Corporation LP, College Station, TX).

Results

We analyzed 531 patients treated with imatinib 400 (n5 71), imatinib
800 (n5 203), nilotinib (n5 108), dasatinib (n5 106), or ponatinib
(n 5 43). Baseline patient characteristics, and risk factors for
CV-AEs and AT-AEs, are described in supplemental Table 1. The
median age at diagnosis was 48 years (15-86 years) and the median
follow-up time was 94 months (range, 2-195 months). The median
follow-up times were significantly different among TKI cohorts because
the corresponding clinical trials were conducted at different times. The
median follow-up for the imatinib 400 cohort was 144 months (range,
2-195 months), for imatinib 800 136 months (2-186 months), nilotinib
77 months (3-134 months), dasatinib 85 months (8-132 months), and
42 months (4-55 months) for ponatinib (P , .001).

Prior hypertension was seen in 51%, obesity (BMI $ 30 kg/m2) in
32%, hyperlipidemia in 28%, smoking in 23%, diabetes mellitus in
15%, prior history of CAD in 8%, and arrhythmias in 3%. A small
percentage of patients were receiving therapy for hyperlipidemia
(n 5 61; 11%) or receiving aspirin/antiplatelet agents (n 5 66;
12%). Distribution of patients according to the number of cardiovas-
cular risk factors at the start of TKI therapy was none (n5 110; 21%),
1 (n 5 173; 33%), 2 (n 5 160; 30%), and $3 (n 5 88; 17%).

The distribution of patients with prior history of hypertension and
prior smoking was significantly different among the TKI cohorts
(P, .001 for both). There was also an imbalance in the frequency
of prior history of CAD (P 5 .06), but no significant difference
between cohorts in the frequency of other risk factors including
levels of systolic and diastolic blood pressure before the start of
therapy (P 5 .427 and .768, respectively) (supplemental Table 1).

Overall, 237 patients (45%) developed CV-AEs and 46 (9%) devel-
oped AT-AEs. The median time to first CV-AE was 26 months (range,
0.1-154 months) and to AT-AE was 46 months (0.3-155 months). A
total of 103 of the 237 patients who developed CV-AEs (43%) had
a subsequent event while still receiving their initial TKI. Similarly,
subsequent AT-AEs were observed in 12 of the 46 patients with
AT-AEs (26%). Patients who developed a CV-AE or AT-AE after
starting TKI treatment had a higher incidence of known preexisting
cardiovascular risk factors (supplemental Table 2).

CV-AEs, AT-AEs by TKI

Among the 237 patients with CV-AEs, hypertension was the most
common, seen in 175 of 237 patients (74%). Other frequent CV-AEs
included arrhythmias in 57 patients (24%; 23 supraventricular
tachyarrhythmia, 32 sinus arrhythmia, and 2 ventricular arrhythmias),
palpitations in 18 (8%), peripheral vascular disorders in 4 (2%),
prolonged QTc interval in 8 (3%), and pericardial disorders in
7 (3%; including pericarditis and pericardial effusions) (Table 1).
The overall occurrence of CV-AEs was highest among patients
treated with ponatinib (63%) and similar among other treatment
cohorts (P 5 .13). Hypertension was most frequent among
patients taking ponatinib or imatinib 400 (P , .001), whereas
arrhythmias were more frequent in patients taking dasatinib or
nilotinib (P5 .001). Of the 9 patients who developed pulmonary
hypertension, 7 (78%) were receiving dasatinib (P 5 .001;
Table 1); CHF was observed in 12 patients, 6 of whom (50%)
received imatinib 800.
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Figure 1. Changes in blood pressure readings (in mm Hg) before and after

TKI treatment: overall and according to the TKI modality. (A) Shows linear

prediction plot of the relationship between systolic blood pressure before TKI and systolic

blood pressure post-TKI. Systolic blood pressure significantly increased after starting

TKIs (P , .001 in all TKIs). (B) Shows linear prediction plot of the relationship between

diastolic blood pressure before TKI and diastolic blood pressure post-TKI. Diastolic blood

pressure also significantly increased after starting TKIs. There was a significant increase in

blood pressure readings after starting TKIs (P , .001), however, there was no significant

difference in the magnitude of blood pressure change among different TKIs.
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Because hypertension was the commonest CV-AE, we analyzed
the pattern of hypertension among TKI cohorts. Figure 1 shows
the trends in systolic and diastolic blood pressure before and

during TKI therapy. There was a significant increase in blood
pressure readings after the start of TKIs (P , .001), with no
significant difference in the magnitude of blood pressure change
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Figure 2. IR of overall and new-onset CV-AEs and AT-AEs per 100

person-years in all patients treated with frontline TKI treatments:

trends per year. (A) The IR of patients with overall AEs per 100 person-years

shows that the incidence of vascular AEs was highest in the first year of TKI

therapy. (B) The IR of patients with new-onset CV-AEs per 100 person-years

shows that the incidence of CV-AEs was highest in the first year of TKI therapy.

(C) Similarly, the IR of patients with AT-AEs per 100 person-years shows that

the incidence of AT-AEs was highest in the first year after TKI therapy and

continued to occur at later years. P , .001 in all panels.

854 JAIN et al 26 MARCH 2019 x VOLUME 3, NUMBER 6

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/3/6/851/1554731/advances025874.pdf by guest on 27 M

ay 2024



or peak values with different TKIs. The incidence of grade $3
hypertension during therapy with TKIs was ponatinib (28%),
imatinib 400 (21%), imatinib 800 (20%), nilotinib (16%), and
dasatinib (5%) (supplemental Table 3). New-onset hypertension
was observed in 78 patients (15%) and worsening hypertension
in 97 patients (18%). Of the 78 patients with new-onset hyperten-
sion, 28% received imatinib 400, 45% imatinib 800, 14% nilotinib,
1% dasatinib, and 11% ponatinib. Corresponding distribution for
worsening hypertension (n 5 97) was 12%, 42%, 16%, 15%, and
15%, respectively.

Overall, 46 patients (9%) developed AT-AEs; 56% of these events
were CAD, 24% CVA, and 13% PAD (Table 1). The median time
to first any AT-AE was 46 months (range, 0.3-155 months), and
42 months for CAD (range, 0.3-155 months), 46 months for CVA
(range, 8.4-93months), and 52months for PAD (range, 6-103months).
The occurrence rate of AT-AEs was highest among patients
treated with ponatinib (14%) and dasatinib (14%), followed
by nilotinib (10%), imatinib 400 (7%), and imatinib 800 (4%)
(P 5 .03; Table 1). Among 26 patients with CAD, 9 were taking
dasatinib and 7 nilotinib. CVA occurred in 11 patients (3 each on
dasatinib and nilotinib, 2 each on ponatinib and imatinib 800). PAD
was diagnosed in 6 patients (1%; 2 each on ponatinib, dasatinib, and
imatinib 800). Of these 6 patients with PAD, 3 had history of CAD
prior to starting TKI therapy. Among the 6 patients who developed
PAD, none had ankle brachial index (ABI) performed at baseline
and 3 of 6 had a resting ABI performed at the time of onset of
symptoms of PAD (0.86, 0.88; 0.33, 0.48; and 0.86, 0.76 in right
and left lower extremity for the 3 patients). Carotid artery occlusion
was seen in 4 patients (dasatinib 3, ponatinib 1).

IRs of CV-AEs and AT-AEs by TKI

Because the occurrence of CV and AT-AEs is influenced by the
exposure time, we calculated the IRs per 100 patients per year.
CV-AEs occurred at an overall IR of 8.6 per 100 person-years. The IR
of overall AEs and CV-AEs was highest in the first year after start of TKI
(Figure 2A-B). The IR of CV-AEs was highest with ponatinib (IR5 40.7
per 100 person-years; P , .001; Table 2; Figure 3A). The IR of
AT-AEs for all patients (1.7 per 100 person-years) was also highest in

the first year of therapy (Figure 2C). Among TKIs, the IR of AT-AEs
was highest with ponatinib (IR 5 9.0 per 100 person-years;
P , .001); the IR for both nilotinib and dasatinib was also higher
compared with imatinib (Table 2; Figure 3B).

For hypertension (overall), the IR was 6.3, with the highest IR observed
with ponatinib (34.7 per 100 person-years; P , .001) with similar
trends for new-onset and worsening hypertension. Excluding
hypertension from the CV-AEs, newer TKIs had significantly higher
IR compared with imatinib 400.

For patients with CAD, the IR was 0.9 with the highest IR seen with
ponatinib (3.0), dasatinib (1.7), and nilotinib (1.4) (P5 .03). For CVA,
the IR was 0.4 and it was highest with ponatinib 3.0; P 5 .04).
Although the IR was highest with ponatinib (3.0) for PAD, it was of
marginal statistical significance compared with other TKIs (P5 .054)
(Table 2). The IR was highest in each TKI cohort with higher number
of baseline cardiovascular risk factors and was highest in patients
receiving ponatinib (Figure 3E-F).

MVA Poisson regression model for CV-AEs

and AT-AEs

Univariate and MVA Poisson regression models were created
to analyze the association between the IRR of different types of
vascular AEs and baseline patient characteristics. By MVA analysis,
compared with imatinib 400, treatment with ponatinib was associated
with a significantly higher IRR for CV-AEs 4.62 (95% CI, 2.74-7.79;
P, .0001), but not significantly different to other TKIs (Tables 3 and
4). Other factors associated with a higher IRR (95%CI) for CV-AEs
were advanced age (1.03 [1.02-1.04]), low serum albumin (0.57
[0.42-0.78]), BMI $ 30 kg/m2 (1.59 [1.21-2.09]), history of
hypertension prior to TKIs (1.53 [1.15-2.02]), and higher number of
baseline cardiovascular risk factors.

Similarly for AT-AEs (Tables 4 and 5), a significantly higher IRR
was noted with ponatinib (6.38; 95% CI, 1.87-21.8; P 5 .003)
compared with imatinib 400. There was a higher IRR also for
nilotinib (1.49) and dasatinib (2.08) but the difference was not
statistically significant. Other factors associated with a signif-
icantly higher IRR (95% CI) for AT-AEs were advanced age

Table 2. IRs of vascular AEs per 100 person-years according to the type of the TKI modality

IR (95% CI) per 100 person-years by TKIs

IM400 IM800 Nilotinib Dasatinib Ponatinib Overall

Overall AEs 9.6 (6.9-13.2) 7.1 (5.8-8.7) 9.7 (7.3-12.9) 9.2 (6.9-12.1) 42.2 (29.1-61.1) 9.1 (8.1-10.3)

CV-AEs 9.0 (6.5-12.6) 6.9 (5.6-8.5) 9.1 (6.7-12.2) 7.8 (5.8-10.6) 40.7 (27.9-59.4) 8.6 (7.6-9.8)

CV-AEs without H.T. 0.0 (0.0-0.2) 0.1 (0.1-0.2) 0.3 (0.2-0.5) 0.4 (0.3-0.6) 0.5 (0.2-1.3) 0.2 (0.1-0.2)

AT-AEs 1.3 (0.5-3.1) 0.7 (0.4-1.3) 2.3 (1.3-4.1) 2.9 (1.7-4.7) 9.0 (4.1-20.1) 1.7 (1.2-2.2)

Overall H.T. 8.8 (6.3-12.3) 5.9 (4.7-7.3) 5.4 (3.6-7.9) 3.1 (1.9-5.0) 34.7 (23.0-52.2) 6.3 (5.5-7.4)

New-onset H.T. 5.7 (3.7-8.6) 2.7 (1.9-3.8) 2.3 (1.3-4.1) 0.2 (0.0-1.4) 13.6 (7.1-26.1) 2.8 (2.3-3.5)

Worsening H.T. 3.1 (1.8-5.5) 3.2 (2.3-4.3) 3.1 (1.9-5.1) 2.9 (1.7-4.7) 21.1 (12.5-35.6) 3.5 (2.9-4.3)

CAD 0.8 (0.3-2.4) 0.4 (0.2-0.9) 1.4 (0.7-3.0) 1.7 (0.9-3.3) 3.0 (0.8-12.1) 0.9 (0.6-1.4)

CVA* 0.3 (0.0-1.8) 0.2 (0.0-0.6) 0.6 (0.2-1.9) 0.6 (0.2-1.8) 3.0 (0.8-12.1) 0.4 (0.2-1.7)

PAD† 0 (0) 0.2 (0.0-0.6) 0 (0) 0.4 (0.1-1.5) 3.0 (0.8-12.1) 0.1 (0.1-0.5)

The IRs for overall AEs, new-onset CV-AEs, AT-AEs, hypertension (H.T.), new-onset H.T., CAD, CVA, and PAD.
CI, confidence interval.
*Cerebrovascular (CVA) includes stroke/TIA.
†P 5 not significant while P values were significant (,.05) for overall, CV-AEs, CV-AEs without H.T., AT-AEs, hypertension, new-onset AEs, and hypertension and CAD.
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(1.06 [1.03-1.09]), low albumin (0.42 [0.20-0.89]), and a higher
number of baseline risk factors.

For hypertension, a significantly higher IRR was observed with
ponatinib (4.22 ;95% CI, 2.4-7.29; P , .0001). Other factors
significantly associated with a higher IRR for hypertension were
advanced age, lower albumin, BMI $ 30 kg/m2, history of

hypertension, and higher number of baseline cardiovascular risk
factors. Of note, serum creatinine levels were not significantly
associated with hypertension in MVA (not shown). Similarly,
for new-onset hypertension, IRR was significantly higher for
ponatinib and lower for other TKIs compared with imatinib
400 (not shown); BMI $ 30 kg/m2 was also associated with
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Figure 3. IRs of new-onset CV-AEs, AT-AEs, overall hypertension, new-onset hypertension, and CV-AEs and AT-AEs according to the number of risk factors

per 100 person-years by the frontline TKI modality. (A-B) The IR of patients with new-onset CV-AEs (A) and AT-AEs (B) was significantly higher with ponatinib therapy

compared with other TKI modalities; P , .001 in both panels. (C-D) IR of patients with hypertension (overall [C] and new-onset [D]) was highest with ponatinib followed by

imatinib 400 mg followed by other TKI modalities; P , .001 in both panels. (E-F) As the number of cardiovascular risk factors increases, the IRs of new-onset CV-AEs (E) and

AT-AEs (F) increase within each TKI modality. Patients who received ponatinib had the highest IR (compared with other TKIs) with $2 risk factors; P , .001 in both panels.
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new-onset hypertension. The same results were obtained for
worsening hypertension. Excluding hypertension from the CV-
AEs (overall or in new-onset CV-AEs), ponatinib, dasatinib, and
nilotinib had significantly higher IRR compared with imatinib
400 for other CV-AEs (not shown).

For CAD, although a higher IRR was noted with all TKIs compared
with imatinib 400, it was not statistically significant; only advanced
age and prior CAD were significantly associated with CAD.

Similarly, although a higher IRR of CVA was noted with all TKIs
compared with imatinib 400, it was not significant due to the low
number of events in each cohort (not shown).

Discussion

Several studies have reported the occurrence of cardiovascular
AEs in CML patients receiving TKIs.29,30 Such reports mostly focus
on 1 or 2 drugs, and with wide variability in the way these events are

Table 3. Univariate Poisson regression model for new-onset CV-AEs after starting TKI therapy

CV-AEs: No CV-AEs: Yes IRR (95% CI) P*

Continuous variables, mean (SD)

Age, y 45 (14) 53 (15) 1.04 (1.03-1.05) <.001

Serum albumin, g/dL 4.3 (1) 4 (1) 0.48 (0.36-0.64) <.001

BMI, kg/m2 28 (7) 30 (8) 1.04 (1.03-1.06) <.001

Categorical variables, n (%)

BMI $ 30, kg/m2

No 217 (74) 142 (60)

Yes 77 (26) 95 (40) 1.76 (1.36-2.28) <.001

TKI type

IM400 36 (12) 35 (15)

IM800 113 (38) 90 (38) 0.77 (0.52-1.13) .184

Nilotinib 64 (22) 44 (19) 1.00 (0.64-1.56) .996

Dasatinib 65 (22) 41 (17) 0.86 (0.55-1.36) .527

Ponatinib 16 (5) 27 (11) 4.50 (2.72-7.44) <.001

Prior hypertension

No 160 (54) 101 (43)

Yes 134 (45) 136 (57) 1.75 (1.35-2.26) <.001

Prior diabetes

No 257 (87) 196 (83)

Yes 37 (13) 41 (17) 1.58 (1.13-2.21) .008

Prior stroke

No 292 (99) 232 (98)

Yes 2 (0.68) 5 (2) 3.30 (1.36-8.00) .008

Prior CAD

No 279 (95) 208 (87)

Yes 15 (5) 29 (12) 2.03 (1.37-2.99) <.001

Prior arrhythmia

No 286 (97) 227 (96)

Yes 8 (2) 10 (4) 1.94 (1.03-3.65) .041

Prior PVD

No 292 (99) 233 (98)

Yes 2 (1) 4 (2) 2.75 (1.02-7.38) .045

Risk factors

0 76 (26) 34 (14)

1 102 (35) 71 (30) 1.70 (1.13-2.56) .011

2 78 (26) 82 (35) 2.31 (1.55-3.44) <.001

$3 38 (13) 50 (21) 3.08 (1.99-4.77) <.001

Analysis showing univariate Poisson regression models for new-onset vascular AEs (CV-AEs) after starting TKI therapy.
SD, standard deviation.
*Bold indicates significant P values (P , .05).
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investigated and reported. Some reports focus only on very specific
diagnoses while others include a wider range of MeDRA terms. This
has made the interpretation of the data for the incidence and relative
risks with various TKIs difficult and has led to confusion and mis-
conceptions as to the risk associated with each individual agent.
Furthermore, the prescriber information for the different drugs
present such risks in various formats, which may suggest different
risk levels for the different TKIs.31-34 Our analysis, with a median
follow-up of 8 years, provides detailed evaluation of the incidence
and the factors predisposing for CV-AE and AT-AE in patients with
CML-CP who are treated with different TKIs, all analyzed with the
same terms and approach.

As expected, patients with preexisting cardiovascular risk factors
have a higher risk of developing CV-AEs and AT-AEs, irrespective
of the specific TKI used.35,36 The IR of CV-AEs and AT-AEs was
highest in the early years of TKI therapy and varied among TKIs.
Overall, ponatinib therapy is associated with the highest risk of
CV-AEs and AT-AEs. For example, a higher proportion of patients
with ponatinib required adjustments in antihypertensive medica-
tions and grade 3 hypertension was most frequent with ponatinib
and imatinib 400. Among AT-AEs, higher frequencies of CAD were
noted with dasatinib or nilotinib, CVA with ponatinib and second-
generation TKIs, grade 3 PAD with ponatinib and dasatinib, and
carotid artery occlusion with dasatinib and ponatinib. Pulmonary
hypertension was most frequent with dasatinib. Notably, the diagnosis
was suggested only by echocardiogram in 5 of the 9 patients with
this finding; catheterization was only performed (and confirmed the
diagnosis) in 4 patients. The overall frequencies of vascular5,11-18,37

and cardiac19-26 AEs varied across various clinical trials depending
on the study design, type of TKI, treatment durations, AE definitions,
and eligibility criteria. Contrary to some reports,38 we observed that
dasatinib was associated with a higher risk of AT-AE relative to
imatinib, with a risk that appears similar to that with nilotinib.

Except for the increased risk of hypertension with imatinib, our results
are generally consistent with previous studies. A recent metanal-
ysis showed that the risk of vascular occlusive events was higher
with newer TKIs compared with imatinib.29 A panel of European
LeukemiaNet (ELN) experts39 has recently reviewed the AEs across
a large cohort of patients treated with various TKIs in multiple studies,
including patients both with frontline and subsequent lines of therapy,
and patients in various stages of the disease. Excess risk of PAD was
noted with ponatinib and nilotinib. Similarly, ischemic heart disease
was reported in ponatinib (12%) and nilotinib studies (1%-10%), but
rarely in studies with other TKIs. Also, the 5-year follow-up results
from the randomized ENESTnd study40 showed that vascular AEs
continue to rise after 5 years, and the frequencies of CAD, CVA,
and PAD were higher in nilotinib-treated patients (7.5% vs 2%). The
limited number of patients with follow-up beyond year 5 makes
it difficult to determine whether the incidence may continue to
increase beyond this time point in this study. Similarly, the 5-year
follow-up of DASISION41 showed that although CV-AEs were
more than twice as common with dasatinib than with imatinib (5%
vs 2%), and follow-up events, although uncommon, were also more
commonly seen with dasatinib. However, neither of these studies
reported a systematic categorization of all CV-AEs and AT-AEs, or
adjustment for time of exposure or a Poisson regression model MVA.
Importantly, preexisting known cardiovascular risk factors are a major
predisposing factor for CV-AEs and AT-AEs after treatment with
TKIs.39 However, an analysis of characteristics and incidence rates
across second- and third-generation TKIs is unavailable because
analyses from different trials have been hampered by differences
in eligibility criteria, and different search, analysis, and reporting
methods. For example, in the ENESTnd study, patients with a
prior unstable angina within 12 months were excluded, whereas
DASISION excluded patients with uncontrolled angina within
3 months of the start of therapy. Our analysis is important in trying
to shed light on the relative risk with each of the available TKIs by
using uniform criteria for reporting, and by performing a MVA analysis
to adjust for other risk factors. Unfortunately, we were unable to include
bosutinib on this comparison as we did not have a cohort of patients
treated with bosutinib as initial therapy. A comprehensive evaluation

Table 4. MVA regression model for CV-AEs and AT-AEs after starting

TKI therapy

Full model

IRR (95% CI) P*

CV-AEs

TKI type

IM400 (reference)

IM800 0.67 (0.44-1.01) .054

Nilotinib 0.94 (0.59-1.49) .786

Dasatinib 0.76 (0.47-1.22) .261

Ponatinib 4.62 (2.74-7.79) <.0001

Age, y 1.03 (1.02-1.04) <.0001

Serum albumin, g/dL 0.57 (0.42-0.78) <.0001

Prior hypertension

No

Yes 1.53 (1.15-2.02) .003

BMI $30, kg/m2

No

Yes 1.59 (1.21-2.09) .001

Risk factors

1 1.58 (1.04-2.38) .030

2 2.23 (1.49-3.35) <.0001

$3 3.17 (2.04-4.91) <.0001

AT-AEs

TKI type

IM400 (reference)

IM800 0.33 (0.10-1.03) .057

Nilotinib 1.49 (0.48-4.58) .487

Dasatinib 2.08 (0.71-6.12) .184

Ponatinib 6.38 (1.87-21.80) .003

Age, y 1.06 (1.03-1.09) <.0001

Serum albumin, g/dL 0.42 (0.20-0.89) .023

Risk factors

1 1.95 (0.62-6.11) .25

2 3.02 (1.00-9.12) .05

$3 6.82 (2.23-20.88) <.0001

Analysis showing MVA Poisson regression models for new-onset vascular AEs (CV-AEs
and AT-AEs) after starting TKI therapy.
*Bold indicates significant P values (P , .05).
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of the risk of these complications with bosutinib has been recently
published.42

Although most of the CV-AEs and AT-AEs were adequately
managed after dose reduction of the TKIs, discontinuation of the
TKIs, or after management of comorbidities with other medications,
in a fraction of patients, SAEs such as arterial occlusion were not
reversible. Peripheral arterial occlusion in some patients required
stenting and acute myocardial infarction required percutaneous
coronary intervention. Continuation of therapy may be associated
with recurrence as observed in many of the patients included in this
series. Thus, the risk:benefit of continuation of the same TKI, even at
lower doses, vs change to an alternative that may offer lower risk,
should be carefully evaluated.

Our analysis has some possible limitations as it was conducted
retrospectively. It is likely that the small number of patients taking

imatinib 400 might influence the difference in proportion of CV-AE
as compared with imatinib 800. It would be reasonable to consider
the risk for the 2 cohorts of imatinib-treated patients as equivalent.
Because the trials were conducted at different time points, there are
differences in follow-up duration between various trials; so, although
the annual rates were calculated taking into consideration the
follow-up of patients, the differences in follow-up duration may have
introduced a bias. However, these were all patients treated in
prospective clinical trials where AEs were collected and reported
prospectively. Compared with the CML-IV study where ;1100
patients with imatinib were analyzed for AEs showing that CV-AEs
are uncommon with imatinib, our study had a smaller number of
patients with imatinib and therefore this limitation precludes any
definitive conclusions for comparison of CV-AEs with second-
generation TKIs.10 In this study, we could not provide a precise
estimate of the proportion of the AEs that were definitely related to

Table 5. Univariate regression model for AT-AEs after starting TKI therapy

AT-AEs: No AT-AEs: Yes IRR (95% CI) P*

Continuous variables, mean (SD)

Age, y 48 (14) 58 (14) 1.06 (1.04-1.09) <.001

Serum albumin, g/dL 4 (0.4) 4 (0.4) 0.40 (0.22-0.73) .003

BMI, kg/m2 28 (7) 31 (9) 1.05 (1.01-1.08) .007

Categorical variables, n (%)

BMI $30, kg/m2

No 330 (68) 29 (63)

Yes 155 (32) 17 (37) 1.54 (0.85-2.81) .156

TKI type

IM400 66 (14) 5 (11)

IM800 194 (40) 9 (19) 0.54 (0.18-1.60) .265

Nilotinib 97 (20) 11 (24) 1.75 (0.61-5.04) .298

Dasatinib 91 (19) 15 (33) 2.21 (0.80-6.09) .124

Ponatinib 37 (8) 6 (13) 7.00 (2.14-22.94) .001

Prior hypertension

No 243 (50) 18 (39)

Yes 242 (50) 28 (61) 2.02 (1.12-3.65) .020

Prior diabetes

No 417 (86) 36 (78)

Yes 68 (14) 10 (22) 2.09 (1.04-4.22) .039

Prior smoking

No 377 (78) 29 (63)

Yes 108 (22) 17 (37) 2.05 (1.12-3.72) .019

Prior CAD

No 453 (93) 34 (74)

Yes 32 (7) 12 (26) 5.13 (2.66-9.91) <.001

Risk factors

0 106 (22) 4 (9)

1 161 (33) 12 (26) 2.44 (0.79-7.58) .122

2 144 (30) 16 (35) 3.83 (1.28-11.45) .016

$3 74 (15) 14 (30) 7.34 (2.41-22.29) <.001

Analysis showing univariate Poisson regression models for new-onset vascular AEs (AT-AEs) after starting TKI therapy.
*Bold indicates significant P values (P , .05).
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the drug because these AEs could occur due to multiple risk factors
and we have shown that as the number of risk factors increase, the
probability of developing CV-AE or AT-AE increases. In addition, we
conducted a thorough chart review to further identify symptoms or
other findings that could potentially represent CV-AEs or AT-AEs.
Also, the analysis involves patients treated in separate trials and at
different times spanning more than a decade. However, the studies
were all conducted and patients treated at the same single
institution minimizing the variability. Despite these limitations, we
believe the strategy used for this analysis greatly decreases bias
and provides the most comprehensive and uniform approach to
explore the incidence and risk factors associated with these
important events.

In summary, our results show that the incidence and the risk of
CV-AEs and AT-AEs is significantly increased in patients with
CML who are taking second- and third-generation TKIs, and
in patients with preexisting cardiovascular risk factors. We
noted increased incidence and risk of hypertension with all
TKIs. The IR for AT-AEs was higher in patients taking ponatinib
and to some extent dasatinib and nilotinib. Because most
CML patients are long-term survivors who will continue to
receive TKIs, newer guidelines for initial workup of CML patients
must include a thorough baseline evaluation of cardiovascular
risk factors and regular assessment and management of any
cardiovascular comorbidity during each visit while on TKI
therapy.
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