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Over the past decade, the treatment landscape of chronic lymphocytic leukemia (CLL) has dramatically changed, shifting

from cytotoxic chemotherapy to targeted therapies. Bruton’s tyrosine kinase (BTK) inhibitors have revolutionized the

treatment of CLL and are increasingly applied in many other malignancies. However, ibrutinib, the first BTK inhibitor

approved, is associated with serious toxicities, including atrial fibrillation in up to 38% of patients, ventricular

arrhythmias, and other cardiovascular toxicities. Emerging data suggest several newer BTK inhibitors (eg, acalabrutinib,

zanubrutinib) are still associated with cardiotoxic risks. This review examines the current state of evidence, including

incidence rates, risk factors, mechanisms, and management strategies of cardiovascular toxicities with BTK inhibitors and

other CLL therapies. We specifically focus on atrial fibrillation, ventricular arrhythmias/sudden death, hypertension, heart

failure, bleeding, and stroke. We also touch on other emerging BTK therapies (eg, pirtobrutinib). Finally, we highlight

key unanswered questions and future directions of research. (J Am Coll Cardiol CardioOnc 2023;5:570–590)

© 2023 Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
I brutinib is a novel first-generation Bruton’s tyro-
sine kinase inhibitor with dramatic efficacy in
several hematologic malignancies, including

chronic lymphocytic leukemia (CLL).1-6 Due to its suc-
cess, >200,000 patients are currently being treated
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with ibrutinib, and there are nearly 300 additional
ongoing trials testing ibrutinib in CLL and other
malignancies.7,8 However, ibrutinib is linked with a
>4-fold increase in cardiac events compared with
CLL patients not exposed to ibrutinib, including atrial
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HIGHLIGHTS

� Although life-saving, BTK inhibitors are
associated with an up to 3-5 fold increase
in AF and other (eg, VA) events when
compared with patients not exposed to
BTK inhibitor therapy.

� New or worsened hypertension is
frequently seen with BTK inhibitor use
(ibrutinib, acalabrutinib, zanubrutinib).

� Although less than ibrutinib, newer BTK
inhibitors still appear to link with
residual cardiotoxic risks.

� Development of BTK inhibitor-associated
cardiovascular events (eg, AF, VAs) are
associated with worse long-term cardio-
vascular and overall survival.

AB BR E V I A T I O N S

AND ACRONYM S

AF = atrial fibrillation

BTK = Bruton’s tyrosine kinase

CLL = chronic lymphocytic

leukemia

CVD = cardiovascular disease

DOAC = direct oral

anticoagulant

ECG = electrocardiogram

FDA = Food and Drug

Administration

LVEF = left ventricular

ejection fraction

VA = ventricular arrhythmia
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fibrillation (AF), ventricular arrhythmias (VA), heart
failure, and hypertension.1,9-11 The occurrence of
these events presents a major dilemma for the contin-
uation of this life-saving therapy, because currently
there is limited pooled evidence to guide the determi-
nation of future or management of cardiotoxic events
among patients with hematologic malignancies.4

The next-generation, more target-specific Bruton’s
tyrosine kinase (BTK) inhibitor therapies (eg, acalab-
rutinib and zanubrutinib) are currently approved for
CLL and were designed to potentially have less car-
diovascular toxicity than ibrutinib.3 Available evi-
dence suggests that these agents may have similar or
improved efficacy to ibrutinibwith less cardiac activity
as evidenced by landmark oncologic trials.9,12,13 How-
ever, a growing number of cardiac-focused reports
have suggested a residual increase in cardiovascular
risk even with next-generation BTK inhibitor
therapies.1,5,10,11 These observations provide serious
questions for clinicians and investigators on the cur-
rent state of evidence and practical considerations for
the estimation and management of cardiovascular risk
in this growing population.

In this review, we discuss the cardiovascular ef-
fects associated with BTK inhibitor therapy, and key
practical considerations in the management of pa-
tients treated with this class of drug. We specifically
discuss data and management of cardiac risk with
ibrutinib and next-generation BTK inhibitor thera-
pies. We also review additional agents within CLL,
including B-cell lymphoma-2 (Bcl-2) inhibitors, and
their potential cardiovascular risks.

We focus on the following common cardiovascular
toxicities in this population as well as the available
evidence and potential strategies to guide
management:

� Atrial fibrillation
� Ventricular arrhythmias and sudden death
� Hypertension
� Heart failure
� Bleeding
� Stroke

HISTORY OF CARDIOVASCULAR

COMPLICATIONS WITH CANCER

THERAPIES IN CLL

Over the past decade, a better understanding
of the key molecular pathways involved in

CLL has led to revolutionary targeting of the triggers
of disease. In CLL, aberrant B-cell receptor signaling
is a key driver of the malignancy; and this can be
selectively targeted for the control of disease. BTK is
one such target. BTK is a member of the TEC kinase
family and plays a key role in antigen-dependent B-
cell receptor signaling responsible for B-cell prolifer-
ation. Through unchecked activation of this kinase,
uncontrolled downstream signaling cascades trigger
robust responses that are crucial in the development
of most B-cell malignancies, including CLL. Noting
this critical step in the proliferation cascade, inhibi-
tory targeting of BTK was pivotally hypothesized to
be a potential therapeutic target in the treatment of
CLL and other hematologic malignancies.1

Currently, BTK inhibition is achieved by multiple
means, most commonly with the introduction of
small molecular inhibitors that interfere with the
binding of the kinase to downstream substrates.1 Yet,
these single and multitargeted kinases may be
focused or display multiple downstream actions that
affect cancer, cardiovascular, and other organ-system
homeostasis. Although these kinase inhibitors may
display dramatic anticancer effects, the unintended
or unknown downstream off-target (or even on-
target) effects may lead to unanticipated cardiovas-
cular effects.1 These toxicities may manifest early or
late, and the homeostatic milieu of these patients
with cancer can provide unique challenges in the
treatment of such effects. Given that BTK belongs to a
family of enzymes with a multitude of enzymatic re-
sponses (including cardiac), inhibition of the kinase
with small-molecule compounds may come with the
potential for unintended cardiac side effects (Table 1).

Initially approved by the U.S. Food and Drug
Administration (FDA) in 2014 for CLL, ibrutinib was
originally developed as an irreversible inhibitor of
BTK, a key regulator in the survival and propagation



TABLE 1 Target and Indications for Approved BTK Inhibitors

Drug Mechanism of Action Current Indications (or Phase of Clinical Testing) Cardiotoxic Effects Reported

Ibrutinib Irreversible inhibitor of BTK at
C481 via covalent bond

� CLL
- Newly diagnosed
- Relapsing/remitting

� Mantle cell lymphoma
� Marginal zone lymphoma
� Waldenström’s macroglobulinemia
� Chronic graft vs host disease after

failure of 1 or more lines of systemic
therapy

� Atrial fibrillation
� Hypertension
� Heart failure
� Ventricular arrhythmia/sudden

death

Acalabrutinib Irreversible inhibitor of BTK at
C481 via covalent bond

� CLL
- Newly diagnosed
- Relapsing/remitting

� Mantle cell lymphoma

� Atrial fibrillation
� Hypertension
� Heart failure
� Ventricular arrhythmia/sudden

death

Zanubrutinib Irreversible inhibitor of BTK at
C481 via covalent bond

� CLL
- Newly diagnosed
- Relapsing/remitting

� Waldenström’s macroglobulinemia
� Mantle cell lymphoma

- For patients who have received at
least 1 prior therapy

� Marginal zone lymphoma
- For patients who have received at
least 1 anti-CD20-based regimen

� Atrial fibrillation
� Hypertension

Pirtobrutinib Reversible inhibitor of BTK via
noncovalent bond formation

� CLL (phase III) ongoing
� Mantle cell lymphoma (phase III)

� Atrial fibrillation

Other common
therapies
(ie, venetoclax)

Venetoclax Bcl-2 antagonist, thereby
committing lymphoid cells to a
pro-apoptotic state

� CLL, including high-risk disease
� As part of combination treatment for

acute myeloid leukemia in adults

� No major cardiac associations
reported

Bcl-2 ¼ B-cell leukemia/lymphoma 2 protein; BTK ¼ Burton’s tyrosine kinase; CLL ¼ chronic lymphocytic leukemia.
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of many lymphoid cells. The observation that an
inherited loss of B-cells, as seen in X-linked agam-
maglobulinemia, led to avoidance of CLL and other
lymphoid malignancies in these patients spurred the
repurposing of ibrutinib for CLL.1 Due to high success
in CLL and other hematologic malignancies, and
broad immunomodulatory effects, ibrutinib is now
widely used as standard treatment across many ma-
lignancies. Given ibrutinib’s wide use, its adverse
effect profile has been increasingly well characterized
with the most notable cardiotoxic side effect of
ibrutinib being AF. The development of ibrutinib-
associated AF can lead to unique treatment chal-
lenges related to potential bleeding complications,
and drug-drug interactions.

BTK INHIBITOR-ASSOCIATED AF

INCIDENCE OF AF. In early cancer-focused clinical
trials, the incidence of new AF ranged from 5% to
17%, including high-grade ($3) symptomatic events
in up to 9% of patients.1,2 Retrospective studies have
shown a median time to incident AF of 5 to
8 months.11 However, recent cardiac-focused sur-
veillance data have demonstrated that 14 of 53 CLL
patients treated with ibrutinib experienced AF at a
median of 13 months (estimated cumulative inci-
dence of 21% [95% CI: 7%-31%), 23% [95% CI: 9%-
35%], and 38% [95% CI: 19%-53%) at 6, 12, and
24 months, respectively).14 Notably, this is the only
available study in which electrocardiographic and
systematic cardiac event monitoring were prospec-
tively used among BTK inhibitor-treated patients.14

As a result, it is possible that the true AF risk
(symptomatic and asymptomatic) with BTK inhibitor
therapy may be substantially higher than reported in
available cancer-focused trials.

RISK FACTORS FOR AF. Although AF has become
increasingly common in patients taking ibrutinib, the
risk factors predisposing to these events remain
largely unclear. In a meta-analysis of cancer trials,
history of prior AF and age older than 65 years were
associated with the development of (symptomatic)
AF events among 1,505 ibrutinib-treated patients.15

Similar observations were noted in a preliminary
acalabrutinib report.16 In cardiac-focused studies, the
presence of left atrial remodeling, marked by atrial
dilation, significantly increased the risk for ibrutinib-
associated AF events.11,17 The presence of
pre-existing cardiovascular disease (CVD) also ap-
pears to confer an increased risk of AF events.18
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Furthermore, in an evaluation of 581 patients, the
development of early hypertension after ibrutinib
initiation was associated with a subsequent increase
in AF events and other major cardiovascular events.19

POSSIBLE MECHANISMS. The mechanisms of ibrutinib
and other BTK inhibitor-associated AF events are
incompletely understood. Available data support
both potential on- and off-target pathways. Inhibition
of C-terminal Src kinase (CSK) may play a role in the
development of AF and is a potential inhibitory target
of BTK inhibitor therapy. CSK has been found to be
enriched in the atria compared with other car-
diomyocytes, and deletion of this enzyme has been
shown to increase the incidence of AF, cardiac
fibrosis, and inflammation (eg, IL-6 mediated).20 BTK-
deficient mice treated with weeks of ibrutinib were
found to have an increased incidence of AF, atrial
fibrosis, and inflammation, with chemoproteomic
profiling identifying CSK as a potential etiology of
arrhythmia inducement.20 Additional proposed
mechanisms of BTK inhibitor arrhythmias, particu-
larly with ibrutinib, focus on PI3K/AKT inhibition and
ion channel pathways.11,21 This includes possible
enhanced Ca2þ/calmodulin-dependent protein ki-
nase II (CaMKII). In vitro studies have proposed that
ibrutinib specifically may inhibit multiple currents of
the cardiac action potential, including INa and Ito,
possibly from the direct binding of ibrutinib to these
channels.22,23 In vitro, the second-generation BTK
inhibitor therapy acalabrutinib did not produce atrial
arrhythmia, although these drugs still appear to
confer increased AF risk in clinical practice.5,20 The
mechanisms behind the residual AF risk seen with
newer covalent BTK inhibitor therapy remain unex-
plored. Despite variations in proposed mechanisms,
cardiac remodeling and fibrosis have consistently
been a central downstream determinant of ibrutinib-
associated AF events.23 Yet, as with the risk factors
leading to arrhythmia, additional studies are needed
to definitively determine the mechanism of BTK
inhibitor-associated AF events.

OUTCOMES AFTER AF DEVELOPMENT. Among those
patients who develop AF while on a BTK inhibitor,
available evidence suggests worse long-term out-
comes compared with patients who do not develop
AF events. In a retrospective study evaluating
280 CLL patients treated with ibrutinib, those
with treatment-associated AF events had worse
progression-free survival and a nearly 3-fold increase
in long-term mortality.24 The reasons for this increase
are not well understood but may relate to BTK in-
hibitor treatment disruptions, bleeding, stroke, and
other AF-related complications. Alternatively, it
remains unclear if dose reductions or therapeutic
changes result in the worsening of the underly-
ing malignancy.

NEXT-GENERATION BTK INHIBITORS AND AF RISK. Given
the propensity of ibrutinib to contribute to the for-
mation of atrial arrhythmias, there was much excite-
ment when the second-generation BTK inhibitor
therapies began to see clinical use. These agents,
including acalabrutinib and zanubrutinib, were
developed to express greater selectivity toward BTK,
thereby limiting off-target kinase inhibition that has
been theorized to contribute to the cardiotoxic side
effects of ibrutinib.

Next-generation BTK inhibitors (eg, acalabrutinib,
zanubrutinib) appear to have fewer adverse cardiac
effects than ibrutinib.5,6 Available cancer trials have
suggested that the risk of AF may be attenuated with
newer BTK inhibitor therapy (eg, 30%-45% reduction
with acalabrutinib [5%-10% high-grade] and
zanubrutinib [3%-6% high-grade]).5,6 In ELEVATE-RR,
which compared acalabrutinib to ibrutinib in previ-
ously treated CLL, the reported incidence of AF was
lower with acalabrutinib (9% vs 16%; P ¼ 0.02).5

Pooled analysis of available clinical trials with
acalabrutinib has suggested an AF incidence of 5% to
9%.13 Similarly, a phase III trial comparing
zanubrutinib to ibrutinib in relapsed or refractory
CLL also suggested a lower incidence of AF.4,6 Both
agents link with a near 40% to 45% reduction in
clinical (symptomatic) AF events. Yet, the arrhythmia
monitoring strategies for these trials were heteroge-
neous and focused on brief oncologic office electro-
cardiograms (ECGs). As such, the true risk of AF
remains unclear. This is supported by a preliminary
report suggesting substantial residual AF risk of
nearly 3-fold with acalabrutinib, and a 2- to 5-fold
increase with zanubrutinib compared with
traditional risk predicted rates; despite relative
reduction compared with ibrutinib.25 Notably, in an
evaluation of acalabrutinib-treated hematologic ma-
lignancy patients, the development of incident AF
and other cardiac events is associated with worse
long-term survival.16

In addition to the covalent (irreversible binding)
BTK inhibitor therapies previously discussed, there is
ongoing development of noncovalent (reversible
binding) BTK inhibitor including recently FDA-
approved pirtobrutinib (Table 2). Noncovalent BTK
inhibitors show differences in the duration of kinase
inhibition, which has been hypothesized to be asso-
ciated with lower cardiac and noncardiac toxicity
susceptibilities.26,27 In theory, this may decrease po-
tential on-target mediated adverse events. Although



TABLE 2 Cardiovascular Toxicities Associated With BTK Inhibitors and Other Therapies

in Chronic Lymphocytic Leukemia Patients

Drug
Atrial

Fibrillation
Ventricular
Arrhythmias Hypertension Heart Failure Bleeding Stroke

FDA-approved drugs

Ibrutinib þþþ þþ þþþ þ þþþ þ
Acalabrutinib þþ þþ þþ ? þþ �
Zanubrutinib þþ ? þþ ? þþ �
Pirtobrutinib þ ? ? ? þþ �

Other BTK inhibitors in
early phase testing

Other (reversible)
BTK inhibitors

þ ? ? ? þþ ?

Other drug therapiesa

Venetoclax � � � � þ �
Idelalisib þ � þþ þ � �
Rituximab � � � � � �

? indicates areas where systematic cardiac data are not widely available. *More emphasis placed on compre-
hensive cardiovascular studies where adjudication methodology is well known. aMore common drug therapies.

BTK ¼ Bruton’s tyrosine kinase; FDA ¼ Food and Drug Administration.
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still in early phase testing, initial data suggest AF
event rates of <5%.26,27 However, given the observa-
tions of higher rates with more rigorous cardiac
evaluation or real-world use of covalent BTK inhibitor
than seen in initial anticancer efficacy-focused trials,
further investigation is needed to better determine
the cardiotoxicity risk of reversible BTK inhibitor
therapies.

MANAGEMENT OF CARDIOTOXIC AF. The manage-
ment of BTK inhibitor-associated AF events poses
unique challenges caused by higher risks of bleeding,
and potential therapeutic drug-drug interactions with
standard antiarrhythmics. Before initiation of treat-
ment with a BTK inhibitor, we suggest patients un-
dergo a basic cardiac assessment, inclusive of
cardiovascular history, measurement of blood pres-
sure, and 12-lead ECG. Among those with more than 1
CVD risk factor (eg, age >50 years, prior cardiac
arrhythmia, hypertension, heart failure, moderate or
greater valvular disease, prior cardiotoxic therapy
administration), a baseline echocardiogram is also
recommended.14,28

Those with pre-existing AF can, in most instances,
still be safely treated with BTK inhibitor therapy,
although it is important to take into consideration
pre-existing cardiovascular comorbidities before
making a decision regarding therapy. In patients with
pre-existing AF, second-generation BTK inhibitors
are preferred given their lower incidence of
arrhythmic events when compared with ibrutinib;
although the risk of AF is still there, albeit lower.
Alternatively, consider other classes of medications,
such as Bcl-2 antagonists (eg, venetoclax), given their
overall safer cardiac profile.
For patients that develop AF events after BTK
inhibitor-initiation, we recommend management in
collaboration with a multi-disciplinary cardio-
oncology team, and if cardio-oncology is not avail-
able, general cardiology could be considered. As AF
confers an elevated risk of stroke, calculation of a
patient’s risk factors for stroke using the CHA2DS2-
VASc scoring system is recommended, and those
with an identified increased risk of stroke should be
considered for anticoagulation. The consensus sur-
rounding anticoagulation varies in this population,
but our experience suggests direct oral anticoagu-
lants (DOACs) are preferred in those with higher
stroke risk. These agents offer easier administration,
fewer drug-drug interactions, and more reliable
pharmacologic effects. However, bleeding risk must
also be considered as BTK inhibitor therapies are
associated with increased bleeding risk that worsens
while on anticoagulation.1,2,13,29 For this reason, a
more conservative anticoagulation strategy (ie, only
those patients with significantly increased stroke risk
receive anticoagulation) can be used in patients with
substantial bleeding risk.11 Warfarin was not tested in
concurrent use with BTK inhibitors, and is relatively
contraindicated because of high safety risk. It is
currently not recommended to proceed with aspirin
as a thromboembolic preventive strategy.

Furthermore, while any DOAC may be used, Xa
inhibitors may be preferred over dabigatran caused
by adjustments required if a patient has impaired
renal function in addition to the need for a common
P-glycoprotein (P-gp) inhibitor such as amiodarone. It
is noted in the prescribing information that ibrutinib
and zanubrutinib likely inhibit P-gp, although the
clinical significance of this is uncertain. For Xa in-
hibitors, interactions with P-gp inhibitors only
require adjustment if combined with a moderate or
strong CYP3A inhibitor, which would require adjust-
ment of the BTK inhibitor as well. Overall, some ex-
perts prefer apixaban based on retrospective and
indirect comparisons that suggest favorable efficacy
and safety, as well as its comparatively low reliance
on renal clearance.30,31 For patients in whom twice-
daily administration is a barrier to adherence, only
daily DOACs (such as rivaroxaban or edoxaban) may
be considered.

Management of symptomatic AF itself can be
challenging, although most providers rely on a strat-
egy of rate control initially with beta-blockers,
such as metoprolol, as first-line agents. Other atrio-
ventricular nodal blocking agents, including non-
dihydropyridine calcium-channel blockers, can be
efficacious and considered, but their therapeutic
levels can become challenging to predict given the



FIGURE 1 Representative Electrocardiograms From Patient(s) With BTK Inhibitor-Associated Arrhythmias

(A) A patient with the development of atrial fibrillation shortly after Bruton’s tyrosine kinase inhibitor (here ibrutinib) initiation. (B) A patient

with ventricular arrhythmia development after Bruton’s tyrosine kinase inhibitor therapy.
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effect of BTK inhibitors on the CYP3A4 metabolism
pathway. Finally, there is extremely limited data on
the utility of rhythm control (eg, cardioversion,
ablation) in these patients, and consideration of these
options should be weighed on an individual basis. If
rhythm control is desired, the rhythm control
approach in AF can be informed by the AF pattern—
whether patients are in the so-called staccato vs
legato pattern of AF—because the former would
require regular antiarrhythmic therapy while the
latter can be controlled with cardioversion as needed
(electrically or pill in pocket). This may be a useful
approach to reduce the antiarrhythmic therapy
burden in people with paroxysmal AF events on BTK
inhibitor.

BTK INHIBITOR-ASSOCIATED VAs

INCIDENCE OF VAs. Although not originally noted in
the initial studies of ibrutinib and other BTK inhibitor
therapies, there is increasing evidence to suggest that
treatment with BTK inhibitor may lead to an
increased risk of potentially serious VAs, including
ventricular tachycardia and sudden death (ie, ven-
tricular fibrillation). In 2 large clinical analyses pub-
lished in 2017 and 2018 of hematologic malignancy
patients taking ibrutinib, the reported incidence of
VA and/or sudden cardiac death was observed to
approach 6.0 to 7.9 per 1,000 person-years, a value
>10-fold greater than expected (Figure 1).32,33 Sudden
cardiac deaths were rare, occurring at 1 in 1,134
person-years of ibrutinib treatment (eg, <0.1% per
year).12,33 Among these populations, there did not
appear to be an association with prior CVD in those
who developed these arrhythmias.32,33 Consistent
with this, a recent analysis from the manufacturer of
ibrutinib noted an incidence of 1% for deaths caused
by cardiac causes or sudden death amongst nearly
5,000 patients treated in clinical trials.34

RISK FACTORS FOR VAs. The predictors of VAs with
BTK inhibitor use are largely unknown. Available data
suggest that older age can increase risk.12 In a recent
analysis of patients with suspected ibrutinib-
associated cardiotoxicity, inclusive of VAs, myocar-
dial fibrosis and edema were prevalent.35 Among 33
ibrutinib-treated patients who underwent cardiac
magnetic resonance imaging, late gadolinium
enhancement, a marker of discrete myocardial
fibrosis, was present in 54.8% of patients (Figure 2).
Notably, the presence of abnormal cardiovascular
magnetic resonance (CMR) measures was most
strongly correlated with definite ibrutinib-associated
cardiotoxicity, and its presence predicted future
major cardiac events among those undergo-
ing treatment.35



FIGURE 2 Cardiac Magnetic Resonance Images From a Patient With Ibrutinib-Associated Cardiotoxicity

Representative late gadolinium enhancement (white arrows) cardiac magnetic resonance images from hematologic malignancy patients with

suspected cardiotoxicity (paroxysms of atrial fibrillation and nonsustained ventricular tachycardia) after ibrutinib initiation.32
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PROBABLE MECHANISMS FOR VAs WITH BTK

INHIBITORS. Mechanisms of VAs remain incom-
pletely understood. Previously proposed intracellular
processes include enhanced automaticity of late so-
dium channels or propagation of fibrosis through
aforementioned pathways associated with AF.9,20,33

Notably, ibrutinib and other BTK inhibitor therapies
do not considerably contribute to the prolongation of
the QT interval, and thus the formation of torsades de
pointes is an unlikely explanation of VAs in this
population.36 Preclinical murine data suggest a po-
tential shared role for impairment of insulin-like
growth factor 1 dependent activation of intracellular
calcium handling in VA susceptibility with both
ibrutinib and acalabrutinib (next-generation BTK in-
hibitor) therapies.37 Despite the lack of definitive
human mechanistic data, in a preliminary report,
increased ventricular ectopy was observed with direct
ibrutinib application to ventricular human-induced
pluripotent stem cell-derived ventricular car-
diomyocytes, suggesting at least some direct (rather
than solely indirect) myocardial mechanism of ven-
tricular dysrhythmia with BTK inhibition.9 These
observations raise concern that ventricular arrhyth-
mogenicity may be a class effect of BTK inhibitors;
however, additional studies are needed.

NEXT-GENERATION BTK INHIBITORS AND VA RISK.

Although lower than that seen with ibrutinib,
acalabrutinib has also been associated with a signifi-
cantly increased risk in VA risk when compared with
the general population.12 In a pooled analysis of early
cancer treatment trials, VAs were not initially
reported.13 However, a large single-center cardiac-
focused analysis of nearly 300 patients taking
acalabrutinib reported a nearly 8-fold increase in VAs,
including a case of sudden death.12 In this study, the
majority of these cases were observed in patients
without a history of structural heart disease
(including coronary artery disease and heart failure).
Sudden cardiac death was rare, occurring in <0.1%
per person-years of treatment; with symptomatic VAs
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occurring at 0.6% per person-year.12 Further, no
specific cardiac or electrocardiographic variables
were associated with the development of these ar-
rhythmias beyond older age.12 The median time to VA
event was just over 14 months.12 The observed risk of
ventricular events was approximately one-third
lower with acalabrutinib compared with ibrutinib.
Recently, separate cases of unexplained ventricular
events with zanubrutinib have similarly been re-
ported.9 Notably, as with early ibrutinib trials, no
ventricular events were reported in early cancer trials
using these novel agents. Yet, with zanubrutinib and
the new noncovalent/reversible next-generation BTK
inhibitors, more rigorous cardiac-focused electrocar-
diographic studies are needed.

MANAGEMENT OF VAs WITH BTK INHIBITORS.

Practically, based on our experience and the current
available evidence, we suggest assessment by ECG of
all patients initiating BTK inhibitor therapy, with se-
rial interim ECG assessments at least quarterly over
the initial 12 to 18 months.12,33 Similarly, a baseline
echocardiogram for the exclusion of structural heart
disease, including depressed left ventricular ejection
fraction (LVEF), should be considered for all patients
with at least 1 risk factor at the time of treatment
initiation. Assessment of other baseline cardiovascu-
lar risk factors (eg, heart failure, prior atrial
arrhythmia or VA, uncontrolled hypertension,
myocarditis) should also be performed before initia-
tion of BTK inhibitor therapy. Clinicians should have
a low threshold to inquire about symptoms of ar-
rhythmias, such as palpitations, shortness of breath,
chest pain, and syncope, and consider the possibility
of VAs when initiating and during the course of BTK
inhibitor therapy.

For those patients with a previous history of
symptomatic VAs, uncontrolled or continued heart
failure (eg, LVEF <40%), or sudden cardiac death, we
suggest, with careful multidisciplinary collaboration,
alternative therapy (eg, Bcl-2 antagonist, venetoclax)
to be strongly considered, given the uncertain risk
associated with these agents. In those patients who
develop symptomatic VAs during treatment, we sug-
gest holding (or discontinuing) therapy, and further
evaluation with imaging such as echocardiogram
and/or cardiac magnetic resonance imaging, and
cardiology referral. Similarly, in those with repetitive
or prolonged runs of ventricular tachycardia, tempo-
rary cessation of BTK inhibitor should be considered.
In these and other clinical arrhythmic scenarios, the
application of CMR may prove particularly useful in
prognosticating future and recurrent cardiac event
risk based on the currently available evidence.35 Yet,
because these events remain rare, additional pro-
spective studies are needed to determine the exact
thresholds or duration of VA most predictive of sud-
den death.

BTK INHIBITOR-ASSOCIATED HYPERTENSION

Hypertension, both worsening and treatment-
emergent, is a well-documented adverse effect of
BTK inhibitor therapy. Within hematologic malig-
nancy populations, long-term outcomes are less
clearly delineated, because prior anecdotal observa-
tions of increased susceptibility to hypotension have
led to conflicting understandings of the effects of
blood pressure on outcomes.38 However, given the
documented increase in incident hypertension
amongst those taking BTK inhibitors and its associa-
tion with future cardiotoxic event risk, increased
attention is warranted.

INCIDENCE OF HYPERTENSION. In early ibrutinib
clinical trials, grade $3 hypertension was reported in
4% of patients, whereas any grade hypertension was
seen in up to 14% of patients treated with ibrutinib
monotherapy.39,40 Longer-term analysis has demon-
strated that the incidence may have been under-
recognized, with pooled hematologic malignancy
trial data demonstrating grade $3 hypertension in
28% of patients treated with ibrutinib.41 In a large
meta-analysis of ibrutinib clinical trials, ibrutinib
exposure had a relative risk of 2.82 (95% CI: 1.52-5.23)
for the development of hypertension.42 In a large
single-center hypertension-focused study of 562 pa-
tients treated with ibrutinib, 78.3% of ibrutinib-
treated patients developed new or worsening
hypertension, with a median time to hypertension
development of nearly 6 months.19 Notably, this was
>10-fold higher than Framingham Heart Study pre-
dicted rates.19 The extent of worsening blood pres-
sure increase may be particularly important, with 10%
of patients observing a 50-mm Hg increase in their
systolic blood pressure (Figure 3).19 Notably, the
development of ibrutinib-associated hypertension
was associated with a >2-fold increase in risk for
the development of other major cardiac events
(eg, AF, VA, heart failure).42 Other studies have
similarly observed an increase in blood pressure with
ibrutinib treatment.43,44 In a recent evaluation of
acalabrutinib-treated patients, similar (yet less
profound) increases in blood pressure were
observed.5,10,45 Yet, here too, the development of
early blood pressure increase was associated with
major cardiac events.10 Although more rigorous
cardiac-focused data with zanubrutinib are not yet
available, in a landmark phase trial comparing



FIGURE 3 Change in Blood Pressure From a Patient Initiated on BTKi Therapy

Increase in systolic blood pressure in a patient treated with ibrutinib over a period of several years (A). The left green vertical line represents

the initiation of antihypertensive therapy, and the right red vertical line represents the time of ibrutinib discontinuation because of subse-

quent symptomatic atrial fibrillation development. (B) The rapid onset of hypertension in the same patient in the months after starting

ibrutinib. BTKi ¼ Bruton’s tyrosine kinase inhibitor.
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zanubrutinib with ibrutinib, the rates of significant
(>140/90 mm Hg) hypertension were similar.29

Together, these observations suggest hypertension
may be a class effect of BTK inhibition.
RISK FACTORS FOR DEVELOPMENT OF BTK

INHIBITOR-RELATED HYPERTENSION. Available
data suggest baseline systolic blood pressure and the
current use of CYP3A4 inhibitors are associated with
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ibrutinib-associated hypertension development.19

With acalabrutinib, baseline history of prior
arrhythmia as well as Black race are associated with
new hypertension development.10 However, addi-
tional investigation of the predictors of new or
worsening hypertension with BTK inhibitor treat-
ment is needed.

POSSIBLE MECHANISMS OF BTK INHIBITOR-RELATED

HYPERTENSION. Several possible mechanisms have
been proposed to contribute to the worsening or
development of hypertension associated with BTK
inhibitors, particularly ibrutinib. Similar to BTK-
related AF, inhibition of the PI3K pathway may
contribute to cellular remodeling mechanisms that
possibly result in vascular tissue fibrosis.21 However,
there appear to be additional processes at play,
because similar rates of hypertension have not been
demonstrated in more potent direct inhibitors of
PI3K, namely idelalisib.46,47 Additional proposed
mechanisms include the down-regulation of nitric
oxide formation, resulting in dysregulation of
vascular tone, which is also a pathway shared with
second-generation BTK inhibitor therapies including
acalabrutinib.48 It remains unclear whether the de-
gree of hypertension observed in BTK inhibitors is
caused by off-target kinase inhibition or systemic
inflammatory changes that predispose to the devel-
opment of hypertension. Because acalabrutinib, a
second-generation BTK inhibitor with greater BTK
selectivity still demonstrates a significant incidence
of hypertension, this may support the mechanism
inherent to BTK inhibition. Further evaluation is
ongoing into further mechanisms that may predis-
pose patients to the development of hypertension
while undergoing treatment with BTK inhibitors.

OUTCOMES OF BTK INHIBITOR-ASSOCIATED

HYPERTENSION. In a large retrospective analysis of
patients with lymphoid malignancies treated with
ibrutinib, there was an increased risk of development
of major adverse cardiovascular events (MACE).19

Nearly 20% of patients in those with new or wors-
ening hypertension experienced MACE, as compared
with <10% of those with stable or no hypertension.19

Cardiovascular complications were most manifested
as AF (13%) and heart failure.19 Although the inci-
dence of hypertension was lower in patients treated
with acalabrutinib rather than ibrutinib, there re-
mains a considerable hypertensive burden within this
population. Patients with the early development of
hypertension signaled an increased incidence of
MACE, with these events identified in 18% of patients
treated with acalabrutinib demonstrating new or
worsening hypertension.10 Similar to ibrutinib, AF
was the most common MACE identified, seen in 8% of
acalabrutinib patients. In this analysis, the degree of
systolic blood pressure elevation significantly corre-
sponded to the subsequent risk of developing AF, as
well as MACE.10,19 This suggests that the develop-
ment of hypertension while undergoing BTK inhibitor
therapy, particularly with a more profound systolic
blood pressure increase, may predispose toward the
development of further major cardiovascular events.

NEXT-GENERATION BTK INHIBITORS AND RISK OF

HYPERTENSION. Concerning hypertension, a wide
variation in reported hypertension rates among initial
prospective clinical data have been noted, ranging
from 9% to 40% developing any grade hypertension
with next-generation therapies (eg, acalabrutinib,
zanubrutinib). For example, longer-term retrospec-
tive data appear to signal an increased risk of hyper-
tension with acalabrutinib, although overall less
incident than ibrutinib.13 Among 280 consecutive
patients treated with acalabrutinib, 59% of patients
developed new or worsening hypertension within 1
year of acalabrutinib initiation.10 This was still nearly
8-fold greater than Framingham Heart Study pre-
dicted rates.10 Initial hematologic malignancy trial
data with zanubrutinib demonstrated a 5% incidence
of grade $3 hypertension.4 However, in a recent
phase III cancer-outcome-focused trial comparing
zanubrutinib with ibrutinib, the rates of significant
hypertension (>140/90 mm Hg) were similar.6 This is
notable, because this suggests hypertension may be
common even with zanubrutinib.

At this time, there are limited data regarding the
development of hypertension for other next-
generation BTK inhibitor therapies.35 Early pirto-
brutinib cancer trial data suggested a 1% incidence of
any grade treatment-related hypertension (>140/
90 mm Hg), and no cases of severe grade $3 hyper-
tension (>160/110mmHg).26 Given the noncontinuous
inhibition of BTK mechanistically, this may result in a
substantial reduction in cardiotoxic blood pressure
changes. Yet, as with the irreversible BTK inhibitors,
further long-term comprehensive (ie, use of standard
blood pressure measures) studies are needed.

MANAGEMENT OF BTK INHIBITOR-ASSOCIATED

HYPERTENSION. Patients with a pre-existing history
of hypertension should not be precluded from initi-
ation of BTK inhibitor therapy. Many individuals with
hypertension can be successfully treated with BTK
inhibitors but may require closer monitoring and a
pretreatment comprehensive evaluation to determine
the ongoing risk of worsening hypertension. As
treatment has been associated with hypertension
onset even after several months of treatment,
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clinicians must remain diligent toward this adverse
effect. Initial screening may consist of biweekly blood
pressure checks in the office or at home, and close
communication for any changes from pretreat-
ment baseline.

For patients who develop hypertension while un-
dergoing BTK inhibitor therapy, early intervention
with guideline-directed antihypertensive medication
remains the standard of care.19 Further, patients
should utilize at-home blood pressure monitoring de-
vices to observe trends in blood pressure. Currently,
there is no first-line recommended medication for the
treatment of BTK inhibitor-associated hypertension.
Options consist of renin-angiotensin-aldosterone-
system (RAAS) antagonists, including angiotensin-
converting enzyme inhibitors or angiotensin receptor
blockers; dihydropyridine calcium-channel blockers,
including amlodipine or nifedipine; or thiazide-based
diuretic agents. However, given the comorbidities
that many patients with lymphoid malignancies
possess, many clinicians will prefer to use dihy-
dropyridine calcium-channel blockers as first-line
agents, given relatively minimal side effects. Medica-
tions that inhibit or interact within the CYP3A4 meta-
bolism pathway, namely diltiazem and verapamil,
should be limited as treatment options for hyperten-
sion, because their inhibition of CYP3A4 may lead to
increased therapeutic levels of the BTK inhibitor. In
many patients, given the degree of blood pressure
elevation, multiple agents may be necessary to attain a
blood pressure target that is consistent with currently
published guidelines.

Rarely does hypertension lead to discontinuation
of BTK inhibitor therapy. In the event that grade $3
(symptomatic) hypertension does occur, BTK inhibi-
tor interruption is a reasonable first step in our view,
followed by potential dose reduction upon return to a
reasonably controlled blood pressure. If recurrent
severe episodes occur on ibrutinib therapy, a transi-
tion to an alternative BTK inhibitor such as
acalabrutinib is reasonable, although some residual
hypertension risk may still be present. In patients
who develop treatment-emergent or worsening hy-
pertension, clinicians should maintain a suspicion for
additional cardiotoxicities, because the development
of hypertension appears to be strongly associated
with the development of other BTK inhibitor-
associated toxicities, namely AF.10,19

BTK INHIBITOR-ASSOCIATED

HEART FAILURE

Heart failure has been a well-documented adverse
effect of many anticancer therapies, particularly
systemic chemotherapies that cause direct myocar-
dial damage. BTK inhibitor therapies have also been
associated with the development of new-onset heart
failure.

INCIDENCE OF HEART FAILURE. In initial clinical
trials, an appreciable signal for heart failure was not
seen. However, recent data from pooled long-term
follow-up of several later-phase ibrutinib trials sug-
gest a potential increase in the risk of heart failure. In
these analyses, heart failure was noted in up to 5% of
patients, often developing years after treatment
initiation.49,50 In a large retrospective analysis of 860
patients treated with ibrutinib for CLL, a significantly
increased risk of developing heart failure was
observed when compared with treatment with
chemotherapy.51 In this study, nearly 3 years into
treatment, the risk of heart failure was 7.7%,
compared with 3.6% in the control group. Similarly, a
pharmacovigilance database study of ibrutinib sug-
gested a higher reporting likelihood of heart failure,
at over 3 times the reported odds compared with all
other drugs throughout the entire database.52

RISK FACTORS FOR DEVELOPMENT OF BTK

INHIBITOR-RELATED HEART FAILURE. Other car-
diotoxic effects of BTK inhibitor therapies can also
predispose to or directly cause the development of
heart failure. Available evidence suggests that pre-
existing AF may increase the risk of developing
heart failure, especially among those patients taking
ibrutinib.51 Similarly, the presence of myocardial
fibrosis on CMR imaging may also be seen in a high
proportion of patients taking ibrutinib.35 Although
these imaging characteristics are frequently encoun-
tered in other causes of cardiomyopathy, the pres-
ence of such findings in patients on BTK inhibitor
therapies remains unclear as a predictive measure
toward the development of future incidence of
heart failure.

PROPOSED MECHANISMS AND OUTCOMES OF

HEART FAILURE. Proposed etiologies for the devel-
opment of heart failure among patients taking BTK
inhibitors tend to focus on off-target kinase inhibition
and subsequent negative effects on the myocardium.
The PI3K-Akt pathway, previously discussed as a
possible contributory mechanism for the develop-
ment of BTK inhibitor-related AF, has known impor-
tance in the regulation of cardiac myocyte
homeostasis, particularly under times of stress. As a
major point in the antiapoptosis pathway of car-
diomyocytes, inhibition of PI3K-Akt by off-target ki-
nase inhibition can lead to myocardial cell disarray,
fibrosis, disruptions in calcium signaling, and death
leading to the development of heart failure.21,23,52,53
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Other pathways, inclusive of immunomodulation and
nitric oxide metabolism alterations, as well as
hypertension-mediated cardiac remodeling (with
diastolic dysfunction), have been hypothesized to
contribute to this cardiotoxic risk. However, the long-
term effects of heart failure development with BTK
inhibitors on survival outcomes are largely unclear.
HEART FAILURE IN PATIENTS ON NEXT-GENERATION

BTK INHIBITOR THERAPY. There are currently limited
long-term data on the risk of heart failure with newer
BTK inhibitor therapies. At this time, the largest evi-
dence exists for acalabrutinib. In a pooled analysis of
760 patients taking acalabrutinib, <1% of patients
developed any grade of (symptomatic) congestive
heart failure.13 Evidence regarding heart failure in
other next-generation agents, including reversible
BTK inhibitors, is extremely limited, because this
outcome was frequently not reported.
MANAGEMENT OF BTK INHIBITOR-ASSOCIATED

HEART FAILURE. We generally suggest that patients
with decompensated heart failure are not immediately
initiated on BTK inhibitor therapy when possible.
There are no data on the safety of a standardized cutoff
in baseline LVEF for BTK inhibitor initiation, because
most trials did not include patients with known base-
line heart failure. In those with a previous history of
heart failure, we recommend a next-generation agent
to minimize the risk of additional cardiotoxic effects
such as AF or uncontrolled hypertension, which are
often poorly tolerated in patients with considerable
heart failure and could lead to further decompensa-
tion. Alternative therapies should be considered, as
clinically indicated for malignancy control. It should
be noted that patients on Bcl-2 antagonist therapymay
require aggressive intravenous fluids for mitigation of
tumor lysis syndrome risk, a well-documented
complication of this therapy, which could provoke
heart failure exacerbation. For those with pre-existing
cardiomyopathy, discussion of the optimal regimen
may be best handled through close collaboration be-
tween oncology and cardiology (or by cardio-oncology
specialists, if available).

Before initiating therapy, we suggest a screening
echocardiogram for those patients 50 years of age or
older, baseline ECG for all patients, and consideration
of ambulatory heart rate monitoring to determine if
there are any baseline arrhythmias. In those under-
going therapy with BTK inhibitors, patients with prior
heart failure should be advised to strictly monitor
their weight and blood pressure more frequently.
Given the chronic nature of medication administra-
tion, it is worthwhile to consider interval systolic
function assessments with either repeat transthoracic
echocardiography or CMR (Figure 4). Medication
management of these patients should be in accor-
dance with currently published guidelines, consisting
of adequate management of hypertension, heart rate,
and fluid status.54

For those patients with new or worsened symp-
tomatic (high-grade) heart failure with depressed
LVEF while undergoing BTK inhibitor therapy, we
suggest discontinuation of BTK inhibitor and initia-
tion of guideline-directed medical therapy as soon as
possible. Prioritization should be given to prompt
control of blood pressure with RAAS antagonists as
well as control of volume status with diuretic agents
as indicated. Once safe to do so, the initiation of beta-
blockers should be prioritized. After stabilization,
discussion amongst an interdisciplinary team (he-
matology/oncology and cardio-oncology) can be
helpful to stratify the subsequent risk of continuing
BTK inhibitor therapy vs switching to an alternative
approach.

BTK INHIBITOR-ASSOCIATED BLEEDING. Bleeding-
related events are not uncommon with BTK inhibitor
therapy. Although most are low-grade events typi-
cally consisting of ecchymoses or petechiae, these
events have the potential to transform into life-
threatening hemorrhagic events that require hospi-
talization and intensive management.

INCIDENCE OF MAJOR BLEEDING. Major bleeding,
defined as needing transfusion or hospitalization,
was seen in nearly 10% of patients taking ibrutinib in
original phase III trials.39,40,55 Subsequent longer-
term pooled analyses have suggested ranges from
30% to 38% for any bleeding event, and high-grade
events observed in around 3% of patients.56,57 It
should be noted that in many of these trials, patients
receiving warfarin or other vitamin K antagonists
were typically excluded, thereby supporting some
degree of inherent bleeding risk attributed to BTK
inhibitor therapy rather than external agents.

RISK FACTORS FOR BTK INHIBITOR-ASSOCIATED

BLEEDING. Several studies have attempted to char-
acterize potential risk factors that may signify the
development of bleeding events while on BTK in-
hibitor therapy. One group identified the prolonga-
tion of collagen/epinephrine membrane closure time,
a marker of platelet function, as a potential risk factor
for the development of low-grade bleeding events.58

Additional risk factors identified for an increased
bleeding risk, include those with a prior history of
bleeding, increased age, and treatment with anti-
platelet or anticoagulant therapy.59-62

POSSIBLE MECHANISMS OF BTK INHIBITOR-RELATED

BLEEDING. Although not clearly defined, the pro-
posed mechanisms of BTK inhibitor-associated



FIGURE 4 Proposed Algorithm for Risk Stratifying and Managing Ibrutinib-Associated Arrhythmias

Among patients with suspected ibrutinib-associated cardiotoxicity, the presence of late gadolinium enhancement (LGE) or elevated native T1
is associated with a higher risk of future or recurrent cardiotoxic events. *Additional cardiac data on the safety of newer Bruton’s tyrosine

kinase (BTK) inhibitors is still needed. CMR ¼ cardiac magnetic resonance; ECG ¼ electrocardiogram.
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bleeding appear to result from a combination of both
on- and off-target kinase inhibition, particularly in
platelet activation and function. In human platelets,
BTK is a key regulator of downstream signaling
crucial for platelet activation, including signal trans-
duction within the prothrombotic glycogen VI
collagen activation pathway.63-65 BTK inhibitors
tested in vitro reduced platelet adhesion and granule
secretion in response to collagen-induced aggrega-
tion signals known to trigger platelet activa-
tion.58,65,66 Further, the off-target enzyme TEC
appears to be implicated in the pathogenesis of
platelet-mediated bleeding and may help explain why
less selective BTK inhibitor therapies, such as
ibrutinib, are associated with a somewhat greater
inherent bleeding risk when compared to more
selective BTK inhibitors.63

OUTCOMES. Currently, there is limited available evi-
dence on the long-term ramifications ofmajor bleeding
events treated with BTK inhibitors. Most bleeding
events are low-grade and self-resolving, which do
not typically confer an increased risk of mortality
amongst patients. Further, most patients remain
able to continue therapy through these episodes.

BLEEDING WITH NEXT-GENERATION BTK INHIBITORS.

Initial data on next-generation BTK inhibitor thera-
pies suggest no or modest decrease in bleeding risk
compared with ibrutinib. In the initial phase 3 trial of
acalabrutinib for patients with CLL, low-grade
bleeding was seen in 38% of patients, and high-
grade bleeding in 4.5% of patients.5 In this trial,
rates of high-grade bleeding were comparable to
those rates seen in ibrutinib. Further, in a single-
center retrospective analysis of 289 patients treated
with acalabrutinib, 83% experienced at least 1
bleeding event, with 3% of patients exhibiting a grade
3 or greater bleeding event.67 Based on these
data, acalabrutinib appears to still possess
significant bleeding risk. Although the majority of
bleeds appear minor and may be interpreted as clin-
ically nonrelevant.

With zanubrutinib, pooled safety analysis from
initial clinical trials indicated that bleeding or
bruising events were seen in 55% of patients treated
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with zanubrutinib. As seen with the other BTK in-
hibitors, most of these were minor; 4% of patients
reported major hemorrhagic events, with 1 bleeding-
related fatality noted.29 Ongoing postmarket anal-
ysis will be crucial to determine the ongoing bleeding
risk for this medication as it becomes more commonly
used.

MANAGEMENT OF BTK INHIBITOR-RELATED

BLEEDING. Although bleeding events are common
adverse effects noted with BTK inhibitor therapy, the
majority of these will not require treatment discon-
tinuation. Minor events, including bruising and pete-
chiae, do not suggest underlying hemorrhage, and
therapy may be sustained without dose adjustments
or discontinuation.68 Ibrutinib may be held in the case
of noticeable or major bleeding events, although
without hemodynamic consequence. Because
bleeding appears to be primarily mediated through a
platelet-inhibitory process, patients with major hem-
orrhage should be aggressively resuscitated with
platelet transfusion, regardless of platelet count.
Although not specifically studied in this population,
some clinicians may also elect for the administration
of tranexamic acid.69 BTK inhibitor therapy should be
held indefinitely in the event of such a bleed, and
discussion of ongoing usage should be a part of the
discussion with the primary oncology team. Because
the risk of major bleeding appears to increase with the
use of both antiplatelet agents and anticoagulants, it
may be worth considering alternative anticancer-
specific therapies in those with a very high risk of
serious bleeding and need for long-term antiplatelet
or anticoagulant therapy. In our experience, it is
reasonable in the perioperative period to hold BTK
inhibitor therapy for 3 days with minor procedures or
7 days with major procedures both before and after a
planned procedure, given the heightened bleeding
risk with BTK inhibitor therapy.62 Nevertheless, the
given risks and benefits of holding BTK inhibitor-
treatment for some (less urgent) procedures should
be discussed with the patient depending on their
disease control and clinical status.

BTK INHIBITOR-RELATED STROKE

With a known association of AF, it follows that BTK
inhibitors also may be associated with an increased
risk of stroke. Whereas traditional management of
AF focuses on minimizing the future risk of stroke,
BTK inhibitor-related AF typically poses a therapeutic
challenge given the unique patient population
taking these medications, as well as the inherent
bleeding risks that have been associated with BTK
inhibition.
INCIDENCE OF STROKE. In the original ibrutinib tri-
als for CLL, ischemic stroke was noted in one of over
500 patients treated with ibrutinib therapy.39,40,55 A
single-center retrospective analysis of more than 580
patients evaluated the incidence of stroke or tran-
sient ischemia attack in a population of patients
treated with ibrutinib. In this analysis, only 1 patient
among those who had developed AF while on
ibrutinib therapy had a stroke or transient ischemia
attack event.11 Of note, this patient was noted to have
a CHADS2 score of 1 and was on high-dose aspirin
therapy for stroke prophylaxis. Similarly, ischemic
stroke was found to be a rare complication in an even
larger cohort of patients on ibrutinib, with a 3-year
cumulative incidence of 1.6% in ibrutinib-treated in-
dividuals, which did not reach significance when
compared with population-matched control sub-
jects.52 However, in a recent SEER-Medicare study
(median age 77 years), ibrutinib was associated with a
1.9-fold increase in stroke risk among older patients
and was related to the presence of AF.70

RISK FACTORS, MECHANISMS, AND OUTCOMES OF

STROKE. The risk factors of stroke, beyond AF in
older patients, remain unclear. However, the additive
effect of AF and proinflammatory states seen in he-
matologic malignancies (and possibly upregulated
with BTK inhibition) may serve as a key nidus for the
occurrence of these events.48,71 As with arrhythmias,
more long-term mechanistic and outcome studies
are needed.

NEXT-GENERATION BTK INHIBITORS AND STROKE

RISK. Currently, stroke has not been identified as a
major adverse effect of the next-generation BTK in-
hibitors, including acalabrutinib or zanubrutinib. To
our knowledge, there has not been an established
signal for increased neurovascular complications
among early-phase trials for the reversible BTK in-
hibitor therapies.

MANAGEMENT/PREVENTIONOF BTK INHIBITOR-RELATED

STROKE. Prevention of stroke in patients undergoing
BTK inhibitor therapy primarily centers around those
patients who either have a history of AF or have
developed new AF while on a BTK inhibitor. Deter-
mination of a patient’s stroke risk is performed using
standardized risk-assessment tools including the
CHA2DS2-VASc calculator. For those patients with an
elevated risk of stroke using this tool, it is recom-
mended that anticoagulation be pursued barring any
contraindications such as coagulopathy or profound
thrombocytopenia.72 Further, optimization of addi-
tional stroke risk factors, including hypertension,
hyperlipidemia, and diabetes, should be aggres-
sively managed.



CENTRAL ILLUSTRATION Common Cardiovascular Effects of BTK Inhibitor Treatment in the Patient With
Hematologic Malignancy

Quartermaine C, et al. J Am Coll Cardiol CardioOnc. 2023;5(5):570–590.

*Symptom (eg, palpitations, shortness of breath, chest pain) triggered Holter monitoring strategy is suggested for patients treated with BTK inhibitor therapies.

ACEi ¼ angiotensin converting enzyme inhibitor; ARB ¼ angiotensin receptor blocker; ARNI ¼ angiotensin receptor neprilysin inhibitor; BP ¼ blood pressure;

BTK ¼ Bruton’s tyrosine kinase; DOAC ¼ direct oral anticoagulant; HF ¼ heart failure; SGLT2i ¼ sodium/glucose cotransporter-2 inhibitor.
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Anticoagulation remains the mainstay of stroke
prevention in patients with AF and should be
considered in patients with hematologic malignancies
treated with a BTK inhibitor. We suggest systemic
anticoagulation with a DOAC for those with elevated
CHA2DS2-VASc scores, in line with current general
population guidelines.73 We also note that additional
studies focused on the optimal CHA2DS2-VASc
thresholds in BTK inhibitor and cardio-oncology pa-
tients are needed. If oral anticoagulation is not



FIGURE 5 Proposed Algorithm for Routine Cardiac Monitoring for Patients Initiating BTK Inhibitor Therapy

We suggest a screening ECG as part of each office visit (or at least every quarter during the first year of treatment) when initiating any BTK

inhibitor therapy, and further assessment with longer-term Holter monitoring in those with symptoms (eg, palpitations). If arrhythmia is

detected on screening ECG, an echocardiogram and potential referral to cardiology (or cardio-oncology referral, if available) is suggested, with

potential modification of BTK inhibitor therapy. *ECG every 3-6 months after the first year of BTK inhibitor treatment; cardio-oncology

referral, if available, otherwise general cardiology. AF ¼ atrial fibrillation; CV ¼ cardiovascular disease; SVT ¼ supraventricular tachycardia;

VA ¼ ventricular arrhythmia; other abbreviations as in Figure 4.
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deemed appropriate or safe, low-molecular-weight
heparin products can be considered as a therapeutic
option. Although vitamin K antagonists do remain an
option for systemic anticoagulation, generally these
are not first-line agents if DOACs are a viable option,
given their requirements for frequent laboratory
monitoring and dose-adjustments.

ALTERNATIVE THERAPIES IN CLL BEYOND

BTK INHIBITORS

Perhaps the most common non-BTK therapy is ven-
etoclax, an oral inhibitor of B-cell lymphoma-2—
another crucial regulator of B cell homeostasis. It is a
commonly used therapy in CLL, often in combination
with anti-CD 20 monoclonal antibody.74,75 As
opposed to BTK inhibitors, which are taken daily for
many years until treatment resistance or side effects
develop, venetoclax is given for a fixed duration of
time (typically 2 years or less) with the intent of dis-
ease eradication rather than disease control. Given its
significant efficacy in inducing apoptosis within B-
cell populations, it currently has approved usage
within acute myeloid leukemias, as well as untreated
or relapsed CLL.76 Major known adverse effects
associated with venetoclax administration include
neutropenia, thrombocytopenia, and the possibility
of tumor lysis syndrome.77 Cardiotoxicity does not
appear to be as prevalent among those treated with
venetoclax. In a pooled analysis of 350 patients with
CLL treated with venetoclax monotherapy as part of
initial clinical trials, there were no reported adverse
cardiac events including arrhythmias, hypertension,
or heart failure.78 Although there are no comprehen-
sive cardiac-focused systematic studies, larger phase
III trials of CLL patients undergoing treatment with



TABLE 3 Summary of Key Symptoms, Testing, Risk Stratification, and Suggested

Management for BTK Inhibitor Associated Cardiotoxicities

Atrial fibrillation

Symptoms Palpitations, shortness of breath, chest pain

Testing Obtain 12-lead ECG, transthoracic echocardiogram; consider extended
Holter monitoring

Risk-stratification Atrial dilation, depressed LVEF, myocardial fibrosis on CMR,
CHA2DS2-VASc >1

Treatment Anticoagulation (consider if CHA2DS2-VASc >1), rate control with
beta-blockers, consider switching to alternative BTK inhibitor or
dose reduction

Hypertension

Symptoms Elevated blood pressure >130/80 mm Hg in a continued pattern

Testing In-office and ambulatory blood pressure monitoring, 12-lead ECG,
transthoracic echocardiogram

Risk-stratification Elevated blood pressure on 2 or more readings in office or at home
over 3 months, LVH on echocardiography or CMR, or LVH on ECG

Treatment Target blood pressure of <130/80 mm Hg giving priority to RAAS
agents, beta-blockers

Ventricular arrhythmias

Symptoms Palpitations, chest pain, syncope, signs of heart failure

Testing Obtain 12-lead ECG, transthoracic echocardiogram; consider extended
Holter monitoring. If VA noted or clinical suspicion is high, obtain
CMR

Risk-stratification Evidence of late-gadolinium enhancement or abnormal T1/T2 on CMR,
depressed LVEF on echocardiography or CMR

Treatment Consider holding BTK inhibitor (immediately if prolonged VT or cardiac
arrest); resume with caution or consider alternative therapy

Heart failure

Symptoms Dyspnea, exertional intolerance, edema, orthopnea

Testing Obtain 12-lead ECG, transthoracic echocardiogram, consider BNP
and CMR

Risk-stratification Reduced LVEF (<50%) on functional cardiac assessment

Treatment Consider holding BTK inhibitor. Initiate RAAS agents, beta-blockers,
SGLT2 inhibitors as able.

Periodic functional assessment every 6-12 mo with echocardiography
or CMR

Stroke

Recommendations Anticoagulation with DOAC for those patients with AF and elevated
CHA2DS2-VASc score (eg, >1) in whom bleeding risk is not
prohibitive (eg, no prior issues with bleeding)

Bleeding

Recommendations Majority of bleeding events are minor, and most patients can continue
therapy. However, if a patient has a history of major hemorrhage,
this may warrant further risk-benefit analysis if anticoagulation is
to be considered for patients with AF on BTK inhibitor

Note: Shared decision-making with patients should be considered where appropriate.

AF ¼ atrial fibrillation; BNP ¼ B-type natriuretic peptide; BTK ¼ Bruton’s tyrosine kinase; CMR ¼ cardiac
magnetic resonance imaging; DOAC ¼ direct oral anticoagulant; LVEF ¼ left ventricular ejection fraction;
LVH ¼ left ventricular hypertrophy; RAAS ¼ renin-angiotensin-aldosterone-system; SGLT2 ¼ sodium-glucose
cotransporter-2; VA ¼ ventricular arrhythmia; VT ¼ ventricular tachycardia.
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venetoclax have not demonstrated any signal toward
cardiotoxicity.79-82 With the available evidence, this
suggests that venetoclax may be a viable option for
some patients wherein high concern for limiting car-
diotoxicity persists.

Similarly, available preliminary evidence suggests
a lower burden of cardiotoxicity with previous (less
common) treatments, such as idelalisib. In multi-
center cancer trials, idelalisib was associated with a
lower risk of AF. In an FDA-reporting analysis in 2018,
there were 63 cases of AF and 24 cases of heart failure
reported with idelalisib use. Yet, as with BTK inhibi-
tor therapies, the investigators concluded more pro-
spective studies focused on cardiovascular disease
risk were needed.83

PRETREATMENT AND

ON-TREATMENT EVALUATIONS

Based on the aforementioned and emerging studies
and our multidisciplinary experience, we suggest a
systematic approach to cardiac consideration before
BTK inhibitor treatment initiation.9-19 This specif-
ically includes obtaining a clear cardiovascular his-
tory, including screening for any evidence of baseline
palpitations, dyspnea, exertional chest pain, edema,
unexplained syncope, or overt arrhythmias. If there is
a concern for arrhythmia or prior electrocardiographic
evidence of AF, next-generation BTK inhibitor ther-
apies can be considered. Similarly, blood pressure
and pulse should be recorded. We generally consider
baseline echocardiogram to assess for depressed
LVEF or significant atrial enlargement, particularly
among patients >50 years of age.14 Additionally,
several standard antiarrhythmic agents may produce
potential drug-drug interactions with BTK inhibitors,
including diltiazem, verapamil, and dronedarone
(Supplemental Table 1). For patients on these thera-
pies, consideration of alternative cardiac (or anti-
cancer) therapies should be given.

Following BTK inhibitor initiation, if there is no
evidence of arrhythmia, we suggest consideration for
quarterly ECGs (or at least biannually) in alignment
with common frequencies of oncologic visits during
the first year of BTK inhibitor treatment for CLL or
other hematologic malignancies. We also suggest
asking patients about cardiac symptoms during
these visits (eg, the same previously mentioned
items), to allow for assessment for potential cardiac
toxicities. During these assessments, a basic cardio-
vascular history and evaluation (eg, ECG and
blood pressure monitoring) should be considered
(Supplemental Table 2) based on expert opinion.
Given these aforementioned cardiac risks, shared,
multidisciplinary decision-making on the risks and
benefits of these potent anticancer therapies should
be weighed throughout the course of treatment.

DIAGNOSTIC ALGORITHM AND TREATMENT

FOR SUSPECTED CARDIOTOXICITY

We suggest a practical diagnostic algorithm,
including noninvasive and clinical examinations, that
could be routinely be applied in clinical care to

https://doi.org/10.1016/j.jaccao.2023.09.002
https://doi.org/10.1016/j.jaccao.2023.09.002


TABLE 4 Summary Take-Home Points and Selected Common

Issues That Remain to Be Addressed With BTK Inhibitor Therapies

Key take home points

BTK inhibitors dramatically improve survival outcomes in CLL and
other malignancy populations

BTK inhibitors are associated with a>4-fold increase in AF and other
arrhythmiasa when compared with patients not exposed to BTK
inhibitor therapy, with some unique cardiotoxic mechanisms

New or worsened hypertension is common with BTK inhibitor use
(ibrutinib, acalabrutinib, zanubrutinib)

Other cardiovascular events (eg, heart failure, ventricular
arrhythmias) are increased with BTK inhibitor use

Although less than ibrutinib, newer BTK inhibitors still appear to link
with increased cardiotoxic risk

Early hypertension and older age appear to disproportionately
increase the risk of AF and other cardiotoxic events with BTK
inhibitor therapy among CLL patients

Cardiovascular events (eg, AF, ventricular arrhythmias) influence
long-term cardiovascular and overall survival after BTK inhibitor
treatment

Caution should be used when interpreting clinical trial data for BTK
inhibitor cardiotoxic risk assessment, because many trials do not
systematically quantify or ascertain subclinical CVD events

Evidence gaps and future research directions

Specific predictive factors of long-term cardiotoxic risk with BTK
inhibitor therapies in CLL and other hematologic malignancy
populations

Mechanisms underlying increased cardiotoxic risk, beyond
selectivity (given emerging data suggesting residual cardiac risk
with selective BTK inhibitors)

Comparison of cardiac toxicities profiles of newer BTK inhibitors (eg,
acalabrutinib vs zanubrutinib)

True burden of arrhythmia(s) or hypertension using systematic ECG
or blood pressure monitoring with BTK inhibitor treatment

True incidence, predictive factors, and preventative strategies for
potentially fatal ventricular arrhythmias

Role of subclinical remodeling (eg, fibrosis) and early hypertension
in major cardiotoxic event susceptibility

Optimal strategy for preventing (and/or controlling) hypertension
and other cardiovascular events with BTK inhibitor therapy; and
for BTK inhibitor rechallenge

Personalized cardioprotection strategies/plan (eg, integrating
biologic, genetic, and imaging markers)

Note: Shared decision-making with patients should be considered where appro-
priate. aPatients who develop cardiotoxic events (ie, AF) higher risk of long-term
mortality with BTK inhibitor (ibrutinib, acalabrutinib) therapies.16,23

CLL ¼ chronic lymphocytic leukemia; CVD ¼ cardiovascular disease;
ECG ¼ electrocardiogram; other abbreviations as in Table 3.
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confirm and manage BTK inhibitor-associated car-
diotoxicity (Central Illustration). Among patients on
BTK inhibitor therapy or recent BTK inhibitor treat-
ment, cardiotoxicity must always be considered in
the setting of new cardiac signs or symptoms. Initial
evaluation includes obtaining a clinical history of
palpitations, shortness of breath, chest pain, edema,
and syncope. This is followed by a 12-lead ECG
assessment and transthoracic echocardiogram, and
extended (eg, 3-7 days) Holter monitoring in patients
without overt arrhythmia seen on standard 10-second
ECG. These are generally widely available in centers
where BTK inhibitors are being prescribed. Among
patients with symptomatic VAs, in whom sudden
death events are observed, or where further myocar-
dial characterization is needed, we suggest obtaining
a CMR. If the CMR or echocardiogram is abnormal or a
high burden of arrhythmia is seen on rhythm moni-
toring, dose reduction, temporary hold, or alternative
therapies should be considered (Figures 4 and 5).
Similarly, we suggest transthoracic echocardiogram
and ECG monitoring in patients with suspected heart
failure. Blood pressure should be assessed at each
routine office visit during the first year of BTK in-
hibitor treatment initiation. In patients with elevated
blood pressures on 2 or more visits (by home or
ambulatory assessment) after BTK inhibitor initia-
tion, we generally recommend early initiation of
antihypertensive therapy targeting a blood
pressure <130/80 mm Hg (and <140/90 mm Hg in
those >75 years of age or with diabetes). Generally,
beta-blockers or renin-aldosterone modulators may
be effective, with fewer drug-drug interactions
among patients treated with these anticancer agents.
Considerations for stroke prevention and bleeding are
also outlined in Table 3.

Finally, the risk-benefit ratio should be considered
for the continuation or resumption of BTK inhibitors
in patients with suspected or definite cardiotoxicity.
Although cardiovascular data are limited, it is
reasonable to consider a next-generation BTK
inhibitor in patients with ibrutinib-associated car-
diotoxicity. In 2 small trials, transition to a next-
generation drug, such as acalabrutinib, appeared to
be linked with lower (symptomatic) AF burden.84,85

Generally, the occurrence of extended ventricular
tachycardia or sudden cardiac death should trigger
consideration of immediate discontinuation. With
other cardiovascular adverse events, resuming BTK
inhibitor treatment should include multidisciplinary
discussion (oncology, cardiology, pharmacy) when
possible. However, additional cardiac-focused pro-
spective studies are needed to confirm these find-
ings and inform the optimal strategies for
rechallenge among patients with serious cardiotox-
icity. Key areas for future investigation are summa-
rized in Table 4.
CONCLUSIONS

BTK inhibitor therapies have revolutionized the
treatment of CLL and many hematologic malig-
nancies. Yet, even in the era of next-generation BTK
inhibitors, cardiotoxic events remain a potential
limitation to the effective application of these
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therapies. Understanding the effects of established
and emerging therapies will facilitate the targeted
control and prevention of these adverse events. A
multidisciplinary strategy, inclusive of cardio-
oncologic assessments (eg, ECG, imaging, clinical
assessment) and shared decision-making with pa-
tients and the cardiovascular and oncologic teams, is
needed for optimal application of BTK inhibitors and
other CLL therapies. Despite the gaps in current evi-
dence and risk assessment, emerging data may pro-
vide a basis for future investigations focused on
defining the true incidence and burden of cardiovas-
cular disease among CLL patients treated with
contemporary therapies. Together, these provide
compelling impetus for more rigorous investigations
of the predictive factors, mechanisms, and preventive
strategies to reduce cardiotoxic risk in a growing
population of patients taking BTK inhibitor therapies.
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