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Background: The impact of cancer therapies on cardiac disease in the general adult cancer survivor population is largely
unknown. Our objective was to evaluate which tyrosine kinase-targeting drugs are associated with greater risk for new-onset heart
failure (HF).

Methods: A nested case–control analysis was conducted within a cohort of 27 992 patients of Clalit Health Services, newly treated
with a tyrosine kinase-targeting, and/or chemotherapeutic drug, for a malignant disease, between 1 January 2005 and
31 December 2012. Each new case of HF was matched to up to 30 controls from the cohort on calendar year of cohort entry, age,
gender, and duration of follow-up. Main outcome measure was odds ratio (OR) with 95% confidence interval (CI) of new-onset HF.

Results: There were 936 incident cases of HF during 71 742 person-years of follow-up. Trastuzumab (OR 1.90, 95% CI 1.46–2.49),
cetuximab (OR 1.72, 1.10–2.69), panitumumab (OR 3.01, 1.02–8.85), and sunitinib (OR 3.39, 1.78–6.47) were associated with
increased HF risk. Comorbidity independently associated with higher risk in a multivariable conditional regression model was
diabetes mellitus, hypertension, chronic renal failure, ischaemic heart disease, valvular heart disease, arrhythmia, and smoking.

Conclusions: Trastuzumab, cetuximab, panitumumab, and sunitinib are associated with increased risk for new-onset HF.

Modern cancer treatment strategies have led to an improvement in
the chances of survival. However, long-term side effects have
emerged (Siegel et al, 2012). The incidence of cancer treatment-
induced cardiac injury varies widely, depending on the specific
cancer therapy used, duration of therapy, and underlying patient
comorbidity. The impact of cancer therapies on cardiac disease in
the general adult cancer survivor population is largely unknown.

Conventional chemotherapeutics can induce permanent myo-
cardial cell injury, leading to acute or chronic left ventricular
dysfunction (Yeh and Bickford, 2009). Tyrosine kinase-targeting
drugs, gaining central role in the treatment of haematological
malignancies and solid tumours are, in general, less toxic than
conventional chemotherapy and are usually well tolerated, but
might cause severe adverse effects including heart failure (HF)
(Krause and Van Etten, 2005; Eschenhagen et al 2011; Moslehi,

2016). Frequency of HF and the tyrosine kinase-targeting drugs
that are associated with greater risk are not well described. As this
adverse effect was unexpected, first clinical trials did not include
cardiac end points and later trials excluded patients with cardiac
diseases or risk factors. Except for data on trastuzumab, data on
cardiotoxicity of the rest of the tyrosine kinase-targeting drugs are
sparse and there is not much originating from real-world use,
where patients treated with tyrosine kinase-targeting drugs
frequently are old and suffer multiple diseases (Moslehi, 2016).
There are two types of tyrosine kinase-targeting drugs: small
molecules that inhibit the activity of the intracellular kinases; and
humanised monoclonal antibodies directed against receptor
tyrosine kinases or their ligands (Supplementary Table 1).
There is a need to identify which are the tyrosine kinase-targeting
drugs that are associated with greater risk for HF, and what the
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contributing factors are for developing the adverse effect, to allow a
better decision process when there is a choice between different
drugs (Moslehi, 2016). Tyrosine kinase targeting drug-associated
cardiomyopathy is thought to have a different biological mechan-
ism than chemotherapy-associated cardiomyopathy, and to be
many times reversible (Ewer and Lippman, 2005a; Jones et al,
2009). It is, thus, important to identify patients who belong to
higher-risk groups, for a closer follow-up and early diagnosis of the
adverse effect.

We were able to evaluate and compare among 13 tyrosine
kinase-targeting drugs that were in use during 8 years in one health
system, controlling for comorbidity and co-medications, and for
chemotherapy use.

MATERIALS AND METHODS

We conducted a cohort study with a nested case–control analysis
using Clalit Health Services (CHS) database. Clalit Health
Services is the largest health services provider in Israel providing
medical care to 4.2 million, which is more than half of the
Israeli population. All clinical and administrative data of CHS are
centrally computerised since 1998 to produce electronic medical
records that include all patients’ diagnoses from primary-care
physician and specialty clinics in the community (coded using the
International Statistical Classification of Diseases, Ninth Revision
(ICD-9)), anthropometric and lifestyle variables such as body mass
index (BMI), and smoking, full hospitalisation records, radiology,
laboratory, and pharmacy data of filled prescriptions. This database
has been formerly described and is valid and reliable (Matok et al,
2009; Gronich et al, 2011). A chronic disease registry is compiled
from these data sources. Diagnoses are captured in the registry by
diagnosis-specific algorithms, using both code reading (e.g. ICD-9
and International Classification of Primary Care) and text reading.
A record is kept of the sources and dates used to establish the
diagnosis, with the earliest recorded date being considered the
starting date.

We selected all patients newly diagnosed with any type of
malignancy, excluding non-melanoma skin cancer (ICD-9 codes:
140–172 and 174–208), between 1 January 2005 and 31 December
2012, and no past diagnosis of a malignant disease. We used drug-
dispensing data from CHS pharmacies to select, within these
patients, all patients who have begun treatment with a tyrosine
kinase-targeting drug, anti-CD20 (rituximab), and/or a chemother-
apeutic drug between 1 January 2005 and 31 December 2012.
These patients formed the study cohort. The date of entry to the
cohort was the date of first prescription of a chemotherapeutic,
anti-CD20, or a tyrosine kinase targeting drug. We excluded
patients who did not have at least 6 months of medical history in
CHS before entry to the cohort. We also excluded patients with a
history of dialysis due to end-stage renal disease and patients with
history of HF or cardiomyopathy at cohort entry. We followed the
patients until 31 December 2012, or until a new diagnosis of HF or
cardiomyopathy, death, or end of registration in CHS, whichever
came first.

Selection of cases and controls. A nested case–control analysis
(Richardson, 2004; Schneeweiss and Suissa, 2012; Filion et al, 2016)
was conducted within the cohort. We chose the nested case–
control approach because of time-varying nature of drug used, and
the long duration of follow-up. Compared with a full cohort
approach using a survival analysis with time-dependent variables,
a nested case–control analysis is computationally more efficient,
while providing an unbiased estimate of the rate ratio in the cohort.
Cases were defined by an emergence of a diagnosis of HF or
cardiomyopathy during follow-up (ICD-9 codes: 398.91; 402.01;
402.11; 402.91; 404.01; 404.03; 404.11; 404.13; 404.91; 404.93;

416.9; 425; 425.0; 425.2; 425.3; 425.4; 425.5; 425.7; 425.8; 425.9;
428; 428.0; 428.1; 428.2; 428.20; 428.22; 428.23; 428.30; 428.31;
428.32; 428.33; 428.40; 428.42; 428.43; 428.9; and 514). The
first date of diagnosis of HF from hospitalisation/primary-care
physician/specialty clinic in the community defined the index date.
Because HF following antineoplastic treatment can be an acute or
late effect we considered a new case diagnosed since the first day of
follow-up with no latency time window.

For each case, up to 30 controls were randomly selected from
the cohort using risk set sampling with replacement by SAS version
9.3 (SAS Institute Inc., Cary, NC, USA), matched by calendar year
of cohort entry, age ±2 years, gender, and duration of follow-up.
Controls had to be at risk of the event on the case’s index date.
Thus, index dates of the controls were the dates corresponding to
the same follow-up days as their matched cases such that follow-up
days were equal.

Use of tyrosine kinase-targeting drugs and potential confoun-
ders. We obtained information on all tyrosine kinase-targeting
drugs, anti-CD20, and chemotherapeutic antineoplastic treatment
dispensed to each patient in the cohort from cohort entry to index
date. At least one dispensed dose defined exposure.

Potential confounders data acquired: BMI, weight, height, and
smoking status last recorded before the index date, alcohol abuse,
and drug abuse; history of chronic diseases, known to be
associated with HF, diagnosed before cohort entry to avoid
adjusting for factors affected by exposure: diabetes mellitus,
hypertension, hyperlipidaemia, ischaemic heart disease, periph-
eral vascular disease, carotid artery disease, atrial fibrillation,
other arrhythmias, valvular heart disease, chronic renal failure,
and cirrhosis; medications known to be potentially associated
with HF (Maxwell and Jenkins, 2011), dispensed in the last year
before the index date; other antineoplastic and immunomodulat-
ing agents dispensed in the last year before the index date; and
radiotherapy (all fields) during follow-up until index date.
Antiarrhythmic drugs used were assessed before cohort entry
because these drugs, in addition to being a potential cause for HF,
can also be on the causal path between exposure and HF (when
prescribed for an arrhythmia caused by exposure to chemother-
apy or to a tyrosine kinase-targeting drug). We also obtained
number of days of hospital admissions before cohort entry as a
measure of severity of chronic diseases. Drugs and potential
confounders with total frequencies of o0.1% were not included
in the analyses.

Statistical analysis. We calculated the incidence rate by dividing
the total number of cases by the total number of person-years of
follow-up in the cohort, with 95% confidence intervals (CIs) based
on Poisson distribution. To account for the nested case–control
sampling, we used multivariate conditional logistic regression to
estimate odds ratio (OR) and corresponding 95% CIs for the
association between each tyrosine kinase-targeting/anti-CD20
drug and the risk of incident HF. This model included a binary
indicator variable for each tyrosine kinase-targeting/anti-CD20
drug. Odds ratios were adjusted for comorbidity and drugs
potentially associated with HF, with categorical terms (yes vs no)
for each of the following variables: diabetes mellitus; hypertension;
hyperlipidaemia; ischaemic heart disease; peripheral vascular
disease; carotid artery disease; atrial fibrillation; other arrhythmias;
valvular heart disease; chronic renal failure; cirrhosis; obesity;
smoking; alcohol abuse; drug abuse; treatment with class I or III
antiarrhythmics, thiazolidinediones, systemic corticosteroids, non-
steroidal anti-inflammatory drugs, systemic antimycotics imidazole
and triazole derivatives, tumour necrosis factor alpha inhibitors,
everolimus (low dose), temsirolimus, clozapine, colony-stimulating
factors, gonadotropin-releasing hormone analogues, radiotherapy,
and the chemotherapy groups including nitrogen mustard
analogues, other alkylating agents, folic acid analogues, purine
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analogues, pyrimidine analogues, vinca alkaloids and analogues,
etoposide, taxanes, anthracyclines and related substances (doxor-
ubicin, daunorubicine, epirubicin, idarubicin, and mitoxantrone),
bleomycin, mitomycin, platinum compounds, procarbazine, other
chemotherapeutics (estramustine, tretinoin, mitotane, pegaspar-
gase, arsenic trioxide, anagrelide, and visemodegib), everolimus
(high dose), hydroxycarbamide, bortezomib, topotecan, and
irinotecan; and a continuous variable for hospital admission
duration.

Next, we divided tyrosine kinase-targeting drugs to two groups:
monoclonal antibodies group and the small molecules group, and

included these two groups in the multivariable logistic regression
analysis to allow evaluation of the type of molecule to HF
mechanism, adjusted to all variables described above.

We also grouped the drugs into four groups defined by their
main targeted molecule: EGFR-targeted therapies, including ErbB1
and ErbB2 (cetuximab, panitumumab, gefitinib, erlotinib, trastu-
zumab, and lapatinib); VEGFR-targeted drugs (bevacizumab,
sorafenib, sunitinib, and pazopanib); BCR-ABL-targeted drugs
(imatinib, nilotinib, and dasatinib); and the anti-CD20 drug
(rituximab), to assess a probable role of the targeted molecule
inhibition in myocardial damage, and performed a multivariable

Table 1. Clinical characteristics and systemic chemotherapy treatment of cases with heart failure and matched controls in a
cohort of patients with malignant diseases

Characteristics
Cases, No. (%)

(n¼930)
Controls, No. (%)

(n¼25382)
Total, No. (%)
(n¼26312)

Mean (s.d.) age (years)a 69.35 (11.40) 68.74 (10.57) 68.77 (10.61)

Mean (s.d.) duration of follow-up (days)a 620.99 (614.48) 571.11 (567.67) 572.87(569.45)

Comorbidities
Diabetes mellitus 355 (38.17) 6770 (26.67) 7125 (27.08)
Hypertension 667 (71.72) 14 712 (57.96) 15 379 (58.45)
Peripheral vascular disease 84 (9.03) 1649 (6.50) 1733 (6.59)
Hyperlipidaemia 162 (17.42) 5542 (21.83) 5704 (21.68)
Chronic renal failure 111 (11.94) 1773 (6.99) 1884 (7.16)
Cirrhosis 2 (0.22) 40 (0.16) 42 (0.16)
Ischaemic heart disease 361 (38.82) 6027 (23.75) 6388 (24.28)
Valvular heart disease 117 (12.58) 1802 (7.10) 1919 (7.29)
Atrial fibrillation 142 (15.27) 1904 (7.50) 2046 (7.78)
Other arrhythmia 61 (6.56) 938 (3.70) 999 (3.80)
Alcohol abuse 11 (1.18) 232 (0.91) 243 (0.92)
Drug abuse 4 (0.43) 65 (0.26) 69 (0.26)
Smoker (former/current) 405 (43.55) 9306 (36.66) 9711 (36.91)
Obesity (BMI430) 292 (31.40) 6812 (26.84) 7104 (27.0)

Medications
Antiarrhythmics, class I and III 14 (1.5) 184 (0.7) 198 (0.75)
Thiazolidinediones 9 (0.97) 123 (0.48) 132 (0.50)
Corticosteroids, systemic 471 (50.64) 10 192 (40.15) 10 663 (40.53)
Non-steroidal anti-inflammatory drugs 369 (39.68) 9400 (37.03) 9769 (37.13)
Systemic antimycotics imidazole and triazole derivatives 47 (5.05) 815 (3.21) 862 (3.28)
Tumour necrosis factor alpha inhibitors 3 (0.32) 19 (0.07) 22 (0.08)
Everolimus (low dose) 1 (0.11) 17 (0.07) 18 (0.07)
Temsirolimus 1 (0.11) 4 (0.02) 5 (0.02)
Clozapine 0 10 (0.04) 10 (0.04)
Colony-stimulating factors 185 (19.89) 4043 (15.93) 4228 (16.07)
Gonadotropin-releasing hormone analogues 23 (2.47) 511 (2.01) 534 (2.03)
Hormone antagonists 87 (9.35) 2870 (11.31) 2957 (11.24)

Radiotherapy (all fields) 192 (20.65) 5574 (21.96) 5766 (21.91)

Chemotherapy
Nitrogen mustard analogues 142 (15.27) 2451 (9.66) 2593 (9.85)
Other alkylating agents 11 (1.18) 376 (1.48) 387 (1.47)
Folic acid analogues 46 (4.95) 642 (2.53) 688 (2.61)
Purine analogues 26 (2.80) 441 (1.74) 467 (1.77)
Pyrimidine analogues 264 (28.39) 7862 (30.97) 8126 (30.88)
Vinca alkaloids and analogues 75 (8.06) 1538 (6.06) 1613 (6.13)
Etoposide 10 (1.08) 165 (0.65) 175 (0.67)
Taxanes 225 (24.19) 5919 (23.32) 6144 (23.35)
Trabectedin 0 11 (0.04) 1 (0.04)
Anthracyclines and related substances (doxorubicin, daunorubicine, epirubicin,
idarubicin, and mitoxantrone)

67 (7.20) 1550 (6.11) 1617 (6.15)

Bleomycin, mitomycin 9 (0.97) 194 (0.76) 203 (0.77)
Platinum compounds 79 (8.49) 4014 (15.81) 4093 (15.56)
Procarbazine 4 (0.43) 120 (0.47) 124 (0.47)
Other chemotherapeutics (estramustine, tretinoin, mitotane, pegaspargase, arsenic
trioxide, anagrelide, and visemodegib)

6 (0.65) 110 (0.43) 116 (0.44)

Everolimus (high dose) 3 (0.32) 26 (0.10) 29 (0.11)
Hydroxycarbamide 40 (4.30) 905 (3.57) 945 (3.59)
Bortezomib 50 (5.38) 851 (3.35) 901 (3.42)
Topotecan, irinotecan 44 (4.73) 1495 (5.89) 1539 (5.85)

Abbreviation: BMI¼body mass index.
aMatching variables (along with gender and calendar year of cohort entry).
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logistic regression analysis adjusted for all potential confounders
described above.

As a sensitivity analysis we stratified the cohort by cancer type
and fitted a single model to the entire data set adjusting for all
potential confounders described above. We also performed a
separate multivariable logistic regression model for each cancer
type with 100 cases or more and their matched controls, adjusting
for all potential confounders described above, with frequencies of
more than 1%.

In another sensitivity analysis we considered only patients who
did not receive any chemotherapy drug thought to cause
cardiomyopathy, and patients who did receive at least one
chemotherapy drug known to cause cardiomyopathy by stratified
multivariable logistic regression analysis.

We also performed a sensitivity analysis by multivariable logistic
regression analysis with stratification to patients with and without
major risk factors or pre-existing heart disease when they were
diagnosed with their cancer.

All P-values were two-tailed and Po0.05 was considered
significant. Analyses were done with SPSS version 21 (IBM
Corporation, Armonk, New York, NY, USA).

RESULTS

A total of 120 440 CHS patients were newly diagnosed with any
type of malignancy, between 1 January 2005 and 31 December
2012. In all, 30 902 out of 120 440 met the inclusion criteria

of receiving a tyrosine kinase-targeting drug and/or systemic
chemotherapeutic antineoplastic treatment. In all, 221 patients
who did not have at least 6 months of medical history in
CHS before cohort entry date were excluded. A total of
1282 patients requiring dialysis due to ESRD were excluded, as
well as 1407 patients that carried a diagnosis of HF or
cardiomyopathy before cohort entry. The study cohort included
27 992 patients.

Within the cohort, we identified 936 cases that were newly
diagnosed with HF during 71 742 person-years of follow-up,
yielding an overall rate of 13 cases of HF per 1000 person-years
(95% CI 12.22–13.91). A total of 930 cases were successfully
matched to 25 382 controls by calendar year of cohort entry, age
±2 years, gender, and duration of follow-up. For six cases controls
could not be matched and thus were not included in further
analyses. Eighty-seven per cent of cases were matched to 30
controls; for 94.5% of cases at least 20 controls were matched; at
least 10 controls were matched to 99% of cases.

Characteristics of cases and matched controls and their
chemotherapeutic drug use are described in Table 1. Diagnoses
of malignant diseases of cases and matched controls are listed in
Supplementary Table 2. Number of cases and matched control
patients, mean age, and main malignant disease diagnosed
for each tyrosine kinase-targeting drug users’ group are listed in
Supplementary Table 3.

In a multivariable analysis of specific associations with each
tyrosine kinase-targeting drug, adjusting for comorbidity and drugs
potentially associated with HF, trastuzumab (OR 1.90), cetuximab

1.24 (0.98– 1.57)
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Figure 1. Forest plot showing the risk of developing new-onset heart failure associated with tyrosine kinase-targeting and anti-CD20 drugs.
Nested case–control study (N¼26312) matched by age, gender, duration of follow-up, and calendar year of cohort entry, within a cohort of
patients newly diagnosed with malignant diseases and treated systemically. Multivariable model adjusted for diabetes mellitus, hypertension,
hyperlipidaemia, ischaemic heart disease, peripheral vascular disease, carotid artery disease, atrial fibrillation, other arrhythmias, valvular heart
disease, chronic renal failure, cirrhosis, obesity, smoking, alcohol abuse, drug abuse, class I and III antiarrhythmics, thiazolidinediones, systemic
corticosteroids, non-steroidal anti-inflammatory drugs, systemic antimycotics imidazole and triazole derivatives, tumour necrosis factor alpha
inhibitors, everolimus, temsirolimus, clozapine, colony-stimulating factors, gonadotropin-releasing hormone analogues, radiotherapy, the
chemotherapy groups including: nitrogen mustard analogues, other alkylating agents, folic acid analogues, purine analogues, pyrimidine
analogues, vinca alkaloids and analogues, etoposide, taxanes, anthracyclines and related substances, bleomycin, mitomycin, platinum
compounds, procarbazine, other chemotherapeutics (estramustine, tretinoin, mitotane, pegaspargase, arsenic trioxide, anagrelide, and
visemodegib), hydroxycarbamide, bortezomib, topotecan, and irinotecan, and hospital admission duration.
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(OR 1.72), panitumumab (OR 3.01), and sunitinib (OR 3.39) were
associated with a statistically significant increased risk of new-onset
HF (Supplementary Table 4; Figure 1). Median time was 520, 242,
168, and 291 days, respectively, from beginning of trastuzumab,
cetuximab, panitumumab, and sunitinib treatment, respectively,
until HF was diagnosed. A sensitivity analysis in which drugs and
potential confounders with frequency of o0.1% in the entire
cohort were included in the model did not change the main results.

In an analysis by the targeted molecule, EGFR inhibition was
associated with increased HF risk. VEGFR inhibition, BCR-ABL-
targeted inhibition, and the anti-CD20 mechanisms were not
associated with increased HF risk (Figure 1). In an analysis of the
type of molecule, monoclonal antibodies as a group were associated
with increased HF risk (OR 1.33, 95% CI 1.12–1.57); small
molecules group risk did not reach statistical significance (OR 1.28,
95% CI 0.96–1.71).

In a sensitivity analysis, stratifying by cancer types in a
multivariable conditional regression model, magnitude of asso-
ciated effects of trastuzumab, cetuximab, and sunitinib maintained
with ORs 2.27 (1.67–3.08), 1.69 (0.92–3.11), and 3.80 (1.55–9.29),
respectively. The magnitude of effect associated with panitumumab
decreased with OR 1.93 (0.51–7.27). In a sensitivity analysis
applying a multivariable conditional regression model of breast
cancer patients only (N¼ 2318) trastuzumab was associated with
increased HF risk (OR 1.86, 1.30–2.66); cetuximab was associated
with increased risk in a multivariable conditional regression model
of colon cancer patients only (N¼ 1162; OR 2.59, 1.09–6.12).

In a sensitivity analysis using conditional multivariable logistic
regression stratifying to patients who were exposed to chemothera-
pies known to be associated with HF (nitrogen mustard analogues,
pyrimidine analogues, anthracyclines and related substances,
etoposide, taxanes, mitomycin, and bleomycin), and patients not
exposed to at least one of these chemotherapies, magnitude
of effects of association between new-onset HF, and trastuzumab
and cetuximab increased: ORs 6.37 (1.41–28.74) and 12.96
(1.26–133.20) respectively, in patients not receiving chemothera-
pies with known risk, and 2.05 (1.52–2.77), 2.54 (1.29–4.99), and
3.91 (1.11–13.81) for trastuzumab, cetuximab, and panitumumab,
respectively, in patients receiving chemotherapy with known risk.
Sunitinib association could not be evaluated in this analysis
because of the paucity of sunitinib-treated patients in the
chemotherapy-exposed groups.

In a sensitivity analysis, using stratified conditional multi-
variable logistic regression trastuzumab OR 3.61 (1.88–6.93) and
rituximab OR 3.57 (1.30–9.76) were associated with increased risk
for new-onset HF in patients without risk factors for HF or pre-
existing heart disease. In patients carrying at least one risk factor
for HF or pre-existing heart disease while entering the study
(including diabetes mellitus, hypertension, smoking, ischaemic
heart disease, valvular heart disease, and arrhythmia), tratzuzumab,
cetuximab, panitumumab, and sunitinb were associated with
increased HF risk, ORs of 1.83 (1.34–2.50), 1.90 (1.21–2.98), 3.89
(1.33–11.33), and 3.35 (1.76–6.35), respectively.

DISCUSSION

Our large population-based study was designed to assess the
association between tyrosine kinase-targeting drugs and HF in
real-world setting. In this cohort study of patients that were treated
systemically for malignant diseases we have found that trastuzu-
mab, cetuximab, panitumumab, and sunitinib were associated with
new-onset HF.

Of the drugs evaluated here, the cardiotoxicity of the
monoclonal antibody HER-2 (EGFR2 or ErbB2) inhibitor
trastuzumab has been the most well characterised with RR of

3.19 (95% CI, 2.03–5.02) and an increased risk with concomitant
or sequential chemotherapy treatment (Seidman et al, 2002; Perez
et al, 2008). Clinical risk factors described were older age, coronary
artery disease, and hypertension (Ewer et al, 2005b; Chavez-
MacGregor et al, 2013). Conditional mutant mice carrying a
cardiac-restricted deletion of ErbB2 (HER-2) developed cardiac
chamber dilation, wall thickening, and decreased contractility
(Crone et al, 2002; Ozcelik et al, 2002). Patients who have been
developing cardiotoxicity while receiving trastuzumab generally
improved on removal of the agent (Goldhar et al, 2015). Lapatinib
seemed to be associated with lower risk but none of the trials
has directly compared trastuzumab and lapatinib (Johnston et al,
2009; Blackwell et al, 2010). The monoclonal antibody EGFR
(ErbB1) inhibitor cetuximab had been reported to rarely cause
HF (Vermorken et al, 2008), and panitumumab had not been
previously associated with HF (Douillard et al, 2014), but in a
recent meta-analysis of EGFR (ErbB1) inhibitors in upper
gastrointestinal tract cancers anti-EGFR treatment was associated
with higher rates of cardiac events (Li et al, 2015). Chronic
erlotinib treatment has been shown recently to induce mild-to-
moderate cardiac dysfunction in rats (Mak et al, 2015). In our large
population analysis with up to 8 years of follow-up trastuzumab,
cetuximab, and panitumumab, all inhibitors of EGFR signalling,
increased HF risk. EGFR signalling is required for growth, repair,
and survival of cardiomyocytes. EGFR signalling is thought, thus,
to be essential for the prevention of dilated cardiomyopathy. The
mechanism of cardiotoxicity is thought to be different from that of
chemotherapy-related cardiotoxicity, in part, demonstrated by the
absence of cardiac ultrastructural changes (Ewer et al, 2005b).

In our analysis VEGFR inhibition, as a group, was not
associated with increased HF risk. Individually, the small molecule,
sunitinib, was associated with a reduction in LVEF, as has been
shown in other studies (Chu et al, 2007; Ewer et al, 2014).
Nevertheless, it was not exhibited in a randomised trial that
compared sunitinib to interferon alfa (Motzer et al, 2007). Similar
to our results, sorafenib had not been associated with HF (Escudier
et al, 2009). Bevacizumab, a monoclonal antibody that binds
VEGF, had not been associated with clinically significant increased
HF risk as has been shown also in our analysis, but a decreased
LVEF had been demonstrated previously in co-treatment with
chemotherapy (McArthur et al, 2011). VEGF induces angiogenesis,
by causing endothelial cells proliferation. Bevacizumab, sunitinib,
and sorafenib, thus, have direct effects on the vasculature. They
result in hypertension by causing endothelial cell dysfunction.
Sunitinib is unique by also destroying pericytes, which wrap
around blood vessels and are essential for blood vessel formation
and maintenance. Sunitinib might also cause HF by an off-target
effect through direct cardiomyocyte mitochondrial damage,
inhibition of the compensatory upregulation of AMPK, and
cytochrome-C-induced apoptosis (Hasinoff et al, 2008; Kerkelä
et al, 2009; Chintalgattu et al, 2013).

The small-molecule BCR-ABL inhibitors imatinib and niloti-
ninb had not been associated previously with increased HF
risk (O’Brien et al, 2003; Kim et al, 2012; Larson et al, 2012),
although Kerkelä et al (2006) presented a thorough investigation
into the myocardial pathological changes in patients with HF who
were treated with imatinib. A modest increased risk had been
proposed with dasatinib (Brave et al, 2008), but did not reach
statistical significance in our study. Similar to our data, rituximab,
an anti-CD20 monoclonal antibody, has not been associated with
significant HF risk.

The use of certain chemotherapeutics is known to be associated
with cumulative dose-dependent cardiomyopathy, carrying
increased mortality risk (Clark et al, 2016). In the British
Childhood Cancer Survivor Study of late mortality after childhood
cancer within a cohort of 34 489 five-year survivors, circulatory
causes accounted for the largest number of deaths due to non-
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neoplastic causes. Survivors were 3.8 times as at risk of death due
to circulatory causes than expected from the general population
(Fidler et al, 2016). Except for the well-described anthracycline-
associated HF, acute HF had been associated with the nitrogen
mustard analogues cyclophosphamide (in 7–28% of patients) and
ifosfamide (in 17% of patients; Gottdiener et al, 1981; Goldberg
et al, 1986; Braverman et al, 1991; Quezado et al, 1993). The
incidence of HF associated with the taxane, docetaxel, ranges from
2.3 to 8% (Martin et al, 2005; Marty et al, 2005), and a growing
number of case reports recognise cardiomyopathy associated with
5-FU treatment also (Stewart et al, 2010; Radhakrishnan and
Bakhshi, 2011). Anthracyclines, alkylating agents, antimetabolites,
and the taxanes, in addition to targeted therapies, have been
identified by the American Heart Association in a recently
published list of medications that might cause or exacerbate HF
(Page et al, 2016). Our multivariable analysis present similar results
of independent risk associated with various chemotherapeutics. In
our analysis, anthracyclines were not associated with an increased
cardiotoxicity effect. Awareness of physicians to anthracycline
cardiotoxicity might have led to careful selection of patients to be
treated with this class of drugs, and to the restriction of cumulative
doses. To explore this, we have looked at differences between
patients who were treated, and those not treated with anthracy-
clines and found fewer comorbidities in the anthracycline-treated
group, as well as a higher rate of obesity (thus larger body surface
area; Supplementary Table 5). Also, median anthracycline
cumulative dose used in our cohort was 400mg (mean 424.9mg)
and interquartile range (25–75%) of 220–500mg, while the limit
above which cardiotoxicity is known to increase is 400mgm� 2 for
doxorubicin and 900mgm� 2 for epirubicin (the two mostly used
anthracyclines in our patients). In addition, the early-onset
anthracycline cardimyopathy (during therapy or within the first
year after treatment) occurs in 1.6–2.1% of patients, while late-
occurring chronic progressive cardiotoxicity might not become
evident until 10–20 years after the first dose of cancer treatment
(Yeh and Bickford, 2009), and thus would not been captured in our
study.

Our study has some limitations. We were not able to assess
cardiac function imaging results. Our characterisation of HF was
based on ICD-9 codes. However, this was probably an under-
estimation of cardiac dysfunction. In the N9831 adjuvant breast
cancer trial, for example, incidence of asymptomatic left ven-
tricular ejection fraction was 8–10% (Perez et al, 2008). It has also
been shown in studies of HF coding in similar data sets that a
registered diagnosis of HF carries a very high specificity and lower
sensitivity (Khand et al, 2005; Lee et al, 2005; Kümler et al, 2008).
Second, it was beyond the scope of our study to assess more than
1000 different combinations of tyrosine kinase-targeting drugs
with specific chemotherapeutics. Third, due to small number of
users of the newer tyrosine kinase-targeting drugs and shorter
follow-up time, our study could not evaluate these drugs with the
same confidence. As shown in Supplementary Table 3 total
number of users of panitumumab, dasatinib, lapatinib, nilotinib,
and pazopanib were 57, 27, 28, 56, and 37, respectively. Thus,
random error could have occurred in the analysis of these drugs
individually due to small sample sizes. Specifically, our finding on
the excess risk associated with panitumumab should be interpreted
with caution. Fourth, we could not acquire data on the effect of
specific radiation fields on HF. Finally, patients receiving drugs
known to be associated with HF, such as trastuzumab, might have
been under more intensive surveillance, and thus clinicians’
overestimation of HF might have occurred with specific drugs.

Our study has a number of strengths. With 27 992 patients and
71 742 person-years of observation, we had the statistical power to
robustly assess this important drug safety issue. By studying real-
world data we were able to evaluate association with side effects
that might have become apparent only in the older and sicker

population that was generally excluded from clinical trials. Our
ability to assess all tyrosine kinase-targeting drugs that were in use
during the study period concomitantly was strength of our report.
We used rigorous matching and statistical adjustment to minimise
residual confounding. In addition, by matching the controls to
cases by calendar year, we reduced a bias associated with
heightened awareness of physicians to tyrosine kinase-targeting
drug-related adverse effects in later years.

CONCLUSIONS

In this large population-based cohort study we are showing that
out of 13 tyrosine kinase-targeting drugs, trastuzumab, cetuximab,
panitumumab, and sunitinib are associated with increased risk to
develop HF. The survival benefit that tyrosine kinase-targeting
drugs have provided is clear. However, when there is a choice
between different tyrosine kinase-targeting drugs with different
risks, or when other risk factors for HF are present and the benefit
with treatment is less clear, then clinical considerations should take
into account the risk associated with treatment. A closer follow-up
on trastuzumab-, cetuximab-, panitumumab-, and sunitinib-
treated patients for early diagnosis of cardiomyopathy might be
suggested, especially for patients who carry other clinical risk
factors. Further research should evaluate HF risk associated with
dasatinib, lapatinib, nilotinib, and pazopanib, as well as newly
appearing tyrosine kinase-targeting drugs.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Blackwell KL, Burstein HJ, Storniolo AM, Rugo H, Sledge G, Koehler M,
Ellis C, Casey M, Vukelja S, Bischoff J, Baselga J, O’Shaughnessy J (2010)
Randomized study of Lapatinib alone or in combination with trastuzumab
in women with ErbB2-positive, trastuzumab-refractory metastatic breast
cancer. J Clin Oncol 28: 1124–1130.

Brave M, Goodman V, Kaminskas E, Farrell A, Timmer W, Pope S,
Harapanhalli R, Saber H, Morse D, Bullock J, Men A, Noory C,
Ramchandani R, Kenna L, Booth B, Gobburu J, Jiang X, Sridhara R,
Justice R, Pazdur R (2008) Sprycel for chronic myeloid leukemia and
Philadelphia chromosome-positive acute lymphoblastic leukemia resistant
to or intolerant of imatinib mesylate. Clin Cancer Res 14: 352–359.

Braverman AC, Antin JH, Plappert MT, Cook EF, Lee RT (1991)
Cyclophosphamide cardiotoxicity in bone marrow transplantation: a
prospective evaluation of new dosing regimens. J Clin Oncol 9: 1215–1223.

Chavez-MacGregor M, Zhang N, Buchholz TA, Zhang Y, Niu J, Elting L,
Smith BD, Hortobagyi GN, Giordano SH (2013) Trastuzumab-related
cardiotoxicity among older patients with breast cancer. J Clin Oncol 31:
4222–4228.

Chintalgattu V, Rees ML, Culver JC, Goel A, Jiffar T, Zhang J, Dunner Jr K,
Pati S, Bankson JA, Pasqualini R, Arap W, Bryan NS, Taegtmeyer H,
Langley RR, Yao H, Kupferman ME, Entman ML, Dickinson ME,
Khakoo AY (2013) Coronary microvascular pericytes are the cellular
target of sunitinib malate-induced cardiotoxicity. Sci Transl Med 5:
187ra69.

Chu TF, Rupnick MA, Kerkela R, Dallabrida SM, Zurakowski D, Nguyen L,
Woulfe K, Pravda E, Cassiola F, Desai J, George S, Morgan JA, Harris DM,
Ismail NS, Chen JH, Schoen FJ, Van den Abbeele AD, Demetri GD,
Force T, Chen MH (2007) Cardiotoxicity associated with tyrosine kinase
inhibitor sunitinib. Lancet 370: 2011–2019.

Clark RA, Berry NM, Chowdhury MH, McCarthy AL, Ullah S, Versace VL,
Atherton JJ, Koczwara B, Roder D (2016) Heart failure following cancer
treatment characteristics, survival and mortality of a linked health data
analysis. Intern Med J 46: 1297–1306.

Tyrosine kinase-targeting drugs heart failure BRITISH JOURNAL OF CANCER

www.bjcancer.com |DOI:10.1038/bjc.2017.88 1371

http://www.bjcancer.com


Crone SA, Zhao YY, Fan L, Gu Y, Minamisawa S, Liu Y, Peterson KL, Chen J,
Kahn R, Condorelli G, Ross Jr J, Chien KR, Lee KF (2002) ErbB2 is
essential in the prevention of dilated cardiomyopathy. Nat Med 8:
459–465.

Douillard JY, Siena S, Cassidy J, Tabernero J, Burkes R, Barugel M, Humblet Y,
Bodoky G, Cunningham D, Jassem J, Rivera F, Kocákova I, Ruff P,
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