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ABSTRACT

Background Vascular endothelial growth factor
inhibitors (VEGFIs) are effective anticancer agents, but
are associated with cancer therapy-related cardiac
dysfunction (CTRCD) and hypertension. The timing,
frequency and magnitude of these toxicities are poorly
defined. The objective of this study is therefore to
investigate the incidence, time course and mechanisms
of VEGFl-associated CTRCD and hypertension.
Methods Patients commencing VEGFI underwent blood
pressure (BP) monitoring, echocardiography and cardiac
biomarker measurement at baseline and prospectively
over 24 weeks. Serial adenosine stress perfusion
cardiovascular MRI (CMR) was performed in a substudy.
CTRCD was defined as left ventricular ejection fraction
(LVEF) decline by =10 percentage points from baseline to
a value <50%.

Results 78 patients participated (68% men; age 63+11
years). 15 patients (19%) developed CTRCD, and it was
evident at 4 weeks in 93% of cases. Overall, LVEF was
4.2% (95% Cl: —6.2% to —2.3%, p<0.001) lower than
baseline at 4 weeks. At 4 weeks, N-terminal pro-brain
natriuretic peptide, but not troponin, was higher in
patients with CTRCD. 62 (77%) patients developed
hypertension. Home systolic and diastolic BP increased
by 7.2mm Hg (4.7-9.8, p<0.001) and 4.8 mm Hg
(3.1-6.5, p<0.001), respectively, at 1week. There was
no association between change in LVEF and BP.
CMR-derived LVEF, T1 relaxation times and resting
myocardial blood flow (n=46) were 5.2% (—7.3%

to —3.1%, p<0.001), 27 ms (40 to —14, p<0.001)
and 14.7 mL/100mL/min (-=24.2 to —5.1, p=0.004),
respectively, lower at 4 weeks.

Conclusion VEGFI-associated CTRCD is frequent and
occurs early. This finding has implications for prioritising
early cardiac imaging follow-up after commencing
treatment. Underlying mechanisms include myocardial
and microvascular effects that are at least partly
independent of hypertension.

INTRODUCTION

Vascular endothelial growth factor inhibitors
(VEGFIs) are used to treat a wide range of cancers.
They exploit the dependency of tumours on their

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Vascular endothelial growth factor inhibitors
are effective anticancer agents, but they are
associated with a range of cardiovascular
toxicities, including hypertension and left
ventricular dysfunction.

WHAT THIS STUDY ADDS

= This prospective study defines the timing and
incidence of vascular endothelial growth factor
inhibitors (VEGFIs)-associated hypertension and
cardiac dysfunction.

= This study is the first to examine changes in
left ventricular function with VEGFIs by cardiac
MRI and provides insights into the underlying
mechanisms, particularly the potential role of
microvascular dysfunction.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides data to assist in the
development of monitoring strategies as well
as therapeutic strategies for prevention and
management of VEGFl-associated cardiac
dysfunction.

blood supply by inhibiting angiogenesis, the process
of new blood vessel formation. However, these
oncological benefits are accompanied by unwanted
cardiovascular toxicities including hypertension,
left ventricular systolic dysfunction (LVSD) and
heart failure (HF). The true incidence, timing and
consequences of these adverse effects are not well-
described. Clinical trial assessment and reporting
of the cardiovascular effects of these agents are
heterogeneous, and trial participants may not be
representative of the wider population of patients
ultimately treated with them.! Retrospective anal-
ysis and registry data’ provide some understanding,
but prospective studies examining the cardiovas-
cular effects of these drugs have been limited.
Other than our own previous small pilot study,’
no prospective study has used serial cardiac MRI,
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Figure 1  Study schedule. BP, blood pressure; CMR, cardiac MRI.

which has the potential to gain more accurate insight into the
mechanisms of the cardiac effects of VEGFI.

In this prospective study, our objectives were to investigate the
incidence, time course, risk factors and mechanisms of VEGFI
cancer therapy-related cardiac dysfunction (CTRCD) and hyper-
tension. In addition to detailed blood pressure (BP) assessment,
the incidence and characteristics of VEGFI-associated CTRCD
were investigated using cardiac biomarkers and multimodality
imaging techniques including echocardiography and stress
perfusion cardiac MRI (CMR).

METHODS
This was a prospective observational study of patients with
cancer attending a regional cancer network (West of Scotland
Cancer Network). Patients with renal cell cancer (RCC), hepa-
tocellular carcinoma (HCC), sarcoma and thyroid cancer being
considered for VEGFI therapy, alone or in combination with
immune checkpoint inhibitors, were screened for participation.
Patients were recruited between April 2019 and April 2021.
Baseline assessments were made before starting VEGFI therapy
and repeated at 4, 12 and 24 weeks (£2 weeks) after starting
treatment. In the CMR substudy, MRI scans were performed
at baseline, 4 and 24 weeks (=2 weeks) (figure 1). Decisions
around VEGFI dose initiation, modification, interruption or
discontinuation as well as the initiation of antihypertensive or
other cardiovascular medications were at the discretion of the
clinical oncology team.

Echocardiography

Transthoracic echocardiography was performed using a Siemens
Acuson SC2000 scanner (Siemens Healthcare, Erlangen,
Germany) and acquired and reported according to a stan-
dardised British Society of Echocardiography guideline-based
protocol.” Left ventricular ejection fraction (LVEF) was assessed
by Simpson’s biplane method and by global longitudinal strain
(GLS) using two-dimensional speckle tracking via the vector
velocity imaging method. Interobserver and intraobserver vari-
ability were measured by comparing measurements of a random
sample of 10% of scans.

BP monitoring

BP monitoring was conducted via ‘clinic’ and home BP measure-
ments (Omron M2, Omron Healthcare, the Netherlands). Home
measurements were taken once a day, and a rolling 7-day average
BP measurements was calculated.

Stress perfusion CMR

Adenosine stress perfusion CMR scans were performed on a
3.0 Tesla MRI scanner (MAGNETOM Prisma, Siemens Health-
care, Germany) using a standardised stress perfusion protocol

(online supplemental figure 1). Hyperaemia was confirmed by
a haemodynamic response defined as systolic blood pressure
(SBP) decrease>10 mm Hg and heart rate increase>10 beats per
minute and/or the onset of typical symptoms (dyspnoea, chest
tightness, flushing).

CMR analysis was performed with commercially available soft-
ware (cvi42, V.5.9.4, Circle Cardiovascular Imaging, Canada).
MRI data were analysed blinded to patient identifiable data as
well as the date and time of the scans. Quantitative analysis of
first-pass perfusion was analysed with open-source software PMI
V.0.4 (Platform for Research Imaging, Leeds, UK).

Biomarker analysis

High sensitivity troponin T (hs-TnT) and N-terminal pro-brain
natriuretic peptide (NT-proBNP) were analysed using Elecsys
Troponin T hs and Elecsys proBNP Il assays (both F. Hoffmann-La
Roche, Switzerland), on a Cobas €411 analyser. hs-TnT>99th
centile for the assay (>14 pg/mL) and NT-proBNP>125 pg/mL
were considered abnormal, in keeping with European Society of
Cardiology (ESC) Cardio-Oncology guidelines.’

Definitions for VEGFI-induced cardiovascular toxicities
VEGFI-induced hypertension was defined as a rolling 7-day
average home BP of =135/=85mm Hg, where at least 3 days
of measurements were recorded in a 7-day period, in line with
international guidelines and/or the initiation or escalation of
existing antihypertensive therapy.®™ In patients whose BP was
above this threshold at baseline, VEGFI-induced hypertension
was defined as an increase in SBP or diastolic blood pressure
(DBP) of =20mm Hg from baseline’ ° and/or the initiation or
escalation of antihypertensive therapy.

CTRCD was defined as per International Cardio-Oncology
Society definitions and ESC guidelines. Asymptomatic ‘moderate’
CTRCD was defined as a reduction in LVEF of 210%to a value
<50%and =40%or a reduction in LVEF of <10%to a value
<50% and =40% in conjunction with a >15% reduction in GLS
and/or a rise in cardiac biomarkers (hs-TnT or NT-proBNP).
Asymptomatic ‘severe’ CTRCD was defined as a drop in LVEF
to <40%.° '° As the clinical significance of ‘mild’ asymptomatic
CTRCD is uncertain, this was not included in the principal defi-
nition of VEGFI-induced CTRCD.

The Heart Failure Association-International Cardio-Oncology
Society (HFA-ICOS) risk assessment tool was used to determine
baseline risk of VEGFI-induced CTRCD.” "'

Statistical analysis

Categorical variables are expressed as number and percentage.
Continuous variables with normal distribution are expressed
as mean+SD, while those without normal distribution are
expressed as median=IQR. Differences between independent
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Table 1 Baseline characteristics in patients with and without VEGFI-
induced CTRCD
All patients ~ CTRCD No CTRCD
n=78 n=15 n=63 P value
Age, years; mean+SD 63+11 64+11 62+12 0.58
Sex, n (%) 25 (32) 8 (53) 17 (27) 0.049
Female
BMI, kg/m?% median (IQR) 27 (25-31) 28 (24-30) 27 (25-31) 0.83
Cancer primary site, n (%) 0.64
Renal cell 56 (72 10 (67) 46 (73)
Hepatocellular 13(17) 2 (13) 11(18)
Sarcoma 5(6) 2 (13) 3(5)
Thyroid 4(5) 1(7) 3(5)
Metastases, n (%) 67 (86) 13 (87) 54 (86) 0.92
Previous cancer treatment, n (%)
Surgery 49 (63) 10 (67) 39 (62) 0.73
Radiotherapy 13(17) 3(20) 10 (16) 0.7
Chemotherapy 12 (15) 4(27) 8(13) 0.18
HR, beats per minute; 77£15 7612 78+16 0.74
mean+SD
Home SBP, mm Hg; 128+14 125+13 129+14 0.4
mean+SD
Home DBP, mm Hg; 78+10 7149 79+10 0.013
mean+SD
LVEF, %; mean=SD 63+8 59+7 64+8 0.015
LVIDd, mm; mean+SD 46+5 46+5 46+5 0.94
hs-TnT, pg/mL; median 9.7 (6.1-15.4) 8.8(6.5-19.7) 9.8(6.0-15.3) 0.58
(IQR)
NT-proBNP, pg/mL; median 132 (57-289) 375 (76-984) 106 (57-222)  0.037
(IQR)
HFA-ICOS risk assessment, n (%) 0.089
Low 19 (24) 1(7) 18 (29)
Medium 24 (31) 3 (20) 21 (33)
High 17 (22) 5(33) 12 (19)
Very high 18 (23) 6 (40) 12 (19)
Medical history, n (%)
Heart failure 1(1) 0(0) 1) 0.62
Hypertension 32 (41) 4(27) 28 (44) 0.21
Coronary artery disease 11 (14) 5(33) 6(10) 0.017
Myocardial infarction 9 (12) 3(20) 6 (10) 0.25
PCl or CABG 709 2(13) 5(8) 0.51
Diabetes 10 (13) 2(13) 8(13) 0.95
Atrial fibrillation 4 (5) 1(7) 3(5) 0.76
Stroke 5 (6) 1(7) 4(6) 0.96
Dyslipidaemia 9(12) 3(20) 6(10) 0.25
Medications, n (%)
VEGFI 0.44
Axitinib 37 (47) 6 (40) 31 (49)
Lenvatinib 14 (18) 2 (13) 12 (19)
Pazopanib 13(17) 3 (20) 10 (16)
Sunitinib 6(8) 2(13) 4 (6)
Sorafenib 3(4) 0(0) 3(5)
Tivozinib 3(4) 1(7) 2(3)
Cabozantinib 1(1) 0(0) 1(2)
Bevacizumab 1(1) 1(7) 0(0)
VEGFI group 0.86
VEGFI monotherapy 40 (51) 8 (53) 32 (51)
Combined VEGFI 38 (49) 7 (47) 31 (49)
immunotherapy
Beta-blocker 16 (21) 5(33) 11(18) 0.17
ACEi/ARB 19 (24) 2(13) 17 (27) 0.27
Dihydropyridine CCB 18 (23) 4(27) 14 (22) 0.71
Continued

Table 1  Continued

All patients ~ CTRCD No CTRCD

n=78 n=15 n=63 P value
Nitrate 1(1) 0(0) 1(2) 0.62
Loop diuretic 5 (6) 1(7) 4 (6) 0.96
Thiazide diuretic 4 (5) 1(7) 3(5) 0.76
MRA 1(1) 0(0) 1(2) 0.62

ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CABG,
coronary artery bypass grafting; CCB, calcium channel blocker; CTRCD, cancer therapy-
related cardiac dysfunction; DBP, diastolic blood pressure; HFA-ICOS, Heart Failure
Association—International Cardio-Oncology Society; HR, heart failure; hs-TnT, high sensitivity
troponin T; LVEF, left ventricular ejection fraction; LVIDd, diastolic left ventricular internal
diameter; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-brain
natriuretic peptide; PCl, percutaneous coronary intervention; SBP, systolic blood pressure;
VEGFI, vascular endothelial growth factor inhibitor.

groups were assessed using t-tests, Mann-Whitney tests,
Wilcoxon signed-rank test or Fisher’s tests where appropriate.
Repeated measures mixed-effect models were used to examine
the change in outcomes over time according to CTRCD and
VEGFI-induced hypertension status. Results are presented as the
least square mean with 95% CI at each timepoint. Models were
adjusted for baseline LVEF, visit, CTRCD status and interaction
of CTRCD status and visit with a random intercept and slope per
patient with an unstructured covariance structure. Linear regres-
sion models adjusted for baseline LVEF were used to examine
associations between individual baseline factors or biomarkers
and changes in LVEF. Limited pre-existing data on the incidence
of VEGF-associated CTRCD meant that a formal power calcu-
lation was not appropriate. A p-value<0.05 was taken to indi-
cate a statistically significant effect. All analyses were performed
using Stata V.16.0 or higher (Stata Corp, College Station, Texas,
USA).

Patient and public involvement

The study was developed in consultation with patients with
cancer and clinicians. The study was presented to the West of
Scotland Cancer Centre Clinical Trials Executive Committee,
which includes patient representatives, and feedback was acted
upon prior to final approval.

RESULTS

Study patients

78 patients underwent follow-up assessments (online supple-
mental figure 2). The mean age was 62.7%+11.3 years. The
majority of patients were men (68%) and cardiovascular comor-
bidities were prevalent at baseline, including 41% with a history
of hypertension. Mean baseline home SBP was 128+14mm
Hg and home DBP was 78 +10 mm Hg, while mean LVEF was
63.1%=7.7%. 45% would be considered ‘high’ or ‘very high’
risk according to the HFA-ICOS baseline cardiotoxicity risk
calculator, and 49% were treated with VEGFI combined with
immunotherapy (table 1).

55 patients (71%) completed the full protocol-specified
follow-up of 24 weeks (online supplemental figure 2). 49 of
these patients (89%) were still receiving VEGFI therapy at 24
weeks.

LV function by echocardiography

By 4 weeks, LVEF was 4.2% (95% CI: —6.2% to —2.3%,
p<0.001) lower than baseline. At 12 weeks, LVEF remained
lower than baseline (figure 2A). LV GLS was impaired in compar-
ison to baseline at each timepoint (online supplemental table 1
and figure 2B).
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Figure 2 LVEF (A), global longitudinal strain (B) and maximal change in left ventricular ejection fraction (C) in all patients treated with VEGFI

therapy. LVEF, left ventricular ejection fraction.

Incidence and clinical course of CTRCD

15 patients (19%) developed at least moderate CTRCD. 11
met criteria based on a reduction in LVEF of =10%to a value
<50% from baseline. Two patients met criteria for ‘severe’
CTRCD with a drop in LVEF to <40%. Five patients developed
symptomatic HF. Of the patients who met criteria for at least
moderate CTRCD, 93% did so at 4 weeks when compared with
baseline. In those patients, LVEF was 11.3% (95% CI: —15.9%
to —6.6%), p<0.001 lower at 4 weeks in comparison to base-
line. The greatest change in LVEF in each patient treated with
VEGFTI is displayed in figure 2C.

After meeting the criteria for CTRCD, LVEF subsequently
improved by =10percentage points in eight patients (53%),
five of whom had recovery of LVEF to baseline values. The
management of VEGFi-associated CTRCD was heterogeneous
and frequently directed by oncologic and comorbidity consid-
erations, but the majority received treatment with neurohor-
monal antagonists. Seven patients had a temporary interruption
of VEGFI treatment with subsequent resumption of VEGFI at a
lower dose, while three patients had VEGFI discontinued alto-
gether. Patients with CTRCD were more likely to be women and
have a history of coronary artery disease with lower baseline
DBP and LVEF (table 1).

Blood pressure

Home SBP and DBP were 7.2mm Hg (95%CI: 4.7 to 9.8,
p<0.001) and 4.8mm Hg (95%CI: 3.1 to 6.5, p<0.001),
respectively, higher at 1week after starting VEGFI, and these
changes persisted at 4 weeks but SBP and DBP were not
different to baseline thereafter (online supplemental table 1 and
figure 3A,B). 62 patients (79%) met criteria for VEGFI-induced
hypertension during follow-up. The management of VEGFI-
induced hypertension was directed by the oncology team using a
non-dihydropyridine calcium channel blocker, an ACE inhibitor
or a combination of these.

In contrast to home BP measurement, clinic SBP measure-
ments did not change significantly following the initiation of
VEGFI therapy when compared with baseline. Although clinic
DBP was 3.3mm Hg (95%CI: 1.1 to 5.6, p=0.004) higher at
4 weeks compared with baseline, this was not maintained at 12
and 24 weeks.

CTRCD and hypertension

Of the 15 patients who met criteria for CTRCD, 10 (67%) also
met criteria for VEGFI-induced hypertension. Home BP was not
different in those with CTRCD in comparison to those without
(figure 3C,D). There was also no difference in LVEF or LV GLS
changes over time in those who developed hypertension and
those who did not (online supplemental figure 3).

Cardiac biomarkers

Overall, NT-proBNP was 318 pg/mL (95%CI: 51 to 584,
p=0.02) higher at 4 weeks than it was at baseline. At 4 weeks,
NT-proBNP was 1318 pg/mL (95% CI: 629 to 2007, p<0.001)
higher in those who met criteria for CTRCD than baseline, but
this was not maintained at 12 and 24 weeks (figure 4A). There
were no changes in NT-proBNP in those who did not meet
criteria for CTRCD (online supplemental table 1). There was no
significant change in hs-TnT at any timepoint with no difference
between those with and without CTRCD (figure 4B).

Cancer and treatment groups

There were no differences in any BR imaging or biomarker
measures between patients with RCC and those with other
cancers (HCC, thyroid and sarcoma) (online supplemental figure
4), nor between patients treated with VEGFI monotherapy and
those treated with combined VEGFI and immunotherapy (online
supplemental figure 5).

CMR substudy
46 patients (59% of the total cohort) underwent serial stress
perfusion CMR. Baseline demographics for this group were
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Figure 3 Home systolic and diastolic blood pressure in all patients treated with vascular endothelial growth factor inhibitors (VEGFI) therapy (A,B)
and in those with and without VEGFI-induced cancer therapy-related cardiac dysfunction (C,D).

similar to those of the overall study population (online supple-
mental table 2). Overall, there was a reduction of 5.2% (95%
Cl: =7.3% to —3.1%, p<0.001) in CMR LVEF at 4 weeks

A
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Figure 4 N-terminal pro-brain natriuretic peptide (NT-proBNP) (A)
and high-sensitivity troponin T (hs-TnT) (B) in those with and without
vascular endothelial growth factor inhibitor-induced cancer therapy-
related cardiac dysfunction.

from baseline with VEGFI therapy, which persisted at 24 weeks
(figure SA).

Myocardial tissue characteristics

Native T1 relaxation times were 27 ms (95% CI: —40 to —14,
p<0.001) lower at 4 weeks than baseline (figure 5B). T1 times
in patients with CTRCD fell by 32 ms (95%CI: —58 to —6,
p=0.017) at 4 weeks and 40 ms (95% CI: =70 to —9, p=0.013)
at 24 weeks compared with baseline (online supplemental figure
6B) while there were no changes in those without CTRCD
(online supplemental table 1).

Myocardial perfusion

Resting myocardial blood flow (MBF) was 14.7 mL/100 mL/
min (95% CI: —24.2 to —5.1, p=0.004) lower at 4 weeks when
compared with baseline (figure 5C). In patients with CTRCD,
the reduction in resting MBF remained lower than baseline over
24 weeks (online supplemental figure 6C). In those without
CTRCD, resting MBF was lower at 4 weeks, but there was no
evidence of a difference at 24 weeks compared with baseline.
There were no changes in stress MBF at 4 or 24 weeks compared
with baseline (figure 5D and online supplemental figure 6D).

DISCUSSION

This prospective study was designed to investigate the cardiovas-
cular effects of VEGFI in routine oncology treatment for a variety
of cancer types. The use of multimodality imaging techniques
including stress perfusion CMR provide novel insights into the
incidence and myocardial effects of VEGFL In this clinically
relevant cohort, there was a high incidence of VEGFI-induced
hypertension, but our findings suggest that VEGFI-associated
CTRCD may not be explained by hypertension alone. The vast
majority of cases of CTRCD were first evident at 4 weeks and
appeared to be at least partially reversible. NT-proBNP was

Dobbin SIH, et al. Heart 2025;0:1-8. doi:10.1136/heartjnl-2024-325535
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Figure 5 Left ventricular ejection fraction (A), T1 relaxation times (B) and resting (C) and adenosine stress (D) myocardial perfusion with vascular
endothelial growth factor inhibitor therapy as measured by cardiovascular MRI. MBF, myocardial blood flow.

higher in patients with CTRCD and may be a useful biomarker
of baseline and incident risk for VEGFI-induced CTRCD.

At least moderate VEGFI-induced CTRCD occurred in 19%
of patients. This is higher than has previously been reported and
may reflect the comprehensive imaging follow-up protocol, our
use of robust CTRCD definitions and the prospective assess-
ment of ‘real world’ patients with baseline comorbidity, with a
range of primary cancer sites treated with a variety of VEGFI
drugs. CTRCD resulting from VEGFI therapy may have been
under-reported in clinical trials." The incidence of asymptom-
atic LVSD with VEGFI therapy has been reported to be as low
as 2.49% in a meta-analysis of 10647 patients in clinical trials.
However, of the 21 trials included, only 5 had baseline and
protocol-mandated follow-up cardiac imaging.'> Additionally,
in a previous echocardiography-based study of 90 patients with
metastatic RCC treated with the VEGFI sunitinib, the incidence
of CTRCD was 9.7%.> "

Importantly, almost all patients who developed CTRCD did
so by 4 weeks and following interventions with neurohormonal
antagonists and/or VEGFI dose modification, there was improve-
ment in LV function in approximately half of those affected.
Given the frequency, timing and potential reversibility of VEGFI-
associated CTRCD, these findings suggest that after pre-VEGFI
assessments, priority should be given to early assessment of left
ventricular function (ca. 4 weeks) after starting VEGFI. This
strategy could allow for optimal detection of VEGFI-associated
CTRCD and, importantly, may offer the opportunity to make
meaningful interventions to improve LV function before poten-
tially irreversible effects. This could simultaneously increase the
chance of longer-term optimal cancer therapy delivery unim-
peded by CTRCD, as well as reducing the risk of consequent HF.

Our findings suggest that if LV function remains stable 4 weeks
after starting VEGFI treatment, routine cardiac imaging may be
of less value thereafter. This is relevant to future iterations of
oncology and cardio-oncology guidelines.

A deterioration in LV GLS is frequently used as a marker of
early detection of CTRCD in patients receiving a wide variety
of anticancer drugs.'* " To the best of our knowledge, GLS has
not previously been assessed prospectively in patients receiving
VEGFI. While moderate or severe CTRCD and a decline in
GLS occurred within 4 weeks of starting VEGFI therapy, it is
unclear if deterioration of LV GLS may occur even earlier or if it
could be predictive of CTRCD. However, given that GLS can be
affected substantially by cardiac loading conditions, it may have
lower utility in the assessment of patients treated with VEGFI
given the high incidence of VEGFI-associated hypertension.

Other than our own small pilot study,’ this is the first to
use comprehensive serial CMR to assess longitudinal changes
in cardiac function as well as myocardial tissue characteristics
and perfusion. VEGFI treatment was associated with lower
myocardial T1 relaxation times and myocardial perfusion, and
these changes were more pronounced in patients with CTRCD.
Typically, myocardial fibrosis and LV dysfunction are associated
with prolonged T1 relaxation times,'® '’ but preclinical studies
suggest that VEGFI therapy is associated with mitochondrial
dysfunction rather than apoptosis.'®™?° In mice treated with
sunitinib, cardiomyocytes exhibited mitochondrial swelling with
degenerative changes including whorls and loss of cristae.'®
Similarly, endomyocardial biopsies from patients with VEGFI-
induced CTRCD have been reported to show mitochondrial
dysfunction and not apoptosis or fibrosis with improvement
in mitochondrial and cardiac function with HF therapies.'® %
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T1 relaxation times reflect intracapillary plasma volume as well
as extracellular matrix water content,”’ and we hypothesise
that the rapid reduction in T1 times observed here may repre-
sent a reduction in intracapillary volume. This is supported by
our other observation that resting MBF is reduced following
VEGFI exposure. Rarefaction, the loss of capillaries, has been
observed in nail-fold capillaries of VEGFI-treated patients.” **
Our study provides the first evidence to suggest that a similar
process may occur within the coronary microvasculature and
contribute to the development of VEGFI-associated CTRCD.
While our study did not make a direct assessment of this, it is
possible that VEGFI-induced effects on the sympathetic nervous
system could contribute both to changes seen in measures of
MBF and systemic BP effects. There were no changes observed
in adenosine-induced stress MBF when compared with baseline,
which suggests that vasodilatation may reverse the microvascular
changes associated with VEGFI therapy and that, at least for
the duration of follow-up, this is a functional (vasoconstrictor)
response rather than complete capillary loss. This may have
potential therapeutic implications for the treatment and preven-
tion of VEGFI-induced CTRCD.

There was a high incidence of VEGFI-associated hyperten-
sion, with 83% of patients meeting criteria during follow-up.
While VEGFI-associated hypertension has been reported in up
to 80% of patients previously,”* the majority of prior studies
have reported an incidence of 30-60%.% ** We demonstrated
an early rise in BP at 1week which has important implications
for BP surveillance, including the use of HBPM in all patients
starting VEGFI treatment.”’

It has previously been proposed that VEGFI-induced CTRCD
may be a direct consequence of the rise in BP and increased
cardiac afterload.” * However, we did not demonstrate any
correlation between SBP and changes in LVEF in this study
(online supplemental figure 3). Therefore, although the devel-
opment of de novo or worsening hypertension may contribute
to the development of CTRCD, these findings suggest that major
pathophysiological mechanisms of VEGFI-induced CTRCD
include effects that are independent of BP and afterload.

There are some limitations to this study. Not all patients
underwent both imaging modalities, which may limit the gener-
alisability of the findings. However, given the comprehensive
use of echocardiography in clinical practice, we focused on this
aspect of imaging. Additionally, the substantial use of CMR in
this study provides the gold standard of LV functional assess-
ment, as well as further mechanistic insights. Eligibility criteria
were intentionally broad to allow representation of ‘real world’
patients receiving VEGFI, but this does introduce some base-
line heterogeneity and limits subgroup assessment. Due to the
nature of this population of patients with potentially advanced
malignancy, there are some missing data and follow-up, although
this reflects the ‘real world” and was lower than has previously
been reported.’® This missing data may be open to bias. While a
sensitivity analysis could allow this to be investigated, it would
require a much larger sample size to be an effective approach.
We appreciate that although our prospective assessments were
comprehensive, some are limited by this sample size. Addition-
ally, the study follow-up precludes any conclusions on long-term
effects of VEGFI and further study is required to examine the
longer-term cardiovascular impact of these agents.

CONCLUSIONS
In this detailed prospective study of patients treated with a range
of VEGFI, we have demonstrated that VEGFI-induced CTRCD

is very common. When it occurs, this is generally early during
treatment and not clearly attributable to coexisting prohyper-
tensive effects. VEGFI-induced changes in myocardial perfusion
may represent a pathophysiological mechanism and potential
therapeutic target for prevention and treatment of VEGFI-
induced CTRCD. Our findings support the use of home BP
monitoring and the adoption and prioritisation of very early
cardiac imaging follow-up for patients treated with these drugs.

X Kenneth Mangion @kenneth_mangion

Acknowledgements We thank all the staff members who assisted with this study,
the oncologists, nurses, research fellows, radiographers and sonographers for their
efforts and assistance with data collection and successful completion of the study.

Contributors SJHD and NNL designed the study. SJHD drafted the manuscript
and is responsible for the overall content as guarantor, and thereby accepts full
responsibility for the finished work and the conduct of the study. SJHD performed all
statistical analyses with assistance from JDM, and NNL helped draft and revise the
manuscript. All authors provided substantial contributions to data interpretation and
critical revisions and approved the final manuscript.

Funding This study was funded by a project grant from the British Heart
Foundation (PG/19/64/34434). CB, MCP, NNL and RMT were also supported by a
BHF Centre of Research Excellence Award (RE/18/634217).

Competing interests CB is employed by the University of Glasgow which

holds consultancy and research agreements for his work with Abbott Vascular,
AstraZeneca, Boehringer Ingelheim, Coroventis, HeartFlow, Menarini, MSD, Novartis,
Servier, Siemens Healthcare, TherOx and Valo Health. GR reports speaker honoraria
from GE Healthcare and Bracco S.p.A. and a non-remunerated consultancy for
Canon Medical. JE has received funding from AstraZeneca, Basilea, Bayer, Celgene,
Exscientia; Exelixis; MiNa Therapeutics, Roche, Pfizer, Sierra, Lilly, Eisai, GSK,
Novartis, Bicycle Therapeutics, Johnson and Johnson, CytomX, Vertex, Plexxikon,
Boehringer, Athenex, Adaptimmune, Bristol Myers Squibb, MSD, Medivir, Versaterm,
Nucana, Immunocore, Berg, BeiGene, lovance, Modulate, BioLineRx, Merck Serono,
Nurix Therapeutics, T3P, Janssen Clovis, Sanofi-Aventis, Halozyme, Starpharma, UCB,
Sapience, Seagen, Avacta and Codiak. He has also received honoraria from Ascelia,
AstraZeneca, Bayer, Bicycle Therapeutics, Bristol-Myers Squibb, Celgene, Eisai, Karus
Therapeutics, Medivir, MSD, Nucana, Otsuka, Roche and Seagen. PW reports grant
income from AstraZeneca, Novartis, Roche Diagnostics and Boehringer Ingelheim
outside the submitted work and consultancy fees from Novo Nordisk and Benecol.
BV receives research funding from BMS, Exelixis, Ipsen, MSD and Pfizer and has
Honoraria from BMS, Eisai, EUSA Pharma, Ipsen, MSD and Pfizer. RJJ receives
research funding from Exelixis and Roche and has honoraria from BMS, Ipsen,
Novartis, Pfizer, Eisai and MSD. MCP reports research funding from Boehringer
Ingelheim, Roche, SQ Innovations, AstraZeneca, Novartis, Novo Nordisk, Medtronic,
Boston Scientific and Pharmacosmos; consultancy and clinical trials committees
Akero, Applied Therapeutics, AnaCardio, Biosensors, Boehringer Ingelheim,
Novartis, AstraZeneca, Novo Nordisk, AbbVie, Bayer, Horizon Therapeutics, Takeda,
Cardiorentis, Pharmacosmos, Siemens, Lilly, Vifor, New Amsterdam, Moderna and
Teikoku. NNL reports research grants from Roche Diagnostics, AstraZeneca and
Boehringer Ingelheim as well as consultancy/speaker fees from Roche Diagnostics,
MyoKardia, Pharmacosmos, Akero Therapeutics, CV6 Therapeutics, Jazz Pharma and
Novartis all outside the submitted work. The remaining authors have nothing to
disclose.

Patient and public involvement Patients and/or the public were involved in the
design, or conduct, or reporting, or dissemination plans of this research. Refer to the
Methods section for further details.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by the
South East Scotland Research Ethics Committee (18/5S/0155). All participants gave
written informed consent to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. The data
in this article will be shared by the corresponding author on reasonable request.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Dobbin SIH, et al. Heart 2025;0:1-8. doi:10.1136/heartjnl-2024-325535

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq paloalold
"1sanb Aq Gzoz ‘ez (dy uo /wod [wg lreayy/:dny woly papeojumod ‘520z I1dy € U0 GEGGZE-¥20z-lulueay/9eTT 0T se paysiignd 1si1) :11esH


https://dx.doi.org/10.1136/heartjnl-2024-325535
https://x.com/kenneth_mangion
http://heart.bmj.com/

Heart failure and cardiomyopathies

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.01/.

ORCID iDs

Stephen J H Dobbin http://orcid.org/0000-0002-9111-0242
Kenneth Mangion http://orcid.org/0000-0002-3505-7440
Colin Berry http://orcid.org/0000-0002-4547-8636

Paul Welsh http://orcid.org/0000-0002-7970-3643

REFERENCES

1 Rankin S, Elyan B, Jones R, et al. Cardiovascular Eligibility Criteria and Adverse
Event Reporting in Combined Immune Checkpoint and VEGF Inhibitor Trials. JACC
CardioOncol 2024,6:267-79.

2 Hall PS, Harshman LG, Srinivas S, et al. The frequency and severity of cardiovascular
toxicity from targeted therapy in advanced renal cell carcinoma patients. JACC Heart
Fail 2013;1:72-8.

3 Dobbin SJH, Mangion K, Berry C, et al. Cardiotoxicity and myocardial hypoperfusion
associated with anti-vascular endothelial growth factor therapies: prospective
cardiac magnetic resonance imaging in patients with cancer. Eur J Heart Fail
2020;22:1276-17.

4 Robinson S, Rana B, Oxborough D, et al. A practical guideline for performing a
comprehensive transthoracic echocardiogram in adults: the British Society of
Echocardiography minimum dataset. £cho Res Pract 2020;7:G59-93.

5 Lyon AR, Lopez-Fernandez T, Couch LS, et al. 2022 ESC Guidelines on cardio-oncology
developed in collaboration with the European Hematology Association (EHA),
the European Society for Therapeutic Radiology and Oncology (ESTRO) and the
International Cardio-Oncology Society (IC-0S). Eur Heart J 2022;43:4229-361.

6 Whelton PK, Carey RM, Aronow WS. Correction to: 2017 ACC/AHA/AAPA/ABC/ACPM/
AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evaluation,
and Management of High Blood Pressure in Adults: Executive Summary: A Report of
the American College of Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines. Hypertension 2018;71:1269-324.

7 Williams B, Mancia G, Spiering W, et al. 2018 ESC/ESH Guidelines for the
management of arterial hypertension. Eur Heart J 2018;39:3021-104.

8 Unger T, Borghi C, Charchar F, et al. 2020 International Society of Hypertension Global
Hypertension Practice Guidelines. Hypertension 2020;75:1334-57.

9 National Institute of Health. National cancer institute common terminology criteria for
adverse events (CTCAE) version 5.0. NIH Publ; 2017.

10 Herrmann J, Lenihan D, Armenian S, et al. Defining cardiovascular toxicities of cancer
therapies: an International Cardio-Oncology Society (IC-OS) consensus statement. Eur
Heart J 2022;43:280-99.

11 Lyon AR, Dent S, Stanway S, et al. Baseline cardiovascular risk assessment in cancer
patients scheduled to receive cardiotoxic cancer therapies: a position statement
and new risk assessment tools from the Cardio-Oncology Study Group of the Heart

20

21

22

24

25

26

27

28

29

Failure Association of the European Society of Cardiology in collaboration with the
International Cardio-Oncology Society. Eur J Heart Fail 2020;22:1945-60.
Ghatalia P, Morgan CJ, Je Y, et al. Congestive heart failure with vascular endothelial
growth factor receptor tyrosine kinase inhibitors. Crit Rev Oncol Hematol
2015;94:228-37.

Narayan V, Keefe S, Haas N, et al. Prospective Evaluation of Sunitinib-Induced
Cardiotoxicity in Patients with Metastatic Renal Cell Carcinoma. Clin Cancer Res
2017,23:3601-9.

Thavendiranathan P, Poulin F, Lim K-D, et al. Use of myocardial strain imaging by
echocardiography for the early detection of cardiotoxicity in patients during and after
cancer chemotherapy: a systematic review. J Am Coll Cardiol 2014,;63:2751-68.
Thavendiranathan P, Negishi T, Somerset E, et a/. Strain-Guided Management of
Potentially Cardiotoxic Cancer Therapy. JAm Coll Cardiol 2021;77:392-401.
Taylor AJ, Salerno M, Dharmakumar R, et al. T1 Mapping: Basic Techniques and
Clinical Applications. JACC Cardiovasc Imaging 2016;9:67-81.

Dass S, Suttie J, Piechnik SK, et al. Non-contrast T1 mapping characterizes the
myocardium beyond that achieved by late gadolinium enhancement in both
hypertrophic and dilated cardiomyopathy. J Cardiovasc Magn Reson 2012;14:27.
Chu TF, Rupnick MA, Kerkela R, et a/. Cardiotoxicity associated with tyrosine kinase
inhibitor sunitinib. Lancet 2007;370:2011-9.

Will'Y, Dykens JA, Nadanaciva S, et al. Effect of the multitargeted tyrosine kinase
inhibitors imatinib, dasatinib, sunitinib, and sorafenib on mitochondrial function in
isolated rat heart mitochondria and H9c2 cells. Toxicol Sci 2008;106:153—61.
Kerkela R, Woulfe KC, Durand JB, et al. Sunitinib-induced cardiotoxicity is mediated by
off-target inhibition of AMP-activated protein kinase. Clin Trans/ Sci 2009;2:15-25.
Moon JC, Messroghli DR, Kellman P, et al. Myocardial T1 mapping and extracellular
volume quantification: a Society for Cardiovascular Magnetic Resonance (SCMR) and
CMR Working Group of the European Society of Cardiology consensus statement.
J Cardiovasc Magn Reson 2013;15:92.

Steeghs N, Gelderblom H, Roodt J, et a/. Hypertension and rarefaction during
treatment with telatinib, a small molecule angiogenesis inhibitor. Clin Cancer Res
2008;14:3470-6.

Steeghs N, Rabelink TJ, op 't Roodt J, et al. Reversibility of capillary density after
discontinuation of bevacizumab treatment. Ann Oncol 2010;21:1100-5.

Robinson ES, Matulonis UA, Ivy P, et al. Rapid development of hypertension and
proteinuria with cediranib, an oral vascular endothelial growth factor receptor
inhibitor. Clin J Am Soc Nephrol 2010;5:477-83.

Agarwal M, Thareja N, Benjamin M, et al. Tyrosine Kinase Inhibitor-Induced
Hypertension. Curr Oncol Rep 2018;20:65.

Maki-Petdja KM, McGeoch A, Yang LL, et al. Mechanisms Underlying Vascular
Endothelial Growth Factor Receptor Inhibition-Induced Hypertension: The HYPAZ Trial.
Hypertension 2021;77:1591-9.

van Dorst DCH, Dobbin SJH, Neves KB, et al. Hypertension and Prohypertensive
Antineoplastic Therapies in Cancer Patients. Circ Res 2021;128:1040-61.
Chintalgattu V, Rees ML, Culver JC, et al. Coronary microvascular pericytes are

the cellular target of sunitinib malate-induced cardiotoxicity. Sci Trans/ Med
2013;5:187ra69.

Di Lorenzo G, Autorino R, Bruni G, et al. Cardiovascular toxicity following sunitinib
therapy in metastatic renal cell carcinoma: a multicenter analysis. Ann Oncol
2009;20:1535-42.

Dobbin SJH, et al. Heart 2025;0:1-8. doi:10.1136/heartjnl-2024-325535

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq paloalold
"1sanb Aq Gzoz ‘ez (dy uo /wod [wg lreayy/:dny woly papeojumod ‘520z I1dy € U0 GEGGZE-¥20z-lulueay/9eTT 0T se paysiignd 1si1) :11esH


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-9111-0242
http://orcid.org/0000-0002-3505-7440
http://orcid.org/0000-0002-4547-8636
http://orcid.org/0000-0002-7970-3643
http://dx.doi.org/10.1016/j.jaccao.2023.12.010
http://dx.doi.org/10.1016/j.jaccao.2023.12.010
http://dx.doi.org/10.1016/j.jchf.2012.09.001
http://dx.doi.org/10.1016/j.jchf.2012.09.001
http://dx.doi.org/10.1002/ejhf.1847
http://dx.doi.org/10.1530/ERP-20-0026
http://dx.doi.org/10.1093/eurheartj/ehac244
http://dx.doi.org/10.1161/HYP.0000000000000075
http://dx.doi.org/10.1093/eurheartj/ehy339
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.15026
http://dx.doi.org/10.1093/eurheartj/ehab674
http://dx.doi.org/10.1093/eurheartj/ehab674
http://dx.doi.org/10.1002/ejhf.1920
http://dx.doi.org/10.1016/j.critrevonc.2014.12.008
http://dx.doi.org/10.1158/1078-0432.CCR-16-2869
http://dx.doi.org/10.1016/j.jacc.2014.01.073
http://dx.doi.org/10.1016/j.jacc.2020.11.020
http://dx.doi.org/10.1016/j.jcmg.2015.11.005
http://dx.doi.org/10.1186/1532-429X-14-S1-O27
http://dx.doi.org/10.1016/S0140-6736(07)61865-0
http://dx.doi.org/10.1093/toxsci/kfn157
http://dx.doi.org/10.1111/j.1752-8062.2008.00090.x
http://dx.doi.org/10.1186/1532-429X-15-92
http://dx.doi.org/10.1186/1532-429X-15-92
http://dx.doi.org/10.1158/1078-0432.CCR-07-5050
http://dx.doi.org/10.1093/annonc/mdp417
http://dx.doi.org/10.2215/CJN.08111109
http://dx.doi.org/10.1007/s11912-018-0708-8
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.16454
http://dx.doi.org/10.1161/CIRCRESAHA.121.318051
http://dx.doi.org/10.1126/scitranslmed.3005066
http://dx.doi.org/10.1093/annonc/mdp025
http://heart.bmj.com/

	Vascular endothelial growth factor inhibitor-­induced cardiotoxicity: prospective multimodality assessment incorporating cardiovascular magnetic resonance imaging
	Abstract
	Introduction﻿﻿
	Methods
	Echocardiography
	BP monitoring
	Stress perfusion CMR
	Biomarker analysis
	Definitions for VEGFI-induced cardiovascular toxicities
	Statistical analysis
	Patient and public involvement

	Results
	Study patients
	LV function by echocardiography
	Incidence and clinical course of CTRCD
	Blood pressure
	CTRCD and hypertension
	Cardiac biomarkers
	Cancer and treatment groups
	CMR substudy
	Myocardial tissue characteristics
	Myocardial perfusion

	Discussion
	Conclusions
	References


