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Vascular toxic effects of cancer therapies
Joerg Herrmann

Abstract | Cancer therapies can lead to a broad spectrum of cardiovascular complications.
Among these, cardiotoxicities remain of prime concern, but vascular toxicities have emerged
as the second most common group. The range of cancer therapies with a vascular toxicity profile and
the clinical spectrum of vascular toxic effects are quite broad. Historically, venous thromboembolism
has received the greatest attention but, over the past decade, the arterial toxic effects, which can
present as acute vasospasm, acute thrombosis and accelerated atherosclerosis, of cancer therapies
have gained greater recognition. This Review focuses on these types of cancer therapy-related
arterial toxicity, including their mechanisms, and provides an update on venous thromboembolism
and pulmonary hypertension associated with cancer therapies. Recommendations for the screening,
treatment and prevention of vascular toxic effects of cancer therapies are outlined in the context
of available evidence and society guidelines and consensus statements. The shift towards greater
awareness of the vascular toxic effects of cancer therapies has further unveiled the urgent needs in
this area in terms of defining best clinical practices. Well-designed and well-conducted clinical
studies and registries are needed to more precisely define the incidence rates, risk factors, primary
and secondary modes of prevention, and best treatment modalities for vascular toxicities related
to cancer therapies. These efforts should be complemented by preclinical studies to outline the
pathophysiological concepts that can be translated into the clinic and to identify drugs with vascular
toxicity potential even before their widespread clinical use.
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Cancer therapy is changing, with an ever- expanding
armamentarium of therapies and an improving survival
across a broad range of cancer types. Concomitantly, the
spectrum of cancer therapy-related toxicities has also
been transformed through new presentations and with
a new level of clinical significance given the increased
number of patients with adverse effect-related morbidity
and mortality. Among the cardiovascular toxic effects
of cancer therapies, cardiac adverse effects remain of
great concern. However, vascular toxic effects have
emerged as the second most commonly reported cancer
therapy-related cardiovascular toxicity; indeed, vascular
toxicities were on a par with cardiotoxicity in terms of
scientific publications at the height of the era of targeted
cancer therapy (Supplementary Figure 1). Importantly,
vascular toxicities are the second most common cause
of death in patients with cancer undergoing outpatient
therapies.
A broad range of cancer therapeutics can induce a
variety of vascular toxicities at very different rates (FIG. 1;
TABLES 1,2). Most of the attention in this area has historically been focused on venous thromboembolism;
however, the new cancer therapies have brought arterial
toxicities to the fore. On the basis of the clinical presentation, three main types of cancer therapy-related arterial toxicity can be differentiated: acute vasospasm, acute
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thrombosis and accelerated atherosclerosis (TABLE 3).
These types of vascular toxic effects of cancer therapies
are the focus of this Review, and updates on venous
thromboembolism and pulmonary hypertension associated with cancer therapies are also provided. The cardiac toxic effects of cancer therapies are discussed in a
separate Review in this Issue1.

Acute arterial vasospasm
Conventional chemotherapies. The classic examples
of chemotherapies that cause acute vasospasm are
5-fluorouracil (5-FU) and its oral prodrug capecitabine,
both of which are used in gastrointestinal and gynaecological malignancies in particular2–4 (TABLE 1). A theory
for the underlying mechanism is an alteration in vascular smooth muscle cell (VSMC) reactivity, induced
by activation of protein kinase C signalling, that leads
to dysregulation of calcium handling and to contractile
hyperreactivity5. Endothelial dysfunction has a facilitating role in arterial vasospasm6 and experimental studies
indicate that 5-FU might also have direct toxic effects on
endothelial cells7. Patients with pre-existing endothelial
dysfunction, such as those with coronary artery disease
(CAD), might be at a higher risk of vasospasm with
5- FU than those without endothelial dysfunction 8.
Furthermore, thymidine phosphorylase, which catalyses
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Key points
• Vascular toxic effects of cancer therapies include arterial and venous events and
affect the systemic and pulmonary circulations.
• Cancer therapy-related arterial toxicities can present as acute vasospasm, acute
thrombosis and accelerated atherosclerosis.
• The management of cancer therapy-related vascular toxicities is directed towards the
underlying pathological mechanism; therefore, defining the underlying mechanism is
a central element.
• The best modes of pre-therapy screening, surveillance and prevention are yet to
be defined.
• Clinical studies and registries are needed to define more precisely the risk, risk factors
and risk management of the vascular toxic effects of cancer therapies.
• Experimental studies should provide insight into the pathophysiological mechanisms
of cardiovascular toxic effects of cancer therapies, which might also lead to an
improved understanding of cardiovascular diseases in general.

the last step of the conversion of capecitabine to 5-FU,
is expressed in atherosclerotic plaques9, thereby potentially leading to higher local concentrations of 5-FU as
well as increased exposure and risks. Indeed, CAD, and
especially a history of myocardial infarction (MI), is one
of the most potent predictors of 5-FU-related cardiotoxicity, increasing the risk by a factor of eight10. The most
common presentation of 5- FU-related cardiotoxicity
is angina (45% of patients), followed by MI (22%) and
arrhythmias (23%); ventricular fibrillation, cardiac arrest
and sudden cardiac death have also been described11.
Furthermore, Takotsubo cardiomyopathy, heart failure
and cardiogenic shock can be seen in <5% of patients11.
Profound and prolonged vasoconstriction of the epicardial vessels and/or the coronary microcirculation
can conceivably provoke such severe complications,
although a direct myocardial toxicity of 5- FU has
also been proposed in relation to a decline in cardiac
function12.
Paclitaxel therapy has been associated with acute
coronary syndromes (ACS), and the prompt resolution of ST- segment elevations with nitroglycerin
administration supports the involvement of coronary
vasospasm 13. CAD can be a concomitant factor in
this setting and needs to be evaluated13. Importantly,
MI (not only myocardial ischaemia), in some cases
with a fatal outcome, has also been reported with
paclitaxel therapy14. Furthermore, MI and myocardial
ischaemia can be seen up to 14 days after initiation of
paclitaxel therapy15. Increased RHO kinase activity in
coronary artery VSMCs has been postulated to have
a role in paclitaxel- induced coronary vasospasm16.
However, another study showed that paclitaxel therapy
impairs endothelium-dependent vasorelaxation, which,
as mentioned above, might have a contributing role in
coronary vasospasm17.
Finally, bleomycin, cisplatin and vinca alkaloids have
been associated with endothelial toxicity that can manifest as acute coronary ischaemia without underlying
structural disease18,19. These medications are given in
combination for patients with testicular cancer, and
more than two-thirds of patients can develop angina at
any time during chemotherapy. Altered vasoreactivity is
also evident in one-third of these patients in the form of
Raynaud syndrome, which can precede presentations
504 | AUGUST 2020 | VOLUME 17

of acute MI20. Impairment of endothelium-dependent
vasodilatation has been shown in patients receiving cisplatin and has been attributed to reductions
in AKT–endothelial nitric oxide synthase (eNOS)
signalling21.
Targeted therapies. Vascular endothelial growth factor (VEGF) has an important role in modulating the
activity of the nitric oxide (NO) signalling pathway
in endothelial cells, even under resting conditions.
This critical role is illustrated by the observation that
administration of bevacizumab, a monoclonal antibody that blocks VEGFA, at clinically relevant concentrations very specifically and acutely (within 15 min)
reduced endothelium-dependent (and NO-dependent)
vasorelaxation in healthy volunteers, that is, in the
absence of comorbidities and treatments that could alter
the response to bevacizumab22. No increase in vascular
tone or blood pressure was observed, and a subsequent
study confirmed that impairment of endotheliumdependent vasodilatation does not precede the development of hypertension in patients receiving the cancer
drug sunitinib, which inhibits multiple receptor tyrosine kinases, including VEGF receptors (VEGFRs)23. In
rats, a decrease in endothelium-dependent vasorelaxation without a change in endothelium- independent
vasorelaxation was seen after 7 days of treatment with
sunitinib at doses higher than those used in clinical practice23. Sunitinib suppressed acetylcholine-induced vasorelaxation similar to a NO antagonist, and the difference
in acetylcholine-induced vasorelaxation between control
and sunitinib-treated animals disappeared in the presence of the universal NOS inhibitor Nω-nitro-l-arginine
methyl ester. These observations support findings from
preclinical studies showing that VEGFR inhibition
reduces NOS expression and NO availability24. Nevertheless, selective interruption of VEGFR signalling, such
as with bevacizumab, probably has a different effect on
vascular function than the less selective inhibition with
multi-target tyrosine kinase inhibitors (TKIs) such as
sunitinib. Indeed, one might argue that the vascular and
haemodynamic effects induced by multi-target TKIs do
not solely depend on interruption of VEGFR signalling
but also on other targeted pathways. Importantly, the
vascular alterations seen with VEGF inhibitors extend
to the microvasculature. In animal models, impairment of the endothelium-dependent and endotheliumindependent vasodilatory response of the coronary
microcirculation occurs within a week of sunitinib
administration25,26. In patients, sunitinib therapy induced
a reduction in coronary flow reserve, which, in the
absence of epicardial disease, indicates microvascular
impairment27. Likewise, bevacizumab has been shown to
impair retinal microvascular function in humans28 and
microvascular angina has also been reported29. Other
cancer therapeutics associated with a risk of vasospasm to the extent of MI include the TKI sorafenib30,31.
A working hypothesis is that sorafenib reduces
MAPK/ERK kinase (MEK) activity in VSMCs, which
translates into increased activity of the RHO-associated
protein kinase (ROCK) pathway, thereby increasing
calcium sensitivity in these cells30.
www.nature.com/nrcardio
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the endothelium is compromised 37. Impairment of
endothelium- dependent vasorelaxation of the aorta
related to a reduction in NO availability has been
shown in rabbits38 and the same observations have
been made in patients39; strikingly, these consequences
can persist for many years40. Notwithstanding studies
with opposing results41, available data do suggest that
radiation therapy can alter vascular reactivity. This concept is consistent with the overwhelming literature on
the negative effect of radiation therapy on endothelial
cell function and viability, as reviewed further in the
atherosclerosis section below.
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Fig. 1 | Spectrum of vascular toxic effects of cancer therapies. A number of cancer
drugs (detailed in TABLES 1,2) can cause various vascular diseases, including coronary
artery disease, myocardial infarction, stroke, systemic and pulmonary hypertension,
vasospasm and thrombosis.

Immunotherapies. Impairment of endotheliumdependent vasorelaxation has been described in the
setting of an acute systemic inflammatory state such as
systemic inflammatory response syndrome and sepsis32.
Even so, an increase in vasoconstriction and vascular
tone does not necessarily occur in patients with systemic inflammatory response syndrome or sepsis33.
Likewise, although associated with an inflammatory
response, acute vasospasm has not been reported with
the use of cancer immunotherapies such as chimeric
antigen receptor T cell therapy (CAR T cell therapy),
bispecific T cell engager therapy (BiTE therapy) or immune
checkpoint inhibitor therapy (ICI therapy)34.
Systemic inflammatory
response syndrome
A widespread inflammatory
response that might or might
not be associated with
infection, characterized by
an abnormal temperature
(>38 °C or <36 °C) and/or
leukocyte count (white blood
cells >1,200 per mm3,
<4,000 per mm3 or bandaemia
≥10%) and either tachycardia
(heart rate >90 bpm) or
tachypnoea (respiratory rate
>20 breaths per min).

Radiation therapy. Cases of symptomatic coronary
vasospasm and variant angina have been reported in
patients undergoing radiation therapy for Hodgkin
lymphoma 35,36. The lack of a response to vasodilatory therapy and the resolution with steroid therapy
has led one group to propose that radiation-induced
pericarditis might trigger the vasospasm of epicardial
coronary arteries36. An alternative mechanism might
be radiation-induced vasculitis or arteritis; however,
experimental studies in a large- animal model indicated a more direct contribution of radiation to VSMC
hyper- reactivity, which can emerge especially when
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Management and prevention. Management recommendations for cancer therapy- related acute arterial
vasospasm are in line with general guideline recommendations (Supplementary Table 1). Vasodilators, such
as nitrates and calcium-channel blockers, are mainstay
therapy for patients with vasospasm receiving 5-FU, cisplatin, paclitaxel or VEGF inhibitors, among other cancer therapies. Calcium-channel blockers are of greater
benefit when microvascular dysfunction is suspected.
Often, a particular concern is re-exposure to the cancer therapy, and coverage with vasodilator therapy just
before, throughout and for a short time after the treatment course might be advisable. However, this strategy
is not always successful, arguing for the involvement of
other pathological mechanisms, at least in 5-FU-related
cardiotoxicity. Patients who are re-exposed to 5-FU after
experiencing cardiotoxicity should undergo electro
cardiogram monitoring for the assessment of ischaemic changes and arrhythmias. In these patients and
especially in those who experienced cardiac dysfunction with 5-FU therapy, an echocardiography should be
repeated after re-exposure even if the patient is completely asymptomatic. In view of the potentially fatal outcomes, the aim should be to detect profound and severe
coronary vasoconstriction and any other cardiovascular
toxicity as early as possible.
Strategies for the primary prevention of acute arterial vasospasm are not defined for any chemotherapy.
Given that ischaemic heart disease is a prominent risk
factor for 5-FU-related cardiotoxicity, a thorough clinical history should be obtained for each patient. Whether
patients should be screened for subclinical ischaemic
heart disease, which parameters to react to and in which
format is yet to be defined. For instance, is a history of MI
the central and only element that needs to be assessed?
Or does a functional (non-invasive, cardiac stress test) or
anatomical (coronary CT angiography) test provide
better stratification and selection of care? When is the
clinical work- up complete? Which patients should
be started on vasodilatory therapy even in the absence
of (angina) symptoms for the prevention of vasoconstriction? What efforts should be taken to modulate
the involved molecular pathways? Another question
is the duration of preventive therapy. For most patients,
only the time of active cancer therapy requires coverage.
However, some patients might have prolonged abnormal vasoreactivity and its manifestations, for example,
Raynaud syndrome as well as atypical or typical angina,
all of which might require additional specialist care.
VOLUME 17 | AUGUST 2020 | 505
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Acute arterial thrombosis
Conventional chemotherapies. Acute thrombosis has
classically been described with cisplatin and VEGF inhibitor therapies, which are particularly used in patients
with testicular cancer, gynaecological malignancies or
renal cell carcinoma42–52. Case reports describing acute

coronary thrombosis with cisplatin therapy without the
presence of atherosclerotic plaque rupture or clinically
significant atherosclerosis suggest superficial erosion
of the endothelial monolayer as the underlying mechanism43. Superficial erosion has received increasing attention as a mechanism of ACS over the past 5 years53–56.

Table 1 | Spectrum of vascular toxic effects of conventional chemotherapies
Therapy

Cancer therapy indications (label and
off-label)

Toxicity

Bladder cancer, breast cancer, cervical cancer,
endometrial carcinoma, head and neck cancer,
HL, malignant pleural mesothelioma, multiple
myeloma, NHL, oesophageal and gastric cancer,
osteosarcoma, ovarian cancer, penile cancer,
SCLC, testicular cancer

–

HTN Angina AMI Raynaud Stroke PAD Pulmonary DVT
syndrome
HTN
or PE

Alkylating agents
Cisplatin

Cyclophosphamide ALL, breast cancer, CLL, Ewing sarcoma, HL,
–
multiple myeloma, NHL, SCLC, stem cell transplant
condition

++

++

+

+

+

–

–

+

+

–

–

–

+

–

Antimetabolites
5-Fluorouracil

Anal carcinoma, bladder cancer, breast cancer,
cervical cancer, colorectal cancer, gastric cancer,
hepatobiliary cancer, oesophageal cancer,
pancreatic cancer, squamous cell carcinomas

–

ND

ND

ND

ND

–

–

–

Capecitabine

Anal carcinoma, breast cancer, colorectal cancer,
fallopian cancer, gastric cancer, hepatobiliary
cancer, oesophageal cancer, ovarian cancer,
pancreatic cancer, peritoneal cancer, carcinoma
of unknown primary

+

++

++

+

+

–

–

+

Gemcitabine

Adenocarcinoma of unknown primary, bladder
cancer, breast cancer, cervical cancer, head and
neck cancer, hepatobiliary cancer, HL, malignant
pleural mesothelioma, NHL, NSCLC, ovarian
cancer, pancreatic cancer, sarcomas, SCLC,
testicular cancer, uterine cancer

–

+

+

+

–

–

–

–

+

+

+

–

–

–

–

+

HL, ovarian germ cell cancer, testicular cancer

–

+

+

+

+

–

+

–

ALL, central nervous system tumours, HL, Ewing
sarcoma, gestational trophoblastic tumours,
multiple myeloma, NHL, ovarian cancer, primary
CNS lymphoma, SCLC, thymoma

ND

ND

ND

ND

–

–

–

–

Microtubule-binding agents
Paclitaxel

Adenocarcinoma of unknown primary, bladder
cancer, breast cancer, cervical cancer, head
and neck cancers, Kaposi sarcoma, NSCLC,
oesophageal and gastric cancer, ovarian cancer,
penile cancer, SCLC, soft tissue sarcoma, testicular
germ cell tumours, thymoma

Antitumour antibiotics
Bleomycin
Vinca alkaloids
Vincristine

Immunomodulatory drugs
IFNα2B

Hairy cell leukaemia, Kaposi sarcoma, lymphoma,
malignant melanoma

++

+++

++

++

++

++

++

++

Lenalidomide

CLL, diffuse large B cell lymphoma, mantle cell
lymphoma, multiple myeloma, myelodysplastic
syndrome

++

++

++

–

++

–

–

+++

Thalidomide

Multiple myeloma, systemic light chain
amyloidosis, Waldenström macroglobulinaemia

–

–

–

–

–

–

–

+++

Based on data from Micromedex (IBM, NY, USA) and Lexicomp (Wolters Kluwer, Netherlands). –, not reported; +, uncommon (<1%), ++, common (1–10%), +++, very
common (>10%). ALL , acute lymphoblastic leukaemia; AMI, acute myocardial infarction; CLL , chronic lymphocytic leukaemia; CNS, central nervous system; DVT,
deep-vein thrombosis; HL , Hodgkin lymphoma; HTN, hypertension; ND, frequency not defined; NHL , non-Hodgkin lymphoma; NSCLC, non-small-cell lung cancer;
PAD, peripheral artery disease; PE, pulmonary embolism; SCLC, small-cell lung cancer.
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Table 2 | Spectrum of vascular toxic effects of targeted cancer therapies
Therapy

Cancer therapy indications (label and
off-label)

Toxicity

Bortezomib

Follicular lymphoma, mantle cell lymphoma,
multiple myeloma, systemic light chain
amyloidosis, T cell lymphoma, Waldenström
macroglobulinaemia

+

–

ND

Carfilzomib

Multiple myeloma, Waldenström
macroglobulinaemia

+++

+++

Everolimus

Breast cancer, neuroendocrine tumours, RCC

+++

Temsirolimus

RCC

++

HTN Angina AMI Raynaud Stroke PAD Pulmonary DVT
syndrome
HTN
or PE

Proteasome inhibitors
–

ND

–

ND

ND

+++ –

–

–

++

–

++

+

–

–

–

–

++

+++

–

–

–

–

–

++

mTOR inhibitors

Monoclonal antibodies (target)
Rituximab (anti-CD20)

Burkitt lymphoma, CLL, CNS lymphoma, HL,
NHL, Waldenström macroglobulinaemia

+++

+

+

–

–

–

–

–

Bevacizumab
(anti-VEGF–VEGFR2)

Glioblastoma, persistent/recurrent/
metastatic cervical cancer, metastatic
colorectal cancer, (non-squamous) NSCLC

+++

++

++

–

++

–

–

+++

Ramucirumab
(anti-VEGF–VEGFR2)

Metastatic colorectal cancer, metastatic
gastric cancer, metastatic NSCLC

+++

–

++

–

++

–

–

–

Metastatic colorectal cancer

+++

–

++

–

++

–

–

++

VEGFR fusion molecules
Aflibercept

Multi-target kinase inhibitors (primary target)
Vandetanib (VEGFR)

Thyroid cancer

+++

–

–

–

+

–

–

++

Axitinib
(VEGFR1–VEGFR3)

RCC, thyroid cancer

+++

+

++

–

+

–

–

++

Lenvatinib
(VEGFR1–VEGFR3)

Hepatocellular carcinoma, RCC, thyroid
cancer

+++

–

++

–

–

–

–

++

Pazopanib
(VEGFR1–VEGFR3)

RCC, soft tissue carcinoma, thyroid cancer

+++

+++

++

–

+

–

–

++

Sorafenib
(VEGFR1–VEGFR3)

Angiosarcoma, GIST, hepatocellular cancer,
RCC, thyroid cancer

+++

+

++

–

+

–

–

+

Sunitinib
(VEGFR1–VEGFR3

GIST, pancreatic neuroendocrine tumours,
RCC, soft tissue sarcoma, thyroid cancer

+++

+++

+

–

+

–

–

++

Cabozantinib (VEGFR2) Hepatocellular carcinoma, RCC, thyroid cancer +++

–

++

–

++

–

–

++

Regorafenib (VEGFR2)

Colorectal cancer, GIST, hepatocellular
carcinoma

+++

+

+

–

–

–

–

++

Dasatinib (BCR–ABL1)

GIST, Philadelphia chromosome-positive ALL
and CML

–

++

–

–

–

–

++

+

Nilotinib (BCR–ABL1)

GIST, Philadelphia chromosome-positive ALL
and CML

++

++

+

–

++

+++

–

ND

Ponatinib (BCR–ABL1)

Philadelphia chromosome-positive ALL and CML +++

+++

+++ –

++

++

–

++

Alectinib (ALK)

NSCLC

–

–

–

–

–

–

–

+

Crizotinib (ALK)

NSCLC

–

–

–

–

–

–

–

++

Dacomitinib (EGFR)

NSCLC

–

++

–

–

–

–

–

–

Erlotinib (EGFR)

NSCLC, pancreatic cancer

–

+++

++a

–

++a

–

–

+++a

Dabrafenib (BRAF)

Melanoma, NSCLC, thyroid cancer

+++

–

–

–

–

–

–

+

Cabozantinib (MET)

Hepatocellular carcinoma, RCC, thyroid cancer +++

–

+

–

+

–

–

++

Crizotinib (MET)

NSCLC

–

–

–

–

–

–

–

++

Binimetinib (MEK)

Melanoma

++

–

–

–

–

–

–

++b

Trametinib (MEK)

Melanoma, NSCLC, thyroid cancer

+++

–

–

–

–

–

–

++b

Based on data from Micromedex (IBM, NY, USA) and Lexicomp (Wolters Kluwer, Netherlands). –, not reported; +, uncommon (<1%); ++, common (1–10%); +++, very
common (>10%). ALK , anaplastic lymphoma kinase; ALL , acute lymphoblastic leukaemia; AMI, acute myocardial infarction; CLL , chronic lymphocytic leukaemia;
CML , chronic myeloid leukaemia; CNS, central nervous system; DVT, deep-vein thrombosis; EGFR , epidermal growth factor receptor; GIST, gastrointestinal
stromal tumours; HL , Hodgkin lymphoma; HTN, hypertension; MEK , MAPK/ERK kinase; mTOR , mechanistic target of rapamycin; ND, frequency not defined; NHL ,
non-Hodgkin lymphoma; NSCLC, non-small-cell lung cancer; PAD, peripheral artery disease; PE, pulmonary embolism; RCC, renal cell carcinoma; VEGF, vascular
endothelial growth factor; VEGFR , vascular endothelial growth factor receptor. aIn combination with gemcitabine. bIn combination with a BRAF inhibitor.
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Chimeric antigen receptor
T cell therapy
(CAR T cell therapy). Strategy
in which T cells harvested from
a patient are genetically
modified to recognize a
specific tumour antigen in an
antibody-like fashion, followed
by activation of the engineered
T cells before administration to
the patient. Second-generation
and third-generation CAR
T cells have improved
co-stimulatory domains, and
fourth-generation CAR T cells
(also known as armoured CAR
T cells) express factors that
enhance T cell expansion,
persistence and anti-humoural
activity.

Blood flow perturbations are an important element in
the pathophysiology of superficial erosions because they
lead to endothelial activation (and dysfunction), attraction of inflammatory cells such as neutrophils and, ultimately, to endothelial cell apoptosis57,58. Desquamation
of endothelial cells leaves von Willebrand factor (vWF)
exposed at the level of the subendothelial basement
membrane, which is a potent stimulus for platelet activation and aggregation59. Although histological and
mechanistic details of superficial erosion have not been
defined in patients with cancer, the described sequence
might operate in these patients, with some variation(s).
For instance, cancer therapeutics, such as cisplatin,
have a direct cytotoxic effect on endothelial cells (FIG. 2;
TABLE 4). Several cancer therapeutics also have a cytostatic effect, suppressing the migration and proliferation
of endothelial cells. Collectively, these effects can lead
to the conundrum of the simultaneous induction of
endothelial injury and reduction of its repair capacity.
Indeed, the proliferation of local resident endothelial
cells is an important regenerative mechanism60,61. An
additional repair capacity is provided by endothelial
progenitor cells (EPCs), although their nature and level
of contribution has been debated60–62. Nevertheless,
the myelosuppressive effects of chemotherapeutics
have to be considered and a reduction in the number of

EPCs has been documented in patients receiving cancer
therapy63. Although this reduction in EPC numbers is
almost always present, arterial thrombosis is not universally seen in patients receiving chemotherapy, pointing
towards an individual risk in each patient. However, one
has to caution that the real incidence of acute thrombosis
in this patient population is unknown because no routine screening is performed and a number of events can
remain subclinical. At the other end of the spectrum,
simultaneous multivessel thrombosis with acute presentations has been reported with chemotherapy, but this
presentation is a rare exception45.
The individual risk, rate and scope of thrombotic
events might depend on a modified Virchow’s triad64.
A pre- existing reduction of endothelial and vascular
health as a result of cardiovascular disease and risk factors might modify the risk of endothelial and vascular
injury with cancer therapy. Blood flow perturbations,
such as at flow dividers (bifurcations), inner curvatures
of vessels and stenoses, are probably another element
influencing the risk of cancer therapy-related vascular
toxicity, and their potential role in the pathophysiology
of superficial erosion was mentioned above. The third
factor is alteration in the prothrombotic and antithrombotic balance, resulting in a prothrombotic state. Cancer
cells can express tissue factor and a number of ligands for

Table 3 | Overview of the three principal presentations of arterial vascular toxic effects of cancer therapy
Characteristics

Main presentation
Acute vasospasm

Acute thrombosis

Accelerated atherosclerosis

Onset after start of cancer
therapy

Days to weeks

Weeks to months

Months to years

Reversibility

Very likely

Likely

Very unlikely

Primary culprit

Vascular smooth muscle cells

Endothelial cells

Endothelial cells

Secondary culprit

Endothelial cells

Platelets

Bone marrow-derived cells,
pro-inflammatory cells

High levels of circulating
endothelial cells

Possible

Yes

Yes

Low levels of endothelial
progenitor cells

Possible

Yes

Yes

Procoagulant microvesicles No

Yes

No

Examples of cancer
therapeutics

5-Fluorouracil, capecitabine, platinum
drugs, VEGF inhibitors

Platinum drugs, bleomycin, vinca
alkaloids, VEGF inhibitors, ICIs

Nilotinib, ponatinib, cisplatin,
VEGF inhibitors

Treatment

Nitrates, calcium-channel blockers

Thrombectomy, PTCA and/or stent,
DAPT, statin therapy

Revascularization, aspirin, statins,
amlodipine, ACE inhibitor,
exercise

On-therapy screening

Signs and symptoms

Signs and symptoms

Signs and symptoms

Vasoreactivity studies, ECG
(ST-segment elevation) monitoring

vWF levels, circulating endothelial cell
and/or endothelial progenitor
cell levels

Ankle–brachial index, cardiac
stress test, coronary CT
angiography

Prophylactic therapy with nitrates and
calcium-channel blockers

DAPT, statins

Strict risk factor control, especially
lipids, (anti-IL-1β), aspirin, statins
and/or other therapies

CVD risk stratification: risk
factors and/or disease, testing for
subclinical ASCVD and/or abnormal
vasoreactivity, including endothelial
dysfunction

CVD risk stratification: risk factors,
testing for subclinical ASCVD,
endothelial dysfunction, vWF levels

CVD risk stratification: risk factors,
testing for subclinical ASCVD

Pre-therapy screening and
prevention

ACE, angiotensin-converting enzyme; ASCDV, atherosclerotic cardiovascular disease; CVD, cardiovascular disease; DAPT, dual antiplatelet therapy;
ECG, electrocardiogram; ICI, immune checkpoint inhibitor; PTCA , percutaneous transluminal coronary angioplasty; VEGF, vascular endothelial growth factor;
vWF, von Willebrand factor.
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Cancer

Stress, cardiovascular risk factors
Radiation therapy

Alterations of
bone marrow
activity

CAR T cell and
BiTE therapies
Bone
marrow

↑ Pro-inﬂammatory
cytokines
Thrombotic
diathesis
Vasoconstriction

Chemokines

Erosion

Monocyte

Plaque rupture
Platelet

↓ EPC
Endothelium

Vascular smooth
muscle cell
hyperreactivity

Endothelial cell injury
(dysfunction, apoptosis,
necrosis)

Suppression of
vascular repair

Atherosclerotic
plaque

Endothelial cell
activation
Macrophage

Macrophage and
T cell activation
and proliferation

Radiation therapy
Cytotoxic effect
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Fig. 2 | Mechanisms of ischaemia in patients with cancer. Ischaemia can
be precipitated in patients with cancer by various mechanisms, leading to
functional or structural alterations in the blood vessels. Increased vasoconstriction can be caused by vascular smooth muscle cell hyperreactivity , which is classically seen with 5- fluorouracil therapy , and/or
endothelial dysfunction, which can be provoked by various and sometimes
concomitantly administered chemotherapeutics. Thrombotic occlusion,
either partial or complete, can be caused by superficial erosion or by
atherosclerotic plaque rupture. Erosion entails the loss of the endothelial
monolayer, and multiple chemotherapeutics exert a cytotoxic effect on
endothelial cells. This endothelial damage is often coupled with impairment of repair mechanisms, such as inhibition of the proliferation and

Bispecific T cell engager
therapy

T cell

migration of neighbouring endothelial cells or a reduction in the number
of circulating endothelial progenitor cells (EPCs). Atherosclerotic plaque
rupture is fostered by plaque inflammation, which also contributes to
plaque development and growth and thereby to progressive luminal
narrowing. Inflammation is stimulated by increased cytokine levels, for
example, as a result of the expansion of some haematopoietic clones
through a process called clonal haematopoiesis, or by disinhibition
of immune checkpoints on inflammatory cells, mainly the programmed
cell death 1–programmed cell death 1 ligand 1 (PD1–PDL1) axis, with
immune checkpoint inhibitor therapy. BiTE, bispecific T cell engager;
CAR , chimeric antigen receptor; TKI, tyrosine kinase inhibitor; VEGF,
vascular endothelial growth factor.

platelet surface receptors (such as ADP and thromboxane A2) that mediate platelet activation64. Furthermore,
tumour- derived VEGFA triggers the release of vWF
from endothelial cells, and some types of cancer (especially undifferentiated carcinomas) can express vWF,
thereby increasing platelet activation65,66. Activated
platelets in turn support tumour growth and metastases.
Therefore, a bidirectional relationship exists, known as
the ‘platelet–cancer loop’64.
Consistent with the concept of a general prothrombotic state related to the underlying cancer is the observation that arterial thromboembolic events (ATEs) are
seen in particular in patients with pancreatic, gastric or
lung cancer, which is similar to the incidence of venous thromboembolic events (VTEs)67–70. Furthermore,
the increased risk of ATEs seems to be highest in the
month before and after diagnosis and remains significantly elevated over the first year after diagnosis (FIG. 3).
The risk of ATEs is mainly seen with undifferentiated and more advanced cancer disease stages (stages 3
and 4)67. Systemic vWF levels follow a similar trajectory,
increasing with tumour stage and early on during cancer
therapy such as with cisplatin- based therapies 66,71.
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This observation supports the concept of the double
effect of tumour burden and potency of active chemotherapy, generating a substrate that can then precipitate
in an acute thrombotic event in areas of disturbed flow
dynamics lined by an injured and inadequately repaired
endothelial layer.
Targeted therapies. In agreement with a general prothrombotic state associated with some cancer types
(and contrary to some of the debates in the past),
studies suggest that bevacizumab leads to similarly
increased risks of ATEs and VTEs72. Documentation of
thrombus formation in the arterial system in patients
receiving VEGF- inhibitor therapy is conceptually
important because ATEs encompass a broad spectrum
of clinical presentations and some are more indirect in
nature (such as angina, which can be caused not only
by thrombosis but also by vasospasm and a haemodynamically significant stenosis)73–75. Mechanistically,
bevacizumab, through the formation of immune complexes with its target VEGFA, activates platelets via
FcγRIIA receptors76. This activity requires the heparinbinding domain of VEGFA in a manner similar to
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Table 4 | Potential mechanisms of endothelial cell toxicity of cancer therapies
Agent

Mechanism
EC death

EC proliferation
and migration

EC-dependent
vasodilatation

Oxidative
stress

Inflammation Coagulation
disorders, thrombosis

VEGF
signalling

Conventional chemotherapies
Anthracyclines

Induction
of caspasemediated
apoptosis

Inhibition of EC
proliferation

↓ EC-dependent
relaxation

ROS-induced ND
dysregulation
of superoxide
levels; free
radical
generation

↓ ET1 levels

Platinum drugs

Direct toxic
effect

Inhibition of EC
proliferation

↓ NO levels

Free radical
generation

Activation of
mononuclear
cells and
leukocyte–EC
interaction

Platelet aggregation;
ND
↑ vWF levels; fibrinolysis
(↑ ICAM1 and PAI1
levels)

Cyclophosphamide Direct toxic
effect

ND

↓ ACE levels

ND

ND

Platelet aggregation

↑ VEGF
levels

5-Fluorouracil

Direct toxic
effect

ND

↓ eNOS levels, ↑
EC-independent
vasoconstriction
via PKC

ND

↑ Cytokine
levels

Promotes
prothrombotic state

Possible
inhibitory
effect

Taxanes

Induction of
EC apoptosis

Inhibition of EC
Impaired
ND
proliferation,
nitrate-mediated
migration and tube vasodilatation
formation assay

↑ TNF levels

↑ TNF-induced tissue
factor release;
↓ thrombomodulin
levels

↑ VEGF
and
VCAM1
levels

Bleomycin

↑ FASL levels

↑ ICAM1 and
E-selectin levels

↓ NO levels

Free radical
generation

↑ Cytokine
production;
inhibition of
NO; antiinflammatory
effect

ND

ND

Vinca alkaloids

Induction
of caspasemediated
apoptosis

Mitosis-mediated
inhibition of EC
proliferation

ND

ND

ND

↓ ET1 levels

ND

Direct toxic
effect

ND

ND

ND

ND

Hyperhomocystinaemia ND

Nilotinib (BCR–
ABL1 inhibitor)

Induction of
EC apoptosis

Inhibition

ND

ND

ND

ND

Inhibition

Ponatinib (BCR–
ABL1 inhibitor)

Induction of
EC apoptosis

Inhibition

ND

ND

ND

ND

Inhibition

VEGF inhibitors

Induction of
EC apoptosis

Inhibition

Free radical
↓ NO levels;
generation
impaired
nitrate-mediated
vasodilatation

ND

ND

Main drug
target

ND

Immunomodulatory therapies
Methotrexate
Targeted therapies

Based on data from REF.115. ACE, angiotensin-converting enzyme; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; ET1, endothelin 1; FASL , FAS ligand;
ICAM1, intercellular adhesion molecule 1; ND, not described; NO, nitrogen oxide; PAI1, plasminogen activation inhibitor 1; PKC, protein kinase C; ROS, reactive
oxygen species; TNF, tumour necrosis factor; VCAM1, vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor; vWF, von Willebrand factor.

platelet factor 4 in heparin-induced thrombocytopenia.
Indeed, heparin administration increases the deposition
of bevacizumab–VEGFA immune complexes on platelets and platelet activation76. In the presence of thrombin (as occurs in hypercoagulable states), the amount of
heparin required to trigger platelet activation and aggregation by bevacizumab–VEGFA immune complexes
was much lower76. Bevacizumab has also been shown
to increase thrombus formation after inferior vena
cava obstruction and chemical saphenous vein injury
in a murine xenograft model of lung carcinoma77. This
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effect was due to a shift in the thrombolytic balance via
alterations in plasminogen activator inhibitor 1 (PAI1)
levels. By binding to VEGFA, bevacizumab neutralizes
the inhibitory effect of VEGFA on the expression of
PAI1 in tumour cells, thereby increasing PAI1 systemic
levels77. These studies illustrate that the prothrombotic
effects of bevacizumab extend beyond inhibition of the
protective role of VEGF on the endothelium; the consequences of not preventing endothelial dysfunction
would include the conversion to a procoagulant state,
for example, by increased tissue factor production8,78.
www.nature.com/nrcardio
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Immune checkpoint
inhibitor therapy
(ICI therapy). Therapy that
targets internal T cell inhibitory
signals known as immune
checkpoints, which control
T cell activity in a balance with
co-stimulatory signals upon
T cell receptor activation
following antigen presentation
and recognition. Tumours can
express ligands for immune
checkpoint pathways, such
as programmed cell death 1,
thereby mediating resistance
to T cell-mediated destruction.
ICIs can reverse this T cell
tolerance towards tumour cells
and promote T cell antitumour
activity.

Virchow’s triad
Concept named after the
German pathologist Rudolf
Virchow, who, in 1856,
described three factors that
are critically important in the
development of venous
thrombosis: stasis,
hypercoagulability and
endothelial or vascular injury.

The described effects on the induction of endothelial dysfunction also apply to TKIs targeting VEGFR,
although the effects of these therapies are not always as
expected and have often been understudied24. Likewise,
the direct effects of VEGFR-targeted TKIs on platelets
are not always intuitive or consistent. Sunitinib and
sorafenib dose-dependently inhibit platelet aggregation,
probably via interference with tyrosine kinase signalling in platelets (such as SRC family kinases), possibly
contributing to bleeding events79,80. This observation is
remarkable because these drugs have also been associated with thrombotic events. The same holds true
for the BCR–ABL1 inhibitors dasatinib, nilotinib and
ponatinib, which have been associated with ATEs such
as MI and stroke in patients with chronic myeloid leukaemia81. Peculiarly, dasatinib and ponatinib inhibit
platelet activation and aggregation, but not nilotinib,
which has a prothrombotic effect82–86. This finding has
important implications not only for the pathophysiology of TKI-induced thromboembolic events, but also
for the treatment and prevention of these events because
it relates, for instance, to antiplatelet therapy.
Immunotherapies. Arterial and venous thrombotic
events have been reported in patients receiving ICI
therapy 87–89. Some of these events are temporally
related to the initiation of ICI therapy. However, in the
absence of any cohort studies, the overall incidence
of thromboembolic events with these therapies and
whether the incidence is higher than that generally
observed in these patient cohorts remains unknown.
A link between vascular thrombotic events and vasculitis has been speculated, and the interaction between
inflammation and coagulation has been described and
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Fig. 3 | Risk of arterial thromboembolic events in patients with cancer. Outline of the
risk of arterial thromboembolic events relative to the time of cancer diagnosis in patients
in the US Medicare system. A vulnerable and high-risk period of arterial thromboembolic
events can be defined as illustrated, particularly for the cancer types listed. Baseline risk
factors and long-term risk dynamics remain to be defined. The plot was generated using
data from REFS67,253. HR, hazard ratio; MI, myocardial infarction.
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termed ‘immunothrombosis’90,91. This relationship is
bidirectional, with the release of inflammatory cytokines
activating the endothelium towards a procoagulant and
platelet-activating phenotype92. The generation of procoagulant microvesicles and tissue factor as well as a
decrease in ADMTS13 levels are contributing factors to
thrombotic events in the setting of systemic inflammation93. These factors might be more important for CAR
T cell (and BiTE) therapies than for ICI therapy.
Radiation therapy. Although certainly not a common
event, acute arterial (even large-vessel) thrombosis in an
irradiated segment has been reported in patients, with
potentially profound complications such as acute limb
ischaemia and stroke94,95. These reports match experimental observations in irradiated canine femoral arteries96. Within just 48 h, endothelial cells showed evidence
of severe injury, followed by endothelial denudation and
intimal deposition of fibrin. Re-endothelialization was
noted within 3 weeks of radiation, but remained incomplete even at 4 months96. However, the radiation dose
used in this study (35 Gy) was very high and was delivered in one fraction. Conceivably, endothelial function
and viability might already be reduced in some patients
at the time of radiation therapy (for example, as a result
of pre-existing cardiovascular disease risk factors and
atherosclerotic cardiovascular disease (ASCVD) or
when combined with chemotherapy with toxic effects
on endothelial cells). This pre- existing endothelial
damage might lower the resilience of the endothelium
to injury and even low radiation doses might lead to the
same consequences. In addition, depending on the cardiovascular disease risk factors present and the effects
of chemotherapy, reconstitution of the endothelial layer
can be further delayed in patients with cancer owing to
the suppression of local and bone marrow regenerative
capacity97,98.
Management and prevention. In general, management
of acute arterial thrombosis in patients with cancer follows published guidelines (Supplementary Table 2), with
the main interventions being anticoagulation, fibrinolysis, antiplatelet therapy, mechanical thrombectomy and
treatment of the underlying cause. Treatment of the cancer is expected to decrease the prothrombotic state, but
the effect is not instantaneous. If atherosclerotic plaque
rupture is present, revascularization strategies are usually pursued, mainly stenting. Manual thrombectomy
is no longer a general recommendation for coronary
artery lesions in view of higher stroke rates and no
decisive benefit on coronary or myocardial ischaemia
compared with percutaneous coronary intervention
without thrombectomy. Depending on the location and
severity of disease, surgery might also be considered.
Superficial erosions are usually not revascularized in
the absence of any clinically significant stenoses but dual
antiplatelet therapy (DAPT) is recommended54. For ACS
with documented coronary thrombus, DAPT should
be administered for a minimum of 1 year, regardless of
the coronary management strategy, that is, even when
medical therapy alone is chosen or when undergoing
surgery rather than stenting (Supplementary Table 2).
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Particularly in patients with cancer, this recommendation needs to be balanced with the risk of bleeding.
In this context, thrombocytopenia is an important
factor to consider, with the Society for Cardiovascular
Angiography and Interventions (SCAI) recommendations for triage and platelet cut-off levels indicating
platelet counts >50,000 per μl for surgical interventions,
>30,000 per μl for percutaneous coronary intervention
(PCI) with DAPT and >10,000 per μl for angiography99
(Supplementary Table 7, Supplementary Figure 2).
The recommendations for the duration of DAPT
after stenting have been evolving (Supplementary
Table 2), and the latest ESC guidelines recommend the
universal use of drug-eluting stents (DES) regardless
of lesion or patient characteristics100 (Supplementary
Table 2). Improvements in the design of DES have
markedly reduced the associated risk of thrombosis; in
particular, newer-generation DES have a documented
lower rate of stent thrombosis than bare-metal stents101.
Accordingly, the LEADERS FREE trial102 showed that, in
combination with just 1 month of DAPT, a polymer-free
biolimus A9-coated stent was superior to a bare-metal
stent in terms of safety (stent thrombosis, death and MI)
and efficacy (repeat revascularization) in patients at high
risk of bleeding (including 15% with anaemia, 15% with
anticipated surgery in the next year and 10% with cancer).
Although meta-analyses have shown a reduction in both
stent thrombosis and stent restenosis with the newer generation of DES than with bare-metal stents in the general
patient population, whether these results can be extrapolated to patients with cancer in general is unknown103.
Nevertheless, acute stent thrombosis has been reported
even after bare- metal stenting in patients with cancer, often shortly after discontinuation of DAPT104.
Importantly, prediction scores for the risks of thrombosis and bleeding, such as the DAPT and PRECISE-DAPT
scores, have not been validated in patients with cancer
(who have a higher risk of both than patients without
cancer)105,106. Cancer has been listed as an important risk
factor for early stent thrombosis and the most important patient-related risk factor for late stent thrombosis107. The risk of stent thrombosis is further increased
in patients with additional comorbidities, including a
reduced ejection fraction107. These clinical risk factors
for stent thrombosis might not be as easily controllable as technical aspects, which should be managed in
a pristine manner in patients with cancer108 (see SCAI
recommendations; Supplementary Table 7).
In patients with cancer with an acute coronary event,
defining not only the culprit lesion but also the culprit
mechanism is paramount. The Universal Definition of
MI pursues this concept, and it should be noted that the
recommendations provided in this Review apply mainly
to type I MI109 (Supplementary Figure 3). Of interest,
a 2018 study showed that the majority of MIs in patients
with haematological cancers are type II MIs, which might
explain why an invasive approach did not translate into
better outcomes in these patients, contrary to aspirin,
β-blocker and angiotensin-converting enzyme-inhibitor
therapy110. The scope of aetiologies for type II MI is very
broad, and a number of mechanisms need to be considered in patients with cancer111. Furthermore, the very
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same patient can be at risk of both type I and type II MI.
Therefore, overlap in the types of presentation must be
considered and re-defined on an individual basis.
From a preventive standpoint, efforts are directed
towards improving endothelial health, which will reduce
the risk of all three vascular toxicities associated with
cancer therapy. These interventions primarily include
statins, angiotensin-converting enzyme inhibitors and
exercise24. As shown for patients undergoing treatment
with bevacizumab, aspirin can reduce the risk of arterioembolic events in those at highest risk (age >65 years
and prior ATE)112. The implications for TKI therapy
might be different, as outlined above. However, whether
patients receiving TKIs develop thrombosis or bleeding might not only be a function of platelet activity and
inhibition but rather the consequence of the effects of
VEGFR signalling inhibition on endothelial viability
and vascular integrity within the context of the specific
histopathological environment113. Similarly, capillary
networks are more prone to collapse, with the complications being thrombosis with ischaemia or rupture
with bleeding.
At present, no recommendations are available regarding screening for the risk of arterial thrombosis during
or before cancer therapy; one reason is the uncertainty
about which tests to implement and what parameters
to react to and in what manner. However, vWF has
emerged as a possible marker. Circulating levels of vWF
rise during cisplatin-based chemotherapy in patients
with testicular cancer, particularly among those with an
ATE71. Indeed, levels of vWF are already higher at baseline among patients with testicular cancer with ATEs114.
A clinical fingerprint that can identify patients at high
risk of ATEs even before cancer therapy entails at least
three of the following five risk factors: BMI >25 kg/m2,
current smoking, blood pressure >140/90 mmHg
(or treated), hyperlipidaemia (or treated) or elevated
fasting plasma glucose levels114. Profiling in this way is
intuitively attractive, but the next question is whether
this profiling should translate into some form of drug
intervention such as statin therapy or DAPT. The confidence level of starting DAPT in patients who are
prone to thrombocytopenia and bleeding can be low.
Furthermore, the adverse effects of the cancer therapy
can evolve and future declines in blood cell counts might
need to be anticipated, or prohibitive cytopenias could
eventually resolve and/or be bridged by transfusions
(although the latter carries its own risks).

Accelerated atherosclerosis
Conventional chemotherapies. Among the conventional
chemotherapies, many can have acute and lasting effects
on the vasculature, including those classically associated
with cardiotoxicity. A prime example is anthracyclines,
which induce (signs of) premature vascular ageing115–117.
However, the classic conventional chemotherapy associated with atherosclerosis is cisplatin. As outlined above,
cisplatin can induce acute thrombosis as well as acute
vasospasm. However, the toxic effects on endothelial cells
can last even longer. Studies in long-term cancer survivors have shown evidence of endothelial cell activation
and dysfunction as well as elevated levels of circulating
www.nature.com/nrcardio
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endothelial cells two decades after termination of the
cancer therapy118. Similarly, circulating cisplatin levels
can remain detectable over this time frame119. Of note,
survivors of testicular cancer treated with cisplatin-based
therapies have an up to sevenfold higher than expected
(on average, an approximately twofold higher) risk of
CAD120–124, and mediastinal radiation seems to have an
additive effect on the risk of CAD125,126. Importantly,
although these patients receive other agents with toxic
effects on endothelial cells, such as bleomycin, etoposide
and vinca alkaloids, the impression is that platinum drugs
are still the main culprit125. The cumulative platinum
dose seems to be important for both general and cardiovascular long-term toxicity127. The risk of cardiovascular
disease might be particularly high with doses of platinum
>3,000 mg (REF.128). However, intermediate and high risks
of cardiovascular disease can already be seen in patients
exposed to cisplatin doses above a much lower threshold of 850 mg (REF.129). Further to consider, survivors of
testicular cancer have metabolic derangements that confer a cardiovascular risk130; about 20% of patients have
hypertension and 33% patients have hyperlipidaemia127.
Importantly, cisplatin itself does not have a long-term
effect on the blood lipid profile131. Not unexpectedly, for
survivors of testicular cancer, discussions have emerged
similar to the debates on androgen-deprivation therapy
for patients with prostate cancer132–134.
Targeted therapies. As outlined above, VEGF signalling
inhibition negatively affects NO production and thereby
might contribute to atherosclerosis. Indeed, pan-VEGFR
inhibition has been shown to lead to accelerated atherosclerosis in a rodent model albeit without an increase
in plaque vulnerability135. These findings are interesting
because VEGF administration and its inhibition have
been linked not only to the function of endothelial cells
but also to endothelial cell proliferation and plaque neovascularization136. Importantly, plaque neovascularization contributes not only to plaque progression but also
to plaque inflammation and vulnerability136. Therefore, antiangiogenic VEGF-inhibitor therapy would be
expected to have an overall stabilizing effect and, indeed,
bevacizumab therapy reduced the neovascularization
and growth of established plaques in another experimental study24. The observation that atherosclerosis shows
angiogenesis-dependent and angiogenesis-independent
phases might provide some explanation for the apparently conflicting results136. At least depending on the
stage of atherosclerosis, the effects of VEGF inhibition
can vary and VEGF inhibition might not always be synonymous with angiogenesis inhibition24,137–141. Along
these lines, the effects of VEGFR inhibition with a TKI
might differ considerably from the effects of VEGF
neutralization with bevacizumab. Furthermore, the
vascular effects of VEGF and VEGF signalling inhibition might depend on local VEGF concentrations even
when accounting for other factors. Low VEGF levels are
necessary for vascular homeostasis, whereas high concentrations result in proliferative effects. Accordingly,
the ultimate effects of VEGF inhibition can be harmful
or therapeutic, depending on the host milieu, and can
therefore be very difficult to predict.
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The possibility of accelerated atherosclerosis as an
adverse effect of cancer therapy has received attention
in particular with regards to the use of the two TKIs targeting BCR–ABL1, nilotinib and ponatinib. Profound
and progressive peripheral artery disease was first recognized with nilotinib142–153. An even more aggressive
phenotype was then seen with ponatinib, leading to a
temporary suspension of sales154. Meta-analyses confirmed the increased risk of cardiovascular disease with
nilotinib and ponatinib therapies155,156. Expressed in
event rates per exposure time, the risk of MI is more
than twofold higher with nilotinib than with rofecoxib
(Vioxx), a cyclooxygenase 2 inhibitor that was removed
from the market because of an unacceptably high risk of
cardiovascular disease157. Another interesting aspect that
has emerged is a potential risk of cardiovascular disease
even with the BCR–ABL1 TKI dasatinib, although on a
lower scale.
These clinical observations support in vitro findings: ponatinib, nilotinib and dasatinib (in decreasing
order of potency) were the three TKIs targeting BCR–
ABL1 with notable effects on endothelial cells158. These
effects included alteration of the expression of numerous
genes, suppression of endothelial function and even cell
toxicity. Molecular and mechanistic overlap has been
difficult to identify, but nilotinib has been shown to
downregulate VEGFR2 expression159; therefore, nilotinib
and ponatinib share inhibition of the VEGF signalling
pathway as a common mechanism159,160. In experimental
models, the progressive nature of atherosclerosis could
be replicated, at least in part, with nilotinib and ponatinib treatment161. Interestingly, ponatinib therapy did
not increase but rather reduced atherosclerotic plaque
volume. Nevertheless, both nilotinib and ponatinib therapies led to changes that were consistent with increased
atherosclerotic plaque vulnerability161.
Given that the population of patients with chronic
myeloid leukaemia, in whom these drugs are primarily used, includes mainly elderly individuals who are at
high risk of ASCVD, whether the clinical events noticed
were truly attributable to the TKIs, the target population or the combination of the two has been a matter of
debate. A carefully conducted study showed that patients
receiving nilotinib had a much higher adverse vascular
event rate than the control cohort of patients who were
matched by age and cardiovascular risk factors159. The
additional observation that general prediction models
of the risk of ASCVD could stratify patients undergoing
nilotinib therapy for cardiovascular events has several
implications: it indicates that the underlying process of
vascular toxicity in these patients is indeed atherosclerosis rather than, for instance, vasculitis, that the patients
have pre- existing risk factors and that, possibly, the
interaction of these risk factors with the cancer therapeutic leads to the acceleration of the disease process151,162–165.
Regarding the pre-existing risk of ASCVD, a preliminary finding is the higher incidence of age- related
clonal haematopoiesis mutations in patients receiving nilotinib who develop ASCVD than in those who
did not (two- thirds versus one- third)159; the specific
link between nilotinib therapy and these mutations is
not known. Likewise, if any such correlation exists with
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ponatinib remains unknown. If and to what extent these
drugs affect the bone marrow cell population is yet to
be defined.
These considerations are intriguing in view of the
discovery of age-related clonal haematopoiesis or clonal
haematopoiesis of indeterminate potential (CHIP)
mutations as a shared pathway to ASCVD and haematological malignancies166–168. Bone marrow cells, like
any other cells in the body, can undergo somatic mutations. The likelihood of mutations increases with time
and, therefore, with the increasing age of the individual.
DNMT3 and TET2 are the most commonly affected
genes, and their mutations result in a loss of function, consistent with their role as tumour-suppressor
genes169. Alterations in DNMT3A, which encodes DNA
methyltransferase 3A (DNMT3A), have been reported
in patients with various haematological malignancies,
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Fig. 4 | Pathophysiological processes contributing to atherosclerosis in patients with
cancer. Somatic mutations can lead to alterations in the haematopoietic stem cell (HSC)
clones in the bone marrow, such as mutations in TET2, which, through a process termed
clonal haematopoiesis, ultimately leads to the generation of a macrophage pool with
greater inflammatory activity. In addition, stress, via β3-adrenergic receptor activation,
leads to activation of HSCs and increased proliferation. These cells circulate in the
blood and seed into the spleen, where they proliferate and continue to mature.
The end effect is an increased infiltration of inflammatory cells into atherosclerotic
plaques. Both of these processes — stress as well as somatic mutations and clonal
haematopoiesis — can also contribute to and result in malignancies. Cancer therapies
can affect the bone marrow , for example, leading to bone marrow suppression as well
as mutations and derangements of bone marrow cells. ANS, autonomic nervous system;
CVD cardiovascular disease.
514 | AUGUST 2020 | VOLUME 17

including acute myeloid leukaemia (AML). TET2 mutations also occur in AML as well as in other myeloproliferative disorders and myelodysplastic syndrome170.
A study in mice has shown that TET2- deficiency
increases pro-IL-1β expression (via epigenetic mechanisms) and pro- IL-1β processing (via modulation
of NLRP3 inflammasome expression and activity) in
bone marrow-derived macrophages171. These cells infiltrate the vasculature and contribute to a much more
pronounced inflammatory phenotype of atherosclerotic plaques (FIG. 4). This mechanism might explain
the striking observations of population-based studies
showing an eightfold increased risk of MI in patients
with TET2 mutations compared with those without this
genetic fingerprint169. Conversely, IL-1β-directed therapy
with a monoclonal antibody has been shown to decrease
recurrent acute ischaemic events in patients with previous ACS, including MI, in addition to decreasing the risk
of lung cancer172,173.
Patients with myelodysplastic syndrome (MDS)
have long been known to have a higher risk of cardiovascular disease174. This high risk is, at least in part, due
to acute thrombotic events in the arterial and venous
circulation, especially among those with JAK2 mutations175. Advanced atherosclerosis and microvascular
dysfunction have also been seen in these patients176,177.
The adaptor protein LNK (also known as SH2B adapter
protein 3) operates within the negative feedback loop
to JAK2, and LNK loss of function increases the risk
of MDS178. Fascinatingly, LNK has also been shown to
limit myelopoiesis and platelet activation in hypercholesterolaemia, and LNK loss of function would therefore also predispose to the progression and complication
of ASCVD179,180.
An important additional aspect is that the bone marrow is influenced by various factors, including the autonomic nervous system. In MDS and AML, β2-adrenergic
receptor activation in the bone marrow contributes to
disease progression at the cost of reduced activity in
the β3-adrenergic receptor-related regenerative niche181.
The bone marrow regenerative niche is also activated by
exposure to cardiometabolic risk factors, such as hyperlipidaemia, and shows higher activity in patients with
ASCVD in general than in healthy individuals182–187. In
the setting of stress exposure, as seen for instance with
MI183–187, β3-adrenergic receptor stimulation of the bone
marrow leads to the release of haematopoietic and
myeloid progenitor cells that seed in the spleen, feed
extramedullary haematopoiesis and eventually enrich
the inflammatory cell population in atherosclerotic
plaques as monocytes and macrophages183–187. This finding provides one explanation to the intriguing clinical
observation of an increased risk of recurrent MI early
after an MI. If and to what degree (towards greater or
lower activity) this axis is altered in patients with cancer in general as well as in patients with haematological
malignancies is yet to be determined. Of note, in the
seminal studies dissecting the effect of chronic stress
on the bone marrow and ASCVD, 5-FU treatment was
found to lead to an impressive suppression of the stimulating effects of the autonomic nervous system on the
bone marrow, with a prominent rebound thereafter185.
www.nature.com/nrcardio
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Immunotherapies. The cytokine release in the setting
of CAR T cell (and BiTE) therapy has the theoretic
potential to influence the clinical course of patients
with ASCVD. Inflammation is an important parameter
for the biological activity of atherosclerotic plaques and
can be fostered by other concomitant acute or chronic
inflammatory conditions in the body. For instance, the
risk of acute MI increases at times of acute infections,
then slowly declines188. Various cytokines, such as IFNγ
and IL-6, have been shown to accelerate atherosclerosis189–191. However, these latter observations were made
under very different conditions. Patients undergoing
CAR T cell therapy often do so as a last resort and
have therefore been exposed to several previous cancer
treatments. In addition, suppressive effects of preconditioning interventions might alter the vascular effect
of the inflammatory response occurring with CAR T cell
therapy, although this hypothesis is yet to be tested, for
example, by comparing with BiTE therapy, which does
not require preconditioning192.
Overall more predictable seem to be the effects of
inhibition of immune checkpoints, which are broader
and longer lasting. Under inflammatory conditions, the
absence or blockade of programmed cell death 1 ligand 1
(PDL1), PDL2 or programmed cell death 1 (PD1) results
in enhanced T cell responses and acceleration or exacerbation of disease. For instance, PDL1 is detectable
in cardiac allografts but not in coronary arteries or in
the myocardium of normal hearts193. In transplanted
hearts, PDL1 expression was especially notable in the
VSMCs of coronary arteries affected by transplant
vasculopathy and increased in these cells in response
to IFNγ193. Importantly, treatment with an anti-PDL1
monoclonal antibody increased transplant vasculopathy
in a dose-dependent manner193, in conjucntion with an
increased number of infiltrating CD4+ T cells and CD8+
T cells, most of which centring around coronary arteries.
Further in keeping with the theory that PD1 is critical
for maintaining the immune-privileged territory of the
vasculature is the observation that inhibition of PD1 signalling leads to fulminant vasculitis in a chimeric mouse
model194. Importantly, such a reaction occurs whether
inflammatory cells are reconstituted from healthy volunteers or patients with giant cell arteritis (GCA). In GCA,
dendritic cells express low levels of PDL1 and thereby
provide insufficient negative counterbalance to PD1+
effector T cells195. The T cells then become more infiltrative and more active, leading to increased cytokine
production and ultimately profound alternation of the
normal vascular structure. Progressive luminal narrowing and occlusion are most important for clinical manifestations such as ischaemic optic neuropathy, which can
lead to blindness195. The outgrowth of myofibroblasts is
crucial in this context and was found to be accelerated by
PD1–PDL1 inhibition, as was the extent of neoangiogenesis in GCA vessels. Accordingly, the effects of immune
checkpoint inhibition can be profound in patients in
whom the immunoprivilege of the vasculature is broken. Intriguingly, emerging vasculitis has been reported
even in patients with no such clinical history with
cytotoxic T lymphocyte antigen 4 (CTLA4) and PDL1
inhibitor therapy196–200. The case reports usually involve
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large-to-medium-sized arteries, although small-vessel
vasculitis and vasculitic neuropathy have also been
reported201–203.
Reports on the dynamics of ASCVD in patients
receiving ICIs are scarce. In experimental studies in
atherosclerosis-prone Ldlr–/– mice, genetic deficiency of
PDL1, PDL2 or PD1 increased the size and inflammatory cell infiltrate of atherosclerotic plaques, including
macrophages and T cell populations204,205. An exaggerated immune response was noted, that is, T cells were
more reactive (including a higher production of proinflammatory cytokines) and more proliferative to antigens and oxidized LDL, presumably as a consequence of
removal of restraints within them or in PDL1-deficient
or PDL2-deficient antigen-presenting cells. Further in
line with the theory of removal of restraints, one of the
most striking observations was the prominent increase
in CD8+ T cells, otherwise present in only very low
numbers in atherosclerotic plaques204,205. Furthermore,
PD1-deficient CD8+ T cells showed greater cytotoxic
activity against resident cells, that is, VSMCs and
endothelial cells. This cytotoxic activity is important
because depletion of VSMCs weakens the fibrous caps of
atherosclerotic plaques, and the apoptosis of endothelial
cells leads to plaque erosion. Most importantly, treatment with an anti-PD1 monoclonal antibody did not
increase plaque size but increased the abundance and
activity of CD4+ T cells and CD8+ T cells204,205. This finding is likewise in keeping with a shift towards a more
inflammatory and vulnerable phenotype of atherosclerosis. Of further note, these changes occurred despite
the expansion and preserved activity of regulatory
T cells, which have a presumed protective function206.
Radiation therapy. Several studies have indicated that
coronary and other vascular diseases are among (if not)
the most common cardiovascular diseases in patients
who receive radiation therapy, and most patients who
develop vascular events have at least one cardiovascular risk factor207. The vascular territories exposed to
radiation therapy or in the proximity of radiation fields
include the carotid and intracranial arteries in head
and neck tumours, the coronary arteries in lymphoma,
breast, lung, oesophageal and gastric cancers, and the
aorta, renal, intestinal and peripheral arteries in lymphoma, intestinal and testicular cancers208. Unique features are media disruption, fibrosis and atrophy as well
as adventitial thickening and fibrosis209,210. By contrast,
intimal plaques might be rather similar in appearance to
those seen in patients not exposed to radiation therapy,
although possibly less proliferative and more fibrocalcific
or fibrofatty209–211. All these autopsy studies outlined the
difficulties in clearly differentiating radiation-induced
atherosclerosis from conventional atherosclerosis,
especially in elderly patients and in those with cardiovascular risk factors208. Therefore, only cases with atherosclerosis that is out of proportion in severity and/or
location to what would be expected have been considered to be causally related to radiation. However, the
disease process can conceivably overlap and radiation
might have a contributing role, adding to and aggravating the very processes that lead to atherosclerosis212.
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Induction of oxidative stress and activation of nuclear
factor-κB are common elements, as is endothelial activation and dysfunction, which are the initial phases of
ASCVD213. Of note, sustained inflammation and a link
to the inflammasome–interleukin system have been
shown in long-term survivors of cancer after radiation
therapy214. Furthermore, in patients with breast cancer, the risk of acute coronary events increased with
greater exposure to chest radiation and the presence of
traditional cardiovascular risk factors215. Experimental
work has indicated that the acute effects of radiation reflect endothelial cell apoptosis and the chronic
effects reflect endothelial cell senescence216. Progenitor
cells seem to be even more sensitive to cell death than
well-differentiated cells, but radiation doses of ≥10 Gy
are required to induce a sizeable effect. At the same
dose, mature endothelial cells undergo senescence and,
similar to fibroblasts, these cells display a secretory phenotype with the production of cytokines important for
the induction of the inflammatory ASCVD phenotype.
In rodent models of atherosclerosis, radiation doses of
2–8 Gy increase the number and size of atherosclerotic
plaques217. These lesions show comparatively more
macrophages and thrombotic features (and less collagen)
than non-irradiated lesions, especially at higher radiation doses. After exposure to a single dose of 14 Gy or
20 Gy delivered in fractions of 2 Gy, carotid arteries of
Apoe–/– mice show profound inflammation, thrombosis
and intraplaque haemorrhage218,219. Neither atorvastatin
nor clopidogrel was therapeutic220, whereas high-dose
aspirin increased collagen content and decreased adhesion molecule expression without reducing the overall
disease burden221. These findings beget the hypothesis
that radiation-induced and conventional atherosclerosis
might not be identical processes, although the experimental context in which these results were obtained
needs to be considered222.
Management and prevention. Patients with cancer
who have accelerated atherosclerosis should be treated
according to current society guidelines (Supplementary
Table 3), regardless of the cancer therapy received.
Optimal medical therapy is the very foundation of treatment, directed at cardiovascular risk factor control, stabilization of atherosclerotic plaques and reduction of
further growth (or, less likely, regression) of stenoses.
These patients require serial surveillance to define the
dynamics of progression of disease and the possible
eventual need for percutaneous or surgical intervention. In the non-acute setting in the general population,
revascularizations mainly serve the purpose of symptom
and quality-of-life improvement. However, some studies
indicate that interventions in the setting of a large burden of myocardial ischaemia are also prognostically relevant223. Additionally, progressive luminal obstruction,
unhalted by other efforts, is likely to require intervention to maintain patency and perfusion. This situation is
illustrated in the accelerated nature of peripheral artery
disease in patients receiving nilotinib, which can lead
to limb ischaemia and limb loss. Given the predisposition of the peripheral circulation to atherosclerosis,
serial ankle–brachial indices have been suggested as a
516 | AUGUST 2020 | VOLUME 17

mode of surveillance. Details about the optimal time
intervals for screening, the duration of follow- up and
the cut-off points to designate a clinically significant
change have not been defined. Extrapolating from longitudinal cohort studies, a drop in the ankle–brachial
index of ≥0.02 within 6 months could be deemed clinically significant. The inter-test variability needs to be
considered as well as the possibility that progression
might not be linear. Given that the development of
severe arterial occlusive disease showed a binary prediction pattern by the ESC score, that is, the risk was
essentially confined to those with a score ≥5, starting
serial surveillance efforts in this group of patients would
be reasonable. This surveillance would need to be over
years and even after completion of the cancer therapy
regimen (Supplementary Figure 4).
Long-term surveillance is also a major requirement
after radiation therapy, tailored on the basis of concomitant risk factors. For instance, whereas the risk of MI
does not increase significantly before 15–20 years of
follow-up in survivors of childhood cancer, an increased
risk of ACS can become apparent in adult patients with
breast cancer within 5–10 years of chest radiation therapy215. Patients with breast cancer with additional risk
factors for cardiovascular disease are at a higher risk of
ACS after radiation therapy, and those with a history
of ischaemic heart disease and MI are at the highest
risk215. In this and other studies, a linear relationship
between mean heart radiation dose and the rate of major
coronary events was observed, starting a 2–4 Gy with
an increase in risk of 7.4% per Gy (REF.224). Therefore,
reductions in radiation exposure are important, and
can be accomplished by several strategies, including
breath holding, prone positioning and proton beam
therapy225–228.
With regard to surveillance studies, coronary artery
calcium scanning and coronary CT angiography
have been considered to assess the structural burden
of CAD in patients after chest radiation therapy229
(Supplementary Figure 5). However, which parameters
would require action and what type of action remain
uncertain. Non-invasive stress tests provide more guidance on functional significance, and their combination
with an exercise oxygen consumption study might be
particularly useful because this test can also indicate
the disease burden induced by the pulmonary adverse
effects of chest radiation. This information is important
for treatment planning in these patients in general and in
cases of eventual open-heart surgery. Acute mortality is
low, but these patients have a risk of early right ventricular and pulmonary dysfunction230. The routine use of the
internal mammary artery for coronary artery bypass
graft surgery might not be possible and severe inflammatory changes of the pericardium might complicate surgery. By contrast, the outcomes with PCI are good, both
acutely and long term, irrespective of whether radiation
therapy was performed before or after PCI231–233.
Finally, the dynamics of ASCVD are putatively
increased in patients receiving immunotherapy given
that inflammation accelerates atherosclerosis. Closer
surveillance from a vascular disease standpoint is
recommendable for patients receiving ICI, especially
www.nature.com/nrcardio
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those receiving long- term therapy, those with previous exposure to other vascular toxic drugs and those
with (pre-)existing ASCVD. Those with a recent acute
ischaemic event should not be treated with ICIs (nor any
other chemotherapy with cardiovascular toxicity) until
the acute injury phase is resolved. This point is important with regard to both the expression of PDL1 in the
myocardium secondary to the injury as well as the likely
infiltration of inflammatory cells at both epicardial and
myocardial levels234. Expression levels of PDL1 over time
after MI are unknown, but healing can take up to 90 days
depending on the extent of MI235.

Venous thromboembolic disease update
Historically, more attention has been given to venous
thromboembolic disease induced by cancer therapies,
not least because of the well- known increased incidence of VTEs in patients with cancer68. Compared
with patients without cancer, those with cancer have a
fourfold to sevenfold higher risk of VTE236. The risk is
greatest in the first months after cancer diagnosis and
in those with more advanced (metastatic) cancers69.
Pancreatic and brain cancers have consistently been
ranked as conferring the highest risk of VTE across multiple studies. Taken together, these observations suggest
that cancers with the worst prognosis are often those
with the highest risk of VTEs68. This observation might
explain, at least in part, the worse prognosis of patients
with cancer and VTEs (threefold higher compared with
patients with cancer without VTE and eightfold higher
compared with patients with VTE and without cancer)68.
Challenges in the management of VTEs are the risk of
bleeding and the risk of recurrent VTEs. Risk-prediction
scores have been developed to predict thrombotic risk
and both initial and recurrent VTE237 (Supplementary
Table 4). However, no risk calculator for bleeding risk
is available and therefore no net-gain calculator integrating the risks of both thrombosis and bleeding is
currently available. Differences in the thrombotic and
bleeding risks are also influenced by the specific type
of cancer therapy, which is often not considered (such
as higher risk of bleeding than risk of thrombosis with
VEGF-inhibitor therapy)238,239.
Among the thrombotic risk-prediction scores, the
Khorana score is the most widely tested, externally
validated and endorsed in society guidelines. The 2019
National Comprehensive Cancer Network (NCCN)
guidelines state that ambulatory patients with cancer
with a Khorana score of ≥3 could be considered for
primary prophylactic anticoagulation240. This concept
is supported by subgroup analyses from two large randomized trials (PROTECHT and SAVE-ONCO)241,242
on low-molecular-weight heparin (LMWH) for the primary prevention of thromboembolic events in patients
with cancer. Studies on the use of apixaban (AVERT
trial)243 and rivaroxaban (CASSINI trial)244 for the primary prophylaxis of VTEs in patients with cancer with
a Khorana score of ≥2 have been published in 2019.
Apixaban decreased the risk of VTE by 60% at the cost
of a twofold higher risk of bleeding, whereas rivaroxaban
was similarly effective only in the on-treatment analyses at a similarly increased (although not significant)
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risk of bleeding. How these results will influence the
treatment recommendations remains to be seen. For
the time being, only patients with multiple myeloma
receiving immunomodulatory therapy are recommended to receive primary prophylaxis with either
aspirin, LMWH or warfarin. In patients with cancer
and VTE, guideline recommendations for treatment
vary by society (Supplementary Table 4). The latest is
the 2019 NCCN guideline, which now lists rivaroxaban
as a viable option for monotherapy as an alternative to
dalteparin (category 1) and also apixaban for patients
who refuse or cannot take LMWH, for example, owing
to heparin-induced thrombocytopenia240. Combination
therapy with LMWH or unfractionated heparin for
5–10 days, followed by edoxaban (or dabigatran) is
another viable option. LMWH had been the preferred
choice given its greater efficacy in preventing recurrent
VTE compared with that of warfarin. Non-vitamin K
antagonist oral anticoagulants can be as effective as
LMWH but have a higher risk of major bleeding, and
especially upper gastrointestinal bleeding (and possibly
also genitourinary bleeding) as seen in the Hokusai VTE
Cancer trial245. For this reason, the International Society
on Thrombosis and Haemostasis Guidance Statement
suggests the use of specific direct oral anticoagulants
(edoxaban and rivaroxaban) for patients with cancer
and an acute diagnosis of VTE who have a low risk of
bleeding and no drug–drug interactions with current
systemic therapy, and LMWHs for patients with cancer
with an acute diagnosis of VTE and a high risk of bleeding, including patients with luminal gastrointestinal
cancers with an intact primary, patients with cancers at
risk of bleeding from the genitourinary tract, bladder
or nephrostomy tubes, or patients with active gastrointestinal mucosal abnormalities such as duodenal ulcers,
gastritis, oesophagitis or colitis246.
Treatment with the same anticoagulant should be
pursued for 3 months, and overall treatment should continue as long as the cancer is active, under active treatment or if risk factors for recurrence persist. Patients
who develop recurrent VTE while receiving anticoagulation are generally switched to LMWH if they are not
already receiving it; otherwise, the dose of LMWH
is increased by 25% (anti-factor Xa levels and heparininduced thrombocytopenia should be considered).
For patients with thrombocytopenia, the NCCN
guidelines recommend enoxaparin as the only agent
at full dose for platelet counts >50,000 per μl, at half
dose for platelet counts of 25,000–50,000 per μl and
withholding of the drug or combination with platelet
transfusion for platelet counts <25,000 per μl (REF.240).
Cost considerations are an important aspect because
different insurance plans might cover one but not other
anticoagulants.

Pulmonary hypertension update
A unique form of pulmonary hypertension was recognized on the basis of the clustering of nine cases in the
French PH registry247. All but one patient had received
dasatinib for >2 years, and all but two had received a
dose of ≥100 mg per day. On right heart catheterization,
the pulmonary capillary wedge pressure was normal
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in all patients and all but one patient did not respond
to vasodilatory therapy. When dasatinib therapy was
discontinued, pulmonary arterial pressures dropped
but, as longer-term follow-up data (average 24 months)
showed, one-third of patients still had elevated pulmonary arterial resistance and pressures. Mechanistically,
experimental studies have shown that dasatinib therapy
leads to endothelial injury and that structural rather
than functional alterations of the pulmonary vasculature can evolve248. Whether endothelin-receptor antagonists should be the preferred treatment strategy for
dasatinib- induced hypertension or whether general
treatment guidelines (Supplementary Table 5) should
be followed is unknown. Universal screening has not
been endorsed, but patients developing dyspnoea while
receiving cancer therapy or signs and symptoms of right
heart failure need to be evaluated by echocardiography
and, if confirmed, by right heart catheterization249,250.
Further stratification for management depends on test
results and symptom status. An important update is
the recommendation of the 6th World Symposium on
Pulmonary Hypertension to decrease the cut-off level
for pulmonary arterial hypertension from a resting
mean pulmonary arterial pressure (PAP) of 25 mmHg
to 20 mmHg (REF.251). The argument in favour is that this
definition is no longer arbitrary but instead represents
the 97.5 percentile of the upper limit of normal, that is,
2 standard deviations above the mean PAP in normal
individuals. Considering an increase in cardiac output
or pulmonary arterial wedge pressure, the task force also
proposed to include a pulmonary vascular resistance of
≥3 Wood units in the definition of all forms of precapillary pulmonary hypertension associated with a mean
PAP >20 mmHg. Other cancer therapies that can lead
to pulmonary hypertension encompass those that induce
pulmonary toxicity and fibrosis, including bleomycin,
TKIs targeting the epidermal growth factor receptor
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and AKT, and radiation therapy; these patients require
proper pulmonary follow-up.

Future directions
Studies and registries are needed to answer several of the
questions raised in this Review. A more precise estimate
of the incidence of the various arterial toxicity events
with cancer therapies is needed. Risk factors and risk
groups, if possible, need to be defined. These definitions would facilitate screening efforts before, during
and after therapy. The specific modes and frequencies
of these screenings also need to be defined along with
which parameters at which cut-off levels should trigger
a (clinical) response. Primary and secondary prevention
efforts should follow the pathophysiology involved, and
appropriate management of vascular disease should enable the best-possible cancer therapy to continue and be
completed. Finally, novel insight into the pathophysiology of vascular disease and the vascular nature of
cardiotoxicity might also be gained252.
Conclusions
Arterial vascular toxic effects of cancer therapies can
present as acute vasospasm, acute thrombosis and
accelerated atherosclerosis. The management of cancer
therapy-related vascular toxicities is directed towards the
underlying pathological mechanism and, therefore, defining the mechanisms is a central element. The best modes
of pre-therapy screening, surveillance and prevention are
yet to be defined. Well-conducted research is needed to
define more precisely the risk, risk factors and risk management of the vascular toxic effects of cancer therapies.
Future studies are also needed to provide more insight
into the pathophysiology of vascular disease and the
vascular nature of cardiotoxicity with cancer therapies.
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