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Abstract

In patients with cancer, myocardial infarction (MI) has distinct features and mechanisms compared to the non-oncology population.
Triggers of myocardial ischemia specific to the oncology population have been increasingly identified. Coronary plaque disruption,
coronary vasospasm, coronary microvascular dysfunction, spontaneous coronary artery dissection, and coronary oxygen supply-demand
mismatch are all causes of MI that have been shown to have specific triggers related to either the treatments or complications of cancer.
MI can occur in the presence or absence of atherosclerotic coronary artery disease (CAD). MI with nonobstructive CAD (MINOCA)
is a heterogeneous syndrome that has distinct pathophysiology and different epidemiology from MI with significant CAD (MI-CAD).
Recognition and differentiation of MI-CAD and MINOCA is essential in the oncology population, due to unique etiology and impact
on diagnosis, management, and overall outcomes. There are currently no reports in the literature concerning MINOCA as a unified
syndrome in oncology patients. The purpose of this review is to analyze the literature for studies related to known triggers of myocardial
ischemia in cancer patients, with a focus on MINOCA. We propose that certain cancer treatments can induce MINOCA-like states, and
further research is warranted to investigate mechanisms that may be unique to certain cancer states and types of treatment.
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Graphical Abstract. Mechanisms of ischemia in cancer patients include coronary plaque disruption, coronary va-
sospasm, microvascular dysfunction, extrinsic tumor compression, spontaneous coronary artery dissection, and oxy-
gen supply-demand mismatch. Abbreviations: A II, angiotensin II; ADP, adenosine-5’-diphosphate; Ca, calcium; EPC,
endothelial progenitor cells; ET-1, endothelin 1; MI-CAD, myocardial infarction with obstructive coronary artery disease;
MINOCA, myocardial infarction with non-obstructive coronary arteries; NET, neutrophil extracellular traps; NO, nitric ox-
ide; PF4, platelet factor 4; PLT, platelet; ROS, reactive oxygen species; TGF-3, tumor growth factor-3; TxA, thromboxane
A; VEGF, vascular endothelial growth factor.
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1. Introduction

Myocardial infarction (MI) in cancer patients has dis-
tinct features and mechanisms compared to the general,
non-oncology population. MI can broadly be categorized
into MI due to coronary artery disease (MI-CAD) and MI
in the absence of coronary obstructive disease (MINOCA).
MI-CAD is the most common cause of MI in both cancer
and non-cancer patients. Although traditional cardiovascu-
lar risk factors apply to both patients with and without can-
cer, the overall risk for MI in oncology patients is higher
due to both cancer-related processes and anti-cancer ther-
apies [1]. Even in the absence of cardiotoxic anti-cancer
treatments, cancer patients can be found with high levels
of cardiac biomarkers, suggesting subclinical myocardial
damage of unclear etiology and associated with worse out-
comes [2,3]. MINOCA is a newly recognized heteroge-
neous syndrome that has distinct pathophysiology and epi-
demiology when compared to MI-CAD [4]. The preva-
lence of MINOCA among patients presenting with suspi-
cion of acute MI was reported as high as 14% [5]. Recent
data suggest that patients presenting with ST-elevation MI
(STEMI) who have a history of cancer are more likely to
have MINOCA rather than MI-CAD compared to patients
with STEMI without an oncologic history (17% vs. 8%, re-
spectively) [6]. Recognition of this condition and distinc-
tion from MI-CAD are essential, as MINOCA may be mis-
diagnosed as non-cardiac, with significant cardiovascular
management and outcome implications.

With the recent rapid rise of cardio-oncology, triggers
of myocardial ischemia specific to the oncology population
have been increasingly identified [7-9]. Coronary plaque
disruption, coronary vasospasm, coronary microvascular
dysfunction, oxygen supply-demand mismatch, and spon-
taneous coronary artery dissection (SCAD), are all causes
of MI that have been shown to have specific triggers related
to either the treatments or complications of cancer [10-12].
The multiple etiologies of MINOCA each portend different
prognoses and require individualized management strate-
gies [12]. Currently there is a paucity of data in the litera-
ture concerning MINOCA as a unified syndrome in oncol-
ogy patients. The purpose of this review is to analyze the
literature for studies related to known triggers of myocar-
dial ischemia and infarction in cancer patients with a focus
on MINOCA and propose that certain cancer states, and/or
their treatments can induce MINOCA-like states.

2. Definitions

The Fourth Universal Definition of MI, issued by the
Joint European Society of Cardiology (ESC), American
College of Cardiology (ACC), American Heart Association
(AHA), and World Heart Federation (WHF) Task Force, is
widely accepted and used in clinical practice [13]. This
most recent iteration of the universal definition of MI classi-

fies troponin elevation as being due to acute ischemia (lead-
ing to myocardial infarction) and not acute ischemia driven
(e.g., myocardial injury due to acute myocarditis).

MINOCA is a recently described entity that can
broadly be defined by these criteria: (1) acute MI accord-
ing to the Fourth Universal Definition of MI; (2) exclu-
sion of missed obstructive coronary disease (e.g., coronary
emboli/thrombi, coronary dissection); (3) no coronary le-
sions >50% in a major epicardial vessel; (4) no coronary
lesions with FFR <0.8; (5) no other identifiable cause for
the presentation [12,14]. MINOCA can be considered as
a working diagnosis, when known causes of elevated tro-
ponin are excluded and our current diagnostic capacity has
been reached. Initial studies of MINOCA considered the
complete absence of coronary disease as a diagnostic ne-
cessity [15]. It is currently generally accepted that the di-
agnosis can be established even in the presence of mod-
erate coronary disease (i.e., obstructing <50% of the lu-
men) [4]. Echocardiography, ventriculography, and cardiac
magnetic resonance (CMR) imaging should be part of the
work-up when assessing for MINOCA to comprehensively
search for etiologies that may mimic the syndrome (Fig. 1).
CMR is an essential diagnostic tool in these patients since it
can evaluate the non-ischemic and ischemic etiology once
the working diagnosis of MINOCA is established. Data on
the functional assessment of coronary lesions in MINOCA
are sparse. It was noted that a significant number of le-
sions in the 30%—-50% range by angiography are function-
ally hemodynamically significant on fractional flow reserve
(FFR) or cardiac positron emission tomography (PET) and
responsible for MI-CAD [16,17]. There are no data on in-
stantaneous free-wave ratio in MINOCA. A special cate-
gory of cancer patients undergoing therapy with immune
checkpoint inhibitors (ICI) and possible myocarditis can
have indeterminate CMR findings [18] and in some cases
require endomyocardial biopsy (EMB), which can be chal-
lenging in the acute coronary setting where the addition of
antiplatelet and anticoagulation increases the bleeding risk
and the subsequent risk of perforation and tamponade. In-
tracoronary imaging and functional assessment should also
be used to identify specific causes of MINOCA once an is-
chemic etiology is established via CMR [12].

Despite MINOCA having an overall 1-year mortal-
ity rate of 4.7%, data on the impact of distinct manage-
ment strategies based on the specific diagnosis is lacking
in the literature [19]. This may be due to MINOCA be-
ing a relatively heterogeneous entity, with various etiolo-
gies included in the disease spectrum, with an evolving def-
inition. The diagnosis of MINOCA can be difficult, given
that many chemotherapies and targeted therapies can cause
non-specific cardiac biomarker elevations and/or EKG or
echocardiographic abnormalities, which can also be com-
pounded by other concomitates states associated with com-
plications of cancer and its therapies (e.g., sepsis, hypov-
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Fig. 1. Patients with cancer and ischemia may require extensive workup to differentiate between the various causes of obstructive

and non-obstructive coronary artery disease and to exclude alternative diagnoses. Abbreviations: CAD, coronary artery disease;

MI-CAD, myocardial infarction with obstructive coronary artery disease; MINOCA, myocardial infarction with non-obstructive coro-

nary artery disease; MRI, magnetic resonance imaging; PET, positron emission tomography scan; SCAD, spontaneous coronary artery

dissection.

olemia). The overlap of these states with MINOCA is un-
clear. Scientific statements from the AHA and ESC pro-
posed algorithms for diagnosing MINOCA, which specif-
ically exclude from the MINOCA spectrum non-ischemic
causes of troponin elevation, such as cardiac contusion,
coronary emboli/thrombi, Takotsubo syndrome (TTS) and
other cardiomyopathies, and myocarditis [12,14] requires a
comprehensive work-up which is infrequently performed.

3. Etiology and Mechanisms of Myocardial
Infarction in Cancer Patients

Based on the above definitions, we considered the fol-
lowing specific causes of MI-CAD and MINOCA: coronary
plaque disruption, epicardial coronary vasospasm, coro-
nary microvascular dysfunction, coronary oxygen supply-
demand mismatch (type 2 MI), and SCAD [19]. The epi-
demiology of these specific causes of MI is different in
cardio-oncology patients compared to the general cardio-
vascular population, given the unique risk profile of can-
cer patients and various cardiotoxic anti-cancer therapies.
As such, we performed a literature search for studies ad-
dressing each of these situations in cancer patients. A spe-
cial note is made regarding TTS and myocarditis, two en-
tities that were initially considered triggers of MINOCA
given their very similar presentation to non-ST elevation
MI (NSTEMI), but which have been excluded from the
MINOCA spectrum in the most recent societal statements.
TTS has a proposed ischemic mechanism that includes
coronary vasospasm and microvascular dysfunction (in ad-
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dition to catecholamine-induced toxicity) [20]. Further-
more, TTS is more prevalent in cancer patients present-
ing with apparent NSTEMI compared to the general pop-
ulation, with approximately 10% of patients with cancer
who exhibited clinical characteristics of NSTEMI being
ultimately found with TTS [21,22]. Cancer patients are
also exposed to various agents that may induce both acute
coronary syndromes and myocarditis, which have similar
initial presentations [23]. We also considered extrinsic
coronary compression as a mechanism of myocardial is-
chemia in cancer patients. Given these special considera-
tions in cardio-oncology, coronary compression, TTS, and
myocarditis will also be addressed in this review as syn-
dromes that specifically need to be considered in cancer pa-
tients presenting with apparent NSTEMI or MINOCA.

3.1 Coronary Plaque Disruption

Cancer and coronary artery disease (CAD) frequently
coexist due to shared risk factors, an increasing pool of
cancer survivors that age, and increased recognition of the
cardiovascular toxicity of anti-cancer therapies during ac-
tive cancer treatment and in cancer survivors [24-26]. Fur-
thermore, the pro-inflammatory and pro-thrombotic nature
of malignancies increases the risk for endothelial damage
and progression of atherosclerotic disease in an oncology
population, in addition to the endothelial dysfunction/injury
from chemo-, immune- or radiation therapy [24,27,28]. Up
to 15% of patients presenting with acute coronary syn-
dromes have either active or a history of cancer [29]. Can-
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Table 1. Mechanisms of cancer treatment-induced myocardial ischemia (MI-CAD + MINOCA).

Plaque disruption and

Vasospasm  Microvascular dysfunction

prothrombotic effects

Alkylating agents (cisplatin, cyclophosphamide)
Antimetabolites (5-fluorouracil, capecitabine)
Anthracyclines (doxorubicin)

Microtubule-binding agents (paclitaxel)

Antitumor antibiotics (bleomycin)

Plant alkaloids (vincristine, etoposide)

Proteasome inhibitors (bortezomib, carfilzomib)
Anti-VEGF (bevacizumab)

TKI inhibitors (e.g., ponatinib, sorafenib, sunitinib, axi-
tinib, pazopanib)

Immune checkpoint inhibitors (e.g., pembrolizumab,
nivolumab, atezolizumab, ipilimumab)

CAR T-cell therapy

Radiotherapy

+ + +
- + +
- + +
- + +
+ +
+ + +
+
+ + +
+ + +
i ) -
i } -
+ + +

Abbreviations: CAR, chimeric antigen receptor; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor.

Adapted from Herrmann J, Yang EH, Iliescu CA, Cilingiroglu M, Charitakis K, Hakeem A, et al. Vascular Toxicities of Cancer Therapies:
The Old and the New—An Evolving Avenue. Circulation. 2016;133(13):1272-89.

cer can be considered a risk factor for CAD, with increas-
ing data suggesting the direct cause-and-effect relationship
between cancer and CAD [28]. Supply-demand mismatch
in stable CAD is common in cancer patients due to a high
risk of anemia, sepsis, tachycardia, and hypovolemia, in this
population, although this represents a different mechanism
and will be discussed separately.

Similar to MI-CAD, the fundamental atherosclerotic
mechanism of MINOCA is coronary plaque disruption
[30,31]. Plaques prone to disruption (“vulnerable”) are
generally angiographically mild [32]. More commonly
in MINOCA than MI-CAD, plaque disruption occurs in
positively-remodeled lesions, i.c., lesions expanding out-
ward from the coronary wall instead of obstructing the lu-
men, thus not evident on regular coronary angiography [32].
These lesions require definitive assessment with intracoro-
nary imaging, either intravascular ultrasound (IVUS) or,
preferred if available, optical coherence tomography (OCT)
[31]. Cancer patients appear to have accelerated vascular
aging as reflected by increased calcium scores when com-
pared to non-cancer patients, which, in turn, also places
them at a higher risk for acute MI [24], be it MINOCA or
MI-CAD.

Plaque disruption includes the following 3 mecha-
nisms: plaque rupture, plaque erosion, and calcified nod-
ules [12] all with a common pathophysiologic endpoint of
acute MI via thrombosis. The risk of venous thrombo-
sis in cancer patients has been extensively studied and is
well-established, however, recent evidence suggests that
the risk of arterial thrombosis is currently underestimated
[27,33,34]. Cancer patients have been shown to have ele-
vated levels of platelet activation markers, such as platelet
factor 4, P-selectin, and soluble CD40 ligand [35]. Can-
cerous cells have also been shown in vitro to directly in-

duce platelet activation and aggregation [36]. The mecha-
nism, generally termed tumor cell-induced platelet aggrega-
tion, involves several molecular pathways, including ADP,
thrombin, tissue factor, metalloproteinases, thromboxane
Ao, and VEGF [36,37]. There is increasing evidence sup-
porting the involvement of neutrophil extracellular traps
(NETs) in cancer-induced thrombosis, which may clinically
present with elevated serum troponins in ischemic stroke
patients [38,39]. In a small 2016 case series on 31 patients
assessing causes of troponin elevation in patients with is-
chemic stroke, the only significant difference between pa-
tients with and without elevated serum troponin was the
presence of active cancer [39]. Three of the patients with
troponin elevation in this study were diagnosed with active
cancer post-mortem. On autopsy, these patients were all
found with only mild coronary atherosclerosis, no throm-
botic occlusions, but with widespread coronary microvas-
cular thrombosis, disseminated focal areas of myocardial
damage, and presence of NETs. Although the main focus
of the study was ischemic stroke, the authors reported NET-
associated myocardial arterial microthrombosis in the coro-
nary vasculature due to cancer as a cause of troponin eleva-
tion in the context of no epicardial coronary disease [39].
Interestingly, the risk of arterial thrombosis persists even in
the setting of chronic thrombocytopenia (a frequent comor-
bidity in the course of malignancies) [40].

In addition to direct cancer-induced mechanisms of
thrombosis, there is also a strong association between anti-
cancer therapies and a risk of arterial thrombosis [41] (Ta-
ble 1). This includes numerous classes of chemotherapeutic
agents, immunotherapies, and radiation therapy. For ex-
ample, Animal and human studies showed that radiation-
therapy leads to accelerated atherosclerosis and vulnerable
plaque development [42].
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Although there are no studies currently in the litera-
ture specifically assessing MINOCA in cancer patients, ev-
idence regarding this syndrome and arterial thrombosis in
cardio-oncology may be inferred from several works. A
case report of a patient who developed sudden cardiac death
while on cisplatin, bleomycin, and etoposide for testicu-
lar cancer suggested demonstrated an acute fibrin throm-
bus on autopsy overlying mild atherosclerotic disease [43].
Cisplatin in particular may be related to this effect, as it
has been described on forearm venous occlusion plethys-
mography to induce acute and transient endothelial toxicity
[44]. A recent study from Israel analyzed consecutive pa-
tients who underwent coronary angiography for clinically
defined acute MI and who were found without obstructive
CAD [45]. The study included 174 such patients who were
matched with a control group of 348 adults with MI-CAD.
The authors identified MINOCA presenting as NSTEMI to
be a significant independent risk factor for occult malignan-
cies (odds ratio 4.6) and attributed this effect mainly to arte-
rial thromboembolism, although they couldn’t definitively
rule out other of the known triggers of MINOCA [45]. An-
other recent case-control analysis of coronary angiography
findings in 240 cancer patients and 240 non-cancer patients
identified a lower burden of angiographically-detectable
coronary disease in the cancer group [46]. A significant
limitation of that analysis was the inclusion of all patients
undergoing coronary angiography without adjusting for in-
dications for cardiac catheterization. Although the authors
concluded that this “cancer paradox” may be due to can-
cer patients being referred for coronary angiography for in-
dications other than CAD suspicion, and there’s no analy-
sis of the prevalence of patients who had acute MI criteria.
These findings also raise the hypothesis of a higher preva-
lence of MINOCA in the cancer group. A landmark study
by Navi et al. [34] assessing 280,000 cancer patients in
the Surveillance, Epidemiology, and End Results (SEER)
database matched each patient to patients from the Medi-
care database. The authors identified MI via ICD codes,
including numerous possible forms such as plaque rupture,
embolism, vasospasm, and other forms of thrombosis. A
diagnosis of cancer carried a significant hazard ratio (HR)
of 2.2 for arterial thrombotic events and of 2.9 for MI. Of
note, the authors excluded patients with a diagnosis of CAD
one year prior to the cancer diagnosis. However, the SEER
study did not include angiographic data, nor did it analyze
specific triggers of MI, so it is unknown how many of the
included patients with myocardial ischemia had MINOCA
versus other forms of MI.

Immune checkpoint inhibitors (ICI) are increasingly
and successfully used in the treatment of numerous can-
cers. These agents are associated with a range of immune-
related adverse events (iRAEs), of which cardiotoxicity is
among the most severe. Although the main focus in the
literature with regards to cardiotoxicity has been on ICI-
induced myocarditis, recently, multiple reports have been
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published suggesting a direct causal effect of ICI on coro-
nary plaque disruption [47-49]. In a recent study of 1215
patients with cancer who received ICI, approximately 1%
of patients developed either myocardial infarction or an is-
chemic stroke within 6 months of ICI treatment [S0]. The
same incidence of arterial thrombotic events after ICI ther-
apy was described in a systematic review of 10,106 subjects
[51]. The underlying mechanism appears to be a change in
atherosclerotic inflammatory cell composition triggered by
ICI[52]. Given these observations and the ubiquitous use of
ICI, these agents should be recognized as potentially linked
to Ml and/or MINOCA, although further study is warranted.

Clonal hematopoiesis of indeterminate potential
(CHIP) has recently emerged as an independent risk factor
for CAD [53]. Mutations seen in CHIP are also seen
in certain hematologic cancers, such as myelodysplastic
syndromes and acute myeloid leukemia [54]. Patients
with CHIP have a 10-time higher risk of developing
a hematologic malignancy compared to those without
CHIP [53]. The precise mechanism through which CHIP
induces atherosclerotic disease is unclear. Although there
are no reports currently of CHIP-associated acute MI,
clinicians should be aware of CHIP as a causative agent
for atherosclerotic disease.

Data regarding MINOCA secondary to non-
hemodynamically significant coronary atherosclerosis
in cancer patients is extremely limited. What is clear is that
cancer patients are at increased risk for plaque disruption
and arterial thrombosis, which increases risk of both
MI-CAD and MINOCA. Further studies to advance the
understanding of arterial thrombosis leading to MINOCA
in cancer patients is essential to optimize management
and develop preventive strategies, particularly in patients
receiving thrombogenic anti-cancer therapies.

3.2 Epicardial Coronary Vasospasm

Coronary artery spasm (CAS) is an important cause
of MINOCA, described in up to 46% of MINOCA patients
[55]. Intense CAS may be significant enough to impede
blood flow and cause myocardial ischemia. The diagnosis
may be missed on coronary angiography, as the spasm may
resolve before the procedure. Vasospasm can occur both in
the absence or the presence of CAD, as atherosclerosis may
precipitate vasospasm [56]. Definitive diagnosis requires
provocative testing, the current standard being high-dose
intracoronary acetylcholine boluses followed by coronary
angiography. Although CAS may occur without apparent
triggers, several anti-cancer therapies have been well docu-
mented to induce infarction by vasospasm.

The classic chemotherapies extensively described as
inducing CAS are the fluoropyrimidines 5-fluorouracil (5-
FU) and its oral prodrug, capecitabine. The pathophysi-
ology of 5-FU cardiotoxicity is multifactorial. Histology
studies found changes such as pan-cardiac inflammatory
changes, coronary arterial spasm, hemorrhagic infarction of
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ventricular walls, myocardial interstitial fibrosis, dissem-
inated myocardial necrosis, and coronary microthrombo-
sis [57,58]. These changes were found to be dependent
on treatment dose and schedule. Between 1-19% of pa-
tients receiving 5-FU develop chest pain attributed to CAS
[59,60], irrespective of pre-existing cardiovascular disease
[61,62]. This effect is amplified in the setting of simul-
taneous administration of other chemotherapeutic agents,
especially leucovorin or cisplatin [62—64]. The significant
range may be attributed to differences between administra-
tion methods, underlying CAD, or use of other anti-cancer
treatments. A prospective study on 102 unselected patients
treated with 5-FU were followed with ECG, echocardiog-
raphy, and radionuclide ventriculography at baseline and
3 months from starting 5-FU. Nineteen of the 102 patients
developed severe chest pain, with EKG changes suggestive
of myocardial infarction [65]. Six of them underwent coro-
nary angiography. None of them were found with signif-
icant CAD. The authors of these study report that cardiac
enzymes were measured initially negative in these patients.
However, multiple reports of troponin elevation with nor-
mal coronary angiography in patients receiving 5-FU un-
dergoing extensive cardiac assessment have been published
[66,67]. A 2009 systematic review of fluoropyrimidine-
associated cardiotoxicity describes a 12% prevalence of
increased cardiac enzymes [62]. These findings are con-
sistent with MINOCA. Further angiographic data in pa-
tients with suspected 5-FU or capecitabine cardiotoxicity
are limited to individual case reports. These reports con-
sistently show the lack of significant coronary artery dis-
ease [60,68—72]. The mechanism best supported by both
preclinical and clinical data for these findings is CAS re-
lated to endothelial dysfunction [9,73,74]. Although incon-
sistently reported, CAS and brachial artery vasoconstric-
tion have been directly demonstrated during angiography
[75,76]. The risk of recurrence of such ischemic events
with 5-FU rechallenge is as high as 90% [77]. This ef-
fect is “cross-reactive” with cisplatin, although there have
been reports of successful capecitabine use following 5-FU
cardiotoxicity [78]. Therefore, special considerations are
needed when considering 5-FU rechallenge in patients with
5-FU-induced MINOCA via CAS. If no other anti-cancer
regimen is reasonable, several strategies may be attempted,
such as bolus instead of 5-FU infusion [79,80], or giving
low-dose aspirin and a calcium-channel blocker and long-
acting nitrate at least 72 hours prior to 5-FU administration
(although this approach is mainly based on consensus rather
than evidence-backed) [81].

A number of different chemotherapies are also associ-
ated with CAS. Cisplatin has been associated with numer-
ous vascular toxicities. There are few reports of MI with
troponin measurements and documented coronary angiog-
raphy following cisplatin administration. These reports at-
tributed the ischemic event to CAS [82—86]. Troponin el-
evation was inconsistently present, but coronary angiogra-

phy recurrently showed no significant CAD, consistent with
MINOCA. Notably, one report documented that acetyl-
choline provocation induced severe coronary vasospasm as-
sociated with chest pain and significant ST elevation [82].
Cisplatin-induced MINOCA via CAS may occur early dur-
ing the treatment regimen or delayed for years after com-
pleting cisplatin treatment [82]. Since cisplatin has been
associated with type 1 MI due to coronary thrombosis, an-
giographic assessment (optimally invasive) is advised in pa-
tients treated with this agent presenting with apparent ACS
[11].

Vasospasm has been proposed as the underlying mech-
anism of taxane-induced ACS. Paclitaxel is an antimicro-
tubule agent which has been linked with ACS, acute heart
failure, bradycardia, and cardiovascular mortality [87].
Paclitaxel-induced MI is a rare adverse event, estimated to
occur in ~0.26% of cases [88]. There are several case re-
ports of paclitaxel-induced MI, with inconsistent troponin
elevation, transient ST-elevation, demonstrated coronary
vasospasm, and both obstructive and non-obstructive CAD
[88-90]. The proposed mechanism of taxane-induced va-
sospasm 1is reduced calcium release in the sarcoplasmic
reticulum [91].

Angiogenesis inhibition is currently expanding as a
cancer treatment strategy. Vascular endothelial growth fac-
tor (VEGF) inhibitors are increasingly being used as part
of this strategy. Physiologically, VEGF is essential to nor-
mal endothelial function and maintaining hemostasis and
thrombosis [87]. Low levels of VEGF have been associated
with increased cardiovascular mortality in patients with
known or suspected CAD [92,93]. VEGF inhibitors include
the monoclonal antibodies bevacizumab and regorafenib
and the small molecule tyrosine kinase inhibitors (TKIs)
such as ponatinib, sorafenib, sunitinib, axitinib, and pa-
zopanib. Both bevacizumab and small molecule TKIs have
been strongly associated with arterial thrombotic events
[94], however, only small molecule TKIs have been found
to also induce vasospasm. Data related to TKI-induced
CAS is limited to case reports [95,96]. Troponin elevations
in cases of non-obstructive CAD were not consistently re-
ported, making MINOCA an unclear entity related to TKIs
[95-97]. In patients with known CAD, performing a stress
test and treatment with aspirin and a statin prior to and dur-
ing TKI therapy is reasonable, as well as treating with cal-
cium channel blockers should vasospasm be identified.

More recently, proteasome inhibitors have been linked
to CAS [98]. Bortezomib and carfilzomib are proteasome
inhibitors used in the treatment of multiple myeloma. Al-
though these agents are strongly associated with acute heart
failure thus leading to MINOCA indirectly via type 2 MI,
they have also been linked to CAS. Murine studies on carfil-
zomib suggest that this agent impairs vasodilation through
an endothelium-dependent mechanism and increases the
spasmogenic effect of other agents [98]. Bortezomib is an-
other frequently used proteasome inhibitor which has been
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shown to induce CAS in humans [99,100]. Vasospasm
was mainly described in the left coronary system, most
frequently in the left anterior descending artery. Calcium
channel blockade inconsistently improved symptoms and
recovery of cardiac function. In vifro, nifedipine was
less effective than nitroglycerin at inhibiting proteasome-
inhibitor-induced vasospasm, which suggest using nitrates
in this setting as opposed to calcium channel blockers [98].

Symptomatic CAS has also been reported in pa-
tients undergoing radiation therapy (RT) [101,102]. Sev-
eral mechanisms have been hypothesized for RT-induced
CAS, such as radiation-induced pericarditis and radiation-
induced vasculitis or arteritis [103]. More recently, a direct
effect of RT on vascular reactivity has been described. RT
impairs endothelium-dependent vasorelaxation by decreas-
ing nitric oxide availability, an effect which may persist for
years [104—106]. RT-induced CAS appears to be refrac-
tory to vasodilators and may improve with glucocorticoids
[102].

CAS is one of the most common mechanisms of
MINOCA in cancer patients. Although most frequently
precipitated by chemotherapy, chronic inflammation and
oxidative stress intrinsic to the cancer status predispose pa-
tients to this adverse event. Troponin elevation may or may
not occur in cases of chemotherapy-induced CAS and va-
sospasm may not be directly identified on coronary angiog-
raphy. However, MINOCA in this setting should be rec-
ognized and prophylactic measures should be implemented
when agents known to cause CAS are being considered as
part of cancer therapy. Calcium channel blockers are first-
line therapies, although not always resolving symptoms or
preventing recurrences. Further studies into the mecha-
nisms and effective prophylactic and therapeutic measures
of CAS-induced MINOCA in cancer patients are required.

3.3 Coronary Microvascular Dysfunction

The coronary microcirculation is not readily visual-
ized on routine clinical imaging modalities, despite ac-
counting for >70% of coronary resistance in the setting of
no obstructive CAD [107]. Coronary microvascular dys-
function (CMD) has been described in 30-50% of cases
presenting with chest discomfort and non-obstructive CAD
on coronary angiography [108]. The criteria for microvas-
cular angina were standardized by the Coronary Vasomo-
tion Disorders International Study Group and they include:
(1) symptoms suggestive of myocardial ischemia; (2) ob-
jective evidence of myocardial ischemia; (3) absence of ob-
structive CAD by angiography or FFR; (4) confirmation of
reduced coronary blood flow reserve and/or inducible mi-
crovascular spasm [108]. Although microvascular angina
is not equivalent to MI, it may progress to MINOCA if
undiagnosed and untreated. Only a minority of patients
with CMD will have regional wall motion abnormalities
on echocardiography [108], highlighting the need for multi-
modality imaging, with cardiac PET playing a role in iden-
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tifying these patients. CMD is a predictive factor for other
CVD, in particular heart failure with preserved ejection
fraction. CMD has also recently been associated with a two-
fold increased risk of developing solid-tumor cancer, sug-
gesting the need for increased awareness of CMD in cardio-
oncology [109].

The mechanisms through which anti-cancer therapies
cause CMD are similar to those responsible for epicar-
dial coronary disease with endothelial dysfunction playing
a central role, resulting from decreased nitric oxide pro-
duction, oxidative stress with release of reactive oxygen
species, and increased endothelin-1 and angiotensin II re-
lease and production. Other mechanisms that also lead to
CMD in cancer patients are atherosclerosis, thrombosis,
microvascular CAS, hormonal effects, and autonomic dys-
function. Anti-cancer treatments have been shown to in-
duce CMD via the above mechanisms.

VEGEF inhibitors have been associated with arterial
thrombotic events and CAS, as mentioned above. The
abnormal vasoreactivity triggered by these agents may be
even more significant on the coronary microcirculation than
the epicardial coronaries [110]. Bevacizumab is a VEGF
inhibitor used in multiple cancers. All patients with known
heart failure should undergo coronary angiography prior to
initiating bevacizumab to exclude CAD [111]. The mecha-
nism of CMD induced by VEGF inhibitors is decreased ni-
tric oxide production impairing endothelium-mediated va-
sodilation [112] and increased endothelin-1 and angiotensin
IT production [113]. Although bevacizumab cardiotoxic-
ity is well-recognized and arterial thrombotic events are a
major concern [114], data on bevacizumab-induced MI are
scarce. Murine models showed a twofold increase in serum
troponin levels in mice following a 3-week treatment with
bevacizumab, as well as evidence of myocardial necrosis
as early as 2 weeks of treatment [115,116]. Human data on
bevacizumab-induced MINOCA is limited to case reports
which also include coronary angiography data [117,118].
Although no mechanism has been clearly identified, given
the toxicity profile of bevacizumab, coronary microthrom-
bosis is a reasonable hypothesis as the underlying mecha-
nism of these events, although further studies are needed.
Nicorandil, a vasodilator agent, was successfully used to
treat microvascular angina associated with bevacizumab
[118]. Third-generation TKIs have been notoriously as-
sociated with rapidly-progressive vasculopathy. Unique to
sunitinib is the observation that in mice, it induced rarefi-
cation of microvascular pericytes without changing capil-
lary density, with subsequent development of microvascu-
lar dysfunction and impaired coronary flow reserve [119].
Ponatinib has been shown to cause microvascular coronary
angiopathy by inducing von Willebrand factor-mediated
platelet-endothelial adhesion [120]. Myocardial contrast
echocardiography was used as a rapid bedside diagnosis
of coronary microvascular disease in cases of suspected
ponatinib-induced acute MI with elevated troponin [121].
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Radiation-induced CAD (RI-CAD) is an important
cause of morbidity in patients who undergo RT with me-
diastinal involvement. The risk of CAD in such patients is
increased as much as 2.5 times compared to patients with-
out radiation therapy exposure [122]. RT with incidental
cardiac exposure can disrupt the capillary endothelial struc-
ture and cause direct myocyte injury, leading to episodes
of ischemia, collagen deposition, and fibrosis [123,124].
Biochemically, the result is an increase in transforming
growth factor-beta, which leads to a pro-thrombotic and
pro-inflammatory state which predisposes to accelerated
atherosclerosis. This effect may present even in the absence
of prior CAD or traditional cardiovascular risk factors, al-
though the presence of these elements shortens the time to
the development of atherosclerosis [125]. The dose of radi-
ation is linearly associated with the risk of RI-CAD [126].
In vitro, this effect was not augmented by trastuzumab,
which may translate to the use of trastuzumab without con-
cern for microvascular dysfunction [127]. The evaluation
of patients with RI-CAD is similar to ACS, however, in
patients found with non-obstructive CAD, further work-up
with functional testing or cardiac MRI is advised. If CMD
is diagnosed, aggressive cardiovascular risk factor manage-
ment should be immediately started with close follow-up.

In addition to the VEGF inhibitors and RT, recently,
doxorubicin has been shown ex vivo to induce significant
impairment of coronary arteriolar function in vessel sam-
ples collected from adults undergoing cardiopulmonary by-
pass surgery [128]. Interestingly, this effect was insignifi-
cant in pediatric coronary microcirculation.

Although there are few angiographic and serologic
data regarding CMD as a cause of MINOCA in cancer pa-
tients, by definition CMD is part of the MINOCA spec-
trum. Doxorubicin, VEGF inhibitors, and RT are all asso-
ciated with significant morbidity related to CMD that may
progress to overt MINOCA. Chest pain or anginal equiv-
alents should not be dismissed as non-cardiac in patients
receiving these therapies with unremarkable coronary an-
giography and microvascular angina should be considered
as a leading diagnosis.

3.4 Coronary Oxygen Supply-Demand Mismatch

According to the Fourth Universal Definition of My-
ocardial Infarction, type 2 MI (T2MI) is the result of my-
ocardial oxygen supply-demand mismatch [13]. In patients
diagnosed with MI, T2MI is up to 48% prevalent [129].
In patients with T2MI, MINOCA can be diagnosed when
a plausible trigger for MI exists in the absence of angio-
graphic or imaging evidence that would suggest another di-
agnosis [12]. One of the most common causes of T2MI
is tachyarrhythmia-associated acute MI, with other poten-
tial causes being anemia, hypotension, or thyrotoxicosis
[130]. Given the nature of malignant disease, these con-
ditions are prevalent in the cancer population, placing them
at high risk for T2MI. However, there are few data on can-

cer patients with T2MI, as invasive assessment is generally
deferred in comorbid patients with sufficient clinical evi-
dence of a T2MI with low suspicion of obstructive coro-
nary disease. Cancer patients with T2MI have been shown
to have worse overall survival than those with type 1 MI,
potentially related to a higher burden of non-cardiac co-
morbidities, although etiologic mortality data has not been
reported [131,132]. A retrospective cohort study from the
Mayo Clinic of patients with active hematologic malignan-
cies diagnosed with ACS found that 67% of studied patients
who underwent coronary angiography had T2MI, consis-
tent with MINOCA. Only 17.5% of patients with NSTEMI
in this study underwent coronary angiography, with T2MI
suspected in the majority of cases with invasive work-up
deferred [133]. Differentiating clinically between T2MI,
other forms of cardiotoxicity, and the pure definition of
MINOCA in cancer patients, can be difficult and further re-
search is needed regarding the optimal management of these
cases.

3.5 Spontaneous Coronary Artery Dissection

Spontaneous coronary artery dissection (SCAD) is a
nontraumatic, nonatherosclerotic cause of ACS and sud-
den cardiac death [134]. SCAD was thought to be very
rare, including in cancer patients, but recent efforts found
a higher prevalence than previously believed and provide
a better understanding of this clinical entity [135]. SCAD
has typically been described in middle aged women (87—
95% of SCAD), but it can occur anytime from late teens
to the ninth decade of life [135]. The mechanism for acute
MI in SCAD is the development of a hematoma within the
intima or between the intima and media, compressing the
coronary true lumen. The hematoma is thought to arise in
two ways: an endothelial-intimal disruption creates a “flap”
through which blood can enter the sub-intimal space—the
“inside-out” hypothesis; and possible de novo disruption
of vasa vasorum in the media, causing a hematoma with-
out any communication with the true lumen—the “outside-
in” hypothesis [136,137]. SCAD can lead to MINOCA in
cases where the false lumen is nonobstructive or in acute
intracoronary thrombosis in the absence of prior signifi-
cant atherosclerotic disease. SCAD may require intracoro-
nary imaging techniques for definitive diagnosis [138]. The
mechanism of SCAD is unclear, but thought to be due to an
intrinsic vascular vulnerability superimposed with an acute
catecholamine surge (i.e., emotional stress, physical activ-
ity, medications) [139]. SCAD seems to occur indepen-
dently of atherosclerosis, not being associated with conven-
tional cardiac risk factors. SCAD has been reported to have
various triggers [140], some of which are not usually asso-
ciated with acute MI, such as emotional or physical stress
[139,141].

There are few case reports of SCAD occurring in can-
cer patients undergoing chemotherapy with 5-FU and/or
cisplatin [142—-144], bone marrow transplant for chronic
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lymphocytic leukemia [145], and in patients without active
cancer treatment [146]. None of these patients had signifi-
cant atherosclerotic disease on coronary angiography. Be-
cause of the overwhelming majority of SCAD cases pre-
senting in women, sex hormones have been studied to as-
sess any pathogenic mechanism. It is unclear what this
mechanism is or if sex hormones are involved, as SCAD can
occur in pregnant, postpartum, nulliparous, multiparous,
and post-menopausal women [147,148], and contraceptive
and postmenopausal hormone use are similar to general
population [149,150]. There have been no studies regarding
the relationship between hormone-altering cancer therapies
(e.g., in breast, endometrial, testicular, or prostate cancers)
and SCAD. There are no reports of intracoronary imaging
used in cancer patients with SCAD, so it is reasonable to hy-
pothesize that there are a number of MINOCA cases caused
by SCAD that remain undiagnosed. Thorough intracoro-
nary imaging should be considered in suspected cases of
MINOCA.

3.6 Special Considerations: Extrinsic Coronary
Compression, Takotsubo Syndrome, Myocarditis

In addition to the above specific causes of myocardial
ischemia, in cancer patients, several special considerations
should be noted.

Patients with intrathoracic masses are at risk for acute
MI from extrinsic coronary compression. Although this
etiology hasn’t been proposed as a cause of MINOCA in
societal guidelines, it may conform to the definition of
MINOCA. Both primary and metastatic tumors and both
cardiac and extracardiac masses may compress on any coro-
nary artery. Small epicardial branches have been more
frequently involved, although there have also been re-
ports of left main and proximal left anterior descending
artery involvement [151,152]. Patients may present with
both STEMI and non-STEMI and may be found with both
angiographically significant and non-significant stenoses
[153,154]. Coronary angiography may show completely
normal coronaries in young patients, leading to suspicion
of CAS as the etiology of MINOCA. However, further
testing with intracoronary imaging, cardiac CT, or CMR
may be warranted, particularly in young patients with clear
MINOCA and otherwise no cardiovascular history or risk
factors, which may reveal intramyocardial metastases of
mediastinal tumors [153]. Cardiac primary tumors or ex-
tracardiac malignancies with secondary cardiac determina-
tion with or without coronary compression have abnormal
cardiac biomarkers, ECG, and should be differentiated from
other causes of ACS and MINOCA.

Special situations worth noting in cardio-oncology pa-
tients are TTS and myocarditis. Although these syndromes
are no longer considered MINOCA per the most recent so-
cietal documents, TTS and myocarditis have a high preva-
lence and unique triggers in cardio-oncology patients, mak-
ing them worth noting as causes of ischemia-like presen-
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tations with no obstructive coronary disease. In fact, as
much as 20% of cancer patients presenting with suspicion
of non-STEMI are ultimately diagnosed with TTS and up to
30% of patients initially diagnosed with MINOCA based on
coronary angiography are ultimately found with myocardi-
tis following advanced non-invasive imaging [22,155]. The
exact pathogenic mechanism of TTS is still unknown and
may in fact be related to other causes of MINOCA, such
as CAS and CMD [156]. Emotional stress related to the
cancer diagnosis and treatment, the pro-inflammatory state
of malignancy, and chemoradiation may all precipitate TTS
[157]. Numerous classes of chemotherapeutic agents have
been recognized as triggering TTS and myocarditis, includ-
ing novel immunotherapies such as lenalidomide and im-
mune checkpoint inhibitors [23,158—160]. Patients treated
with these agents may be misdiagnosed as having MINOCA
while they have an unrecognized myocarditis. There are
no prospective clinical trial data to guide management of
cancer-related TTS or myocarditis. TTS is generally treated
with guideline-directed medical therapy for heart failure
with reduced ejection fraction regardless of apparent trig-
ger, although outcome data does not show a clear benefit of
any regimen [156,161]. Distinguishing between MI