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Abstract

Despite advances in chemotherapy, the drugs used in cancer treatment remain rather harmful to the cardiovascu-

lar system, causing structural and functional cardiotoxic changes. Positron-emission tomography associated with
computed tomography (PET/CT) has emerged like a promising technique in the early diagnosis of these adverse drug
effects as the myocardial tissue uptake of fluorodeoxyglucose labeled with fluorine-18 ('8F-FDG), a glucose analog,

is increased after their use. Among these drugs, anthracyclines are the most frequently associated with cardiotoxic-
ity because they promote heart damage through DNA breaks, and induction of an oxidative, proinflammatory, and
toxic environment. This review aimed to present the scientific evidence available so far regarding the use of '®F-FDG
PET/CT as an early biomarker of anthracycline-related cardiotoxicity. Thus, it discusses the physiological basis for its
uptake, hypotheses to justify its increase in the myocardium affected by anthracyclines, importance of '8F-FDG PET/
CT findings for cardio-oncology, and primary challenges of incorporating this technique in standard clinical oncology
practice.

Highlights
- CTX related to chemotherapy is an important cause of heart failure in surviving cancer patients;

- Cardiomyocytes may increase their glycolytic metabolism under significant stress. This phenomenon has been
observed in both experimental and clinical studies;

-PET/CT is a powerful noninvasive diagnostic technique that provides both anatomical and metabolic information;
-"8F-FDG is a glucose analog that is the most commonly used radiopharmaceutical in oncological PET/CT exams;

-The degree of myocardial '®F-FDG uptake may be a promising marker of the cardiomyocyte changes that precede
cardiac dysfunction in the CTX cascade.
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Introduction

Cancer and cardiovascular diseases are the most com-
mon causes of death in the world, regardless of social
level [1]. Chemotherapy is a major contributor to the
success of cancer therapy by reducing patient mortality
and improving cancer prognosis [2]. However, the drugs
used in cancer treatment can be detrimental to the over-
all health of patients, especially leading to cardiotoxicity
(CTX) [3-8].

Anthracyclines (ATC), although are old drugs and
rather harmful to the cardiovascular system, are effective
in combating various types of cancers, and for this reason
are still used widely [9]. The incidence rate of CTX asso-
ciated with ATC varies from 5 to 48%, depending on the
cumulative dose used [3]. Myocardial dysfunction with
heart failure is the most alarming condition among this
disease category, which has a significant morbidity and
mortality [4, 10].

In terms of ventricular dysfunction, CTX is defined as
a drop of more than 10% in the left ventricular ejection
fraction (LVEF) in asymptomatic patients or more than
5% in symptomatic patients, with an absolute value below
the standard reference of 50% [1, 5, 11]. However, this
definition of CTX based on the degree of LVEF reduction
ignores the changes that precede the LVEF reduction and
all other toxic effects that occur in addition to this reduc-
tion. In 2016, the European Society of Cardiology revised
the definition of CTX and extended it to any structural or
functional changes in the heart and circulation, whether
during the cancer treatment, immediately after it, or dur-
ing the late posttreatment phase, chemotherapy, radio-
therapy, or the disease itself as aggressive agents [1].

In addition to the initial cardiological evaluation with
clinical history, physical examination, and electrocar-
diography, serum biomarkers evaluation and echocar-
diography are valuable for identifying cardiovascular
complications associated with cancer treatment [5, 12].
However, all this approach presents limitations in docu-
menting the initial cardiotoxic events and makes CTX
an underdiagnosed clinical condition [5]. To predict
that condition earlier, strategies using nuclear medicine
molecular imaging have been explored [13, 14].

Fluorodeoxyglucose labeled with fluorine-18 positron
emission tomography associated to computed tomogra-
phy (18F-FDG PET/CT) is a powerful nuclear medicine
diagnostic technique that has already been routinely used
in the staging, restaging, and therapeutic monitoring of
various cancer types [15-19]. '®F-FDG is a glucose analog
radiopharmaceutical that is transported into cells via glu-
cose receptors. Previous studies have demonstrated that
changes in the degree of ®F-FDG uptake by myocytes
during or after the use of chemotherapeutic drugs reflect
metabolic and mitochondrial changes that precede

Page 2 of 13

contractile dysfunction [15, 20, 21]. Thus, *F-FDG PET/
CT provides a unique access to myocardial metabolism
and has emerged as a potential marker of CTX-related
myocardial changes [22]. This review aimed to present
the scientific evidence reported in the literature so far
regarding the use of '®F-FDG PET/CT as an early meta-
bolic marker of anthracycline related CTX (Fig. 1).

Anthracycline cardiotoxicity

ATC are one of the classes of chemotherapeutic drugs
that are most frequently associated with CTX. Members
of this class include doxorubicin, daunorubicin, epiru-
bicin, idarubicin, and mitoxantrone. They are used for
the treatment of both hematological and solid malignant
cancers, particularly breast cancer [23-25].

Although ATC have been recognized and used in
chemotherapy for more than 60 years, to our knowledge,
their action mechanisms underlying CTX development
have not been clearly elucidated yet; in addition, whether
the pathways for CTX development are the same as those
used for tumor-cell damage remains unknown [24].

Cardiotoxicity incidence

The incidence of this adverse effect, although relevant, is
still very variable. One reason for this variability is dose-
dependency [3]. Swain et al. demonstrated an incidence
of CTX of 10%, 16%, 32% and 65% at cumulative doses of
250, 300, 400 and 550 mg/m?2, respectively [26]. Age, sex
and the presence of individual risk factors are also impor-
tant in determining this possibility. Radiotherapy and/or
concomitant treatments can lead to a higher incidence of
CTX related to ATC in the population [27].

McGowan et al. reported an incidence of CTX of 2—4%
of patients with congestive heart failure, 10% with struc-
tural heart changes, and 30-35% with cardiac biomarkers
rise [28]. A retrospective study, analyzing three clinical
trials with 640 patients, showed a 5% incidence of CTX
[26]. A prospective study by Cardinale et al. with 2625
patients and a mean of 5.2 years of follow-up showed an
overall incidence of 9% of patients affected by CTX after
ATC therapy [29].

Possible mechanisms (Fig. 2)

The most commonly accepted mechanism involved in
CTX development is the generation of reactive oxygen
species [23, 30]. The myocardium is already inherently
and potentially vulnerable to oxidative stress because it
has a lower basal level of antioxidant enzymes such as
peroxidase, catalase, and superoxide dismutase in addi-
tion to containing 35-40% more mitochondria because
of its high energy consumption [23, 30]. Moreover, the
mitochondria ATC concentration can be up to twice as
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- 8F-FDG as a potential biomarker of cardiotoxicity

Although chemotherapeutic drugs, such as anthracyclines, are

helpful for cancer treatment, it has been demonstrated that they can
be harmful to the cardiovascular system, leading to structural and
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Fig. 1 '8F-FDG as a potential biomarker of cardiotoxicity. '®F-FDG: fluorodeoxyglucose labeled with fluorine-18; PET/CT: positron-emission
tomography associated with computed tomography. Created with BioRender.com

high as the extracellular medium, suggesting a certain
avidity of this organelle for these drugs [31].

In this context of greater vulnerability, ATC quinones
are then reduced to semiquinones through the action of
mitochondrial enzymes such as NADH dehydrogenase
[23, 31]. The electrons resulting from these reactions are
then captured by oxidizing agents such as oxygen itself,
forming superoxide radicals or even highly reactive
hydroxyl radicals by contact with iron [23, 30, 31]. This
theory of oxidative stress is supported by direct obser-
vational studies on doxorubicin-induced reactive oxygen
species production measured using electron spin reso-
nance spectroscopy as well as by an increase in oxidative
stress markers in the cardiac tissue, including malonalde-
hyde—a product of lipid peroxidation [31].

Another hypothesis is that ATC promote iron accu-
mulation in cardiomyocytes, leading to damage caused
by their toxicity and to ferroptosis. This hypothesis was
proposed after clinically verifying the cardioprotective
effects of dexrazoxane, an iron chelating agent, when
in association with chemotherapeutic agents [31, 32].
Although the mechanism for this accumulation remains
ambiguous, it is believed to occur through the forma-
tion of a complex between iron and some drugs such as
doxorubicin as well as through the downregulation of

iron-exporting mitochondrial proteins such as mitochon-
drial ATP-binding cassete transporter 8 (ABC8) [23, 30].
However, recent evidence has presented a possibil-
ity that the cardioprotective effects of dexrazoxane are
actually associated with the inhibition of complex forma-
tion between DNA topoisomerase 2-beta (Top2f) and
ATC [32]. Top2p is an enzyme constitutionally present
in quiescent cells such as cardiomyocytes. The presence
of ATC leads to the formation of complexes with this
enzyme, thus inhibiting its activity. Consequently, breaks
occur in the double-helix structure of DNA, resulting in
cell death by p53 activation [32, 33]. This mechanism of
ATC-induced CTX is already well established and sup-
ported by the animal studies conducted by Zhang et al.
[33], in which resistance to heart damage by these drugs
was observed in rats with a specific deletion of Top2p.
Other mechanisms have also been proposed for anthra-
cycline-induced CTX, such as the induction of a proin-
flammatory state, a dysregulation of calcium transport
due to structural lesions of the sarcomeres, or a reduction
in mitochondrial energy potential through the formation
of irreversible complexes with cardiolipin—a phospho-
lipid of the internal mitochondrial membrane that par-
ticipates in the electron transport chain [23, 31, 32]. In
general, structural damage to the energetic, metabolic,
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Fig. 2 Suggested mechanisms of cardiotoxicity induction by anthracyclines and the effects on glycolytic metabolism in cardiomyocytes. 'F-FDG:
fluorine-18-labeled fluorodeoxyglucose; DOX: doxorubicin; IL-1B: interleukin 1 beta; IL-6: interleukin 6; MCP-1: monocyte chemotactic protein

1; NADPH: reduced nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; TNFa: tumor necrosis factor alpha; Top2f3:

DNA topoisomerase 2-beta. In the upper portion of this figure, an axial slice of a '*F-FDG PET/CT examination performed after an anthracycline
chemotherapy regimen can be observed (Source: personal collection). Created with BioRender.com

and genetic functions of cardiomyocytes is observed,
which leads to an energy deficit and the activation of sig-
nals for apoptosis.

Therefore, a reduction in ®F-FDG uptake should be
expected in the affected myocardium because most ATPs
in its cells come from the electron carrier chain, which
is compromised by continuous oxidative damage to the
mitochondria. However, in animal and human stud-
ies, the opposite is actually observed: ®F-FDG uptake is
higher in the myocardium of patients undergoing chemo-
therapy [5, 34-37].

Like the aforementioned mechanisms for CTX, those
for the increased glycolytic metabolism in affected car-
diomyocytes have not been well established yet and are
mere hypotheses. One possibility is an increase in anaer-
obic glucose catabolism since the early stages in response
to the loss of energy potential by cardiomyocytes. This

increases the hexokinase activity, leading to greater 'F-
FDG retention in the intracellular environment [35, 36].
Another recent hypothesis suggests that a higher myo-
cyte glucose intake is associated with an acceleration of
the pentose phosphate pathway—an alternative route in
the cytosol that produces energy in the form of reduced
NADPH—and is a mechanism of opposition and protec-
tion against injuries due to excess reactive oxygen species
[34, 35].

Although the impact of ATC on cardiac glycolytic
metabolism remains poorly clarified, it is increasingly
observed in more recent evidence. Sabatino et al. [38]
noted a significant CTX reduction in nondiabetic rats
receiving doxorubicin associated with empagliflozin, a
sodium-glucose co-transporter 2 (SGLT2) inhibitor, com-
pared with a control group that did not receive this hypo-
glycemic agent. They observed lower reductions in LVEF
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and in myocardial fibrosis in the empagliflozin group,
regardless of changes in glycemia. Thus, they proposed
the hypothesis that SGLT2 inhibition is associated with
significant changes in cardiomyocyte sodium homeosta-
sis, which leads to the protection of the mitochondrial
system and a better remediation of the oxidative stress
induced by ATC [38].

Peng et al. [39] also found similar results for this asso-
ciation of ATC use with glycolytic metabolism when
analyzing in vitro rat cardiomyocytes exposed to doxoru-
bicin with or without the use of teneligliptin, a dipepti-
dyl peptidase 4 (DPP4) inhibitor. They observed that the
use of doxorubicin was associated with a dose-dependent
increase in DPP4 expression in these cells, which could
be associated with an increase in the expression of proin-
flammatory cytokines. This increase was demonstrated as
up to 4.5-fold increase in the concentration of interleukin
1-beta and up to 6 times increase in the concentration of
monocyte chemotactic protein 1, resulting in up to 40%
cell loss in the study samples [39]. When accompanied by
teneligliptin administration, the therapy regimen induced
only 20% loss in cell viability, associated with lower eleva-
tions in proinflammatory cytokines: an increase in inter-
leukin 1-beta concentration by only 1.5-2.5 times and in
monocyte chemotactic protein 1 concentration by 2-3
times compared with cells without doxorubicin use [39].

In other words, although there is no further clarifica-
tion regarding the pathways of the alteration of glyco-
lytic metabolism induced by ATC, there is probably an
increase in glucose catabolism, represented by a stimu-
lus to alternative glucose consumption pathways and by
a greater expression of hyperglycemic molecules such
as SGLT2 and DPP4 in cardiomyocytes. This metabolic
increase can be observed on PET/CT with the admin-
istration of '®F-FDG, which acts as a glucose analog, as
noted earlier.

Diagnosis of CTX in clinical practice
Assessment of myocardial function and performance

Echocardiography 2D and 3D Currently, the follow-
up of patients undergoing chemotherapy with ATC
and the diagnosis of CTX is made with clinical evalu-
ation and echocardiography [1-5]. The measurement
of LVEF is the most accepted for the diagnosis of sys-
tolic dysfunction related to cancer treatment [1, 3]. The
assessment of ventricular function by imaging methods
before the start of chemotherapy helps in the diagnosis
of CTX and in the identification of patients at higher
risk of cardiological complications during cancer treat-
ment [40]. Usually, this assessment is performed through
transthoracic echocardiography due to its low cost and
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easy accessibility [1, 11, 22]. Some studies shows that
3D-echocardiography provides more accurate measure-
ments of LVEF and left ventricular (LV) volumes than
2D-echocardiography [41]. However, the identification
of CTX, based only on the decrease in LVEE, occurs late,
since ventricular dysfunction with an impact on LVEF
only occurs after significant injury to the myocardial
tissue. Thus, LVEF measurement has been considered a
low sensitive marker of CTX [11, 22, 40]. For this reason,
earlier ways to monitor and stratify these patients have
been proposed, as shown in Fig. 3.

In addition, the sensitivity of traditional echocardiogra-
phy to detect longitudinal variations in systolic function
is still low, mainly due to frequent variations in pre- and
afterload during chemotherapy and the intra- and inter-
observer variability that can reach up to 10% (precisely
one of the parameters accepted for the diagnosis of CTX)
[41]. Echo3D has strong agreement with cardiac mag-
netic resonance (CMR), but has reduced availability, high
cost and need for trained professionals [1, 11].

Global Longitudinal Strain (GLS) Another echocar-
diographic measure that has been extensively studied
in recent years is the degree of myocardial deformation
(strain) by Speckle Tracking [42—44]. Among the param-
eters of myocardial deformity analysis, the one that has
been shown to be of better clinical utility is the global
longitudinal strain (GLS) that precede LVEF decline and
would be predictive of subsequent CTX and cardiovas-
cular events in asymptomatic and symptomatic LV dys-
function patients [42, 45]. GLS is useful in detection of
subclinical LV dysfunction during therapy [22]. A reduc-
tion of more than 15% in GLS, immediately after or dur-
ing treatment with ATC, is the most useful parameter in
predicting CTX, while a reduction of less than 8% would
likely exclude the diagnosis of CTX [45].

A recent meta-analysis evaluating the prognostic value of
GLS for early prediction of chemotherapy-induced CTX
supports the American Society of Echocardiography and
European Association for Cardiovascular Imaging rec-
ommendation for the routine use of GLS in the monitor-
ing of patients undergoing therapy for cancer treatment
[46]. However, the limitation of acoustic windows, heart
rate and rhythm, concentric ventricular hypertrophy,
pacemaker rhythm, at least moderate aortic and mitral
valve diseases may difficult the measurements [22, 43—45,
47]. As the calculation of GLS varies between vendors of
Echo machines and analytical equipment and software,
it is recommended to use the same system to be able to
accurately compare values over time [22].
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Equilibrium radionuclide angiocardiography (ERNA)
Another methodology of evaluating LVEF include ERNA
or multigated acquisition scan (MUGA) that has low inter
and intra observer variability, in addition to the excellent
accuracy and serial reproducibility, and is not limited by
body habitus, acoustic windows, or implantable devices
[15, 48]. ERNA has the disadvantage of radiation expo-
sure, low availability, and other cardiac structures such as
valve and pericardium are not evaluated [1, 11, 49].

Cardiac magnetic resonance (CMR) The gold stand-
ard technique for quantification of LVEF is CMR with
more accurate measurements of LVEF and LV volumes
than echocardiography. T1 mapping and extra cellular
volume, T2 mapping (with increased relaxation time)
and myocardial strain can identify CTX patients prior
to LVEF decline and are now part of armamentarium in
cardiovascular follow-up [22]. CMR imaging is useful in
patients with limited acoustic window and borderline
LVEE. However, the CMR is limited by low availability
and high costs, in addition to difficulties to perform the
exam, such as claustrophobia and artifacts due to high

heart rate or arrhythmias and the presence of implant-
able devices [11, 12, 47].

Cell damage assessment
All previously described methods detect myocardial
dysfunction. The chase to identify minimal cell damage
and high-risk patients to develop CTX has been pro-
posed in several studies [13, 50, 51]. Guidelines already
recommended the measure of high-sensitivity cardiac
troponins and natriuretic peptides for high-risk patients
or undergoing potentially cardiotoxic therapy [1-3]. The
increase in troponin I after chemotherapy treatment has
been shown to be a risk marker for cardiac events [50,
51]; isolated elevations without imaging parameters may
be considered as biochemical evidence of CTX [52] and
help to identify patients who may benefit from use of
angiotensin-converting enzyme inhibitors (ACE-Is) [53].
A meta-analysis of 61 trials including 5691 patients
assessed the utility of cardiac troponins or plasma brain
natriuretic peptide (BNP) and N-terminal proBNP (NT-
proBNP) levels in adult patients undergoing cancer
therapy. This study showed that elevated troponin levels
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predict LV dysfunction, but failed to show association
with BNP/NT-proBNP levels [54].

However, measurement of natriuretic peptides can help
establish or exclude the diagnosis of symptomatic heart
failure in the acute and subacute setting [52]. Moreo-
ver, persistent elevation of BNP may be an indication of
adverse cardiac outcomes [55, 56]. Clinical studies have
used the measurement of plasma BNP and NT-proBNP
as biomarkers of CTX. Mean BNP/NT-proBNP levels
were increased in patients post-treatment, but the avail-
able evidence did not consistently indicate prediction of
LV dysfunction [54].

Cardioprotection strategies can be guided by changes
in these complementary exams. Despite this wide appli-
cability, the variety of troponin and NT-pro-BNP assays
should pay particular attention to the management of
these patients. Furthermore, studies are still insufficient
to establish the meaning of sudden elevations of these
markers. Their role in routine monitoring and surveil-
lance is not yet clearly established [13].

Role of '8F-FDG PET/CT in the diagnosis of CTX

by ATC

Some recent studies have highlighted the potential role
of F-FDG PET/CT in the early detection of myocar-
dial injury by chemotherapy and radiotherapy [15, 21,
35, 36]. Assuming that myocardial injury by oncological
treatment induces an increase in glycolytic metabolism,
this metabolic alteration can be detected by measuring
cardiac BF-FDG uptake and, therefore, be considered
an early marker of CTX [57]. Because metabolic changes
precede anatomical changes in diseases, CTX-associated
metabolic changes in cardiomyocytes can be quickly
observed by analyzing the pattern of '*F-FDG consump-
tion in '*F-FDG PET/CT examinations.

Physiological basis

E-FDG PET/CT is a noninvasive diagnostic technique
that provides both anatomical and metabolic information
[17, 58, 59]. Briefly, in this examination, the equipment
three-dimensionally captures the radiation emitted by
the radiopharmaceutical administered into the patient.
This allows the observation and quantification of meta-
bolic activity in target organs and lesions. Morphological
analysis are simultaneously performed through the emis-
sion and detection of X-rays by CT coupled to PET [17].
Thus, the images obtained through PET are based on the
in-vivo biodistribution of the radiotracer together with
the simultaneous anatomical CT images [60]. The use of
magnetic resonance imaging (MR) in combination with
PET (PET/MR) can also significantly contribute to ana-
tomical and functional assessments; however, this type of
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equipment is still extremely expensive and scarcely avail-
able [61].

The first studies regarding '*F-FDG were conducted
in the 1970s [62, 63]. The initial models already revealed
the ability of studying glucose metabolism in the myo-
cardium. In 1976, a distribution model of ®F-FDG was
developed [62]. Since then, the concentration of SF-
FDG in the myocardial tissue has been observed to rise
within the first minute of F-FDG administration [63].
The same distribution was observed in previous studies
[62, 64]. Clinical studies progressed and a more assertive
determination of the dynamics and behavior of "*F-FDG
in cell chemistry became possible [63].

After being injected into the body, ®F-FDG is taken
up by cells through the membrane glucose transporter
(GLUT) [59, 65]. GLUTs are probably the best studied
human transporter proteins because of their important
role in glucose uptake [66]. In the healthy hearts, GLUT-4
is present in the cardiomyocyte membrane and is primar-
ily responsible for the inflow of glucose, mainly in situa-
tions of increased plasma insulin concentration [67]. In
clinical context of tissue inflammation, such as myocar-
ditis, and sarcoidosis, GLUT-4 is suppressed by prepar-
ing the patient through prolonged fasting and a high-fat,
low-carbohydrate diet approximately 24 h before the
examination, whereas GLUT-1 and GLUT-3 are overex-
pressed in immune system cells and are not influenced by
fasting and diet, thereby increasing the influx of glucose
to the myocardium [68, 69]. Regarding neoplasm behav-
iors, GLUT-1 plays a fundamental role in mediating the
uptake of '8F-FDG by tumors [70]. The excessive expres-
sion of this carrier has been demonstrated in various
cancer types (e.g., lymphoma, breast cancer, lung cancer,
pancreatic cancer, and others) [71, 72].

After being incorporated into the intracellular envi-
ronment by the GLUTs, ®F-FDG undergoes phospho-
rylation by the action of hexokinase, resulting in the
formation of fluorodeoxyglucose (FDG@G)-6-phosphate.
Therefore, F-FDG concentration increases with the
increase in glycolysis rate in tissues (as a consequence of
GLUT expression) [59, 65, 73]. This increased concentra-
tion should be detected using PET; in combination with
the anatomical evaluation provided by CT, '*F-FDG PET/
CT examination provides accurate information regarding
the anatomical site with increased glycolysis.

Scientific evidence (studies)

8E-FDG PET/CT has been widely used in oncology. The
purpose of the exam is to evaluate the tumor uptake of
the ®F-FDG radiotracer, which reflects the degree of cel-
lular metabolism [16-19]. This technique is indicated for
the detection, staging, follow-up and monitoring of the
treatment response in patients with cancer [16, 74, 75].



Becker et al. Cardio-Oncology (2023) 9:17

In addition, cells under significant stress may increase
their glycolytic metabolism; this phenomenon has been
observed in heart cells in both experimental and clinical
studies [21, 34—36, 76, 77].

A few of these retrospective studies [21, 34, 77] have
demonstrated the possible contribution of |F-FDG
toward CTX assessment, as summarized in Table 1.
Borde et al. [21] analyzed the myocardial uptake of '°F-
FDG in patients with lymphoma who were treated with
doxorubicin. They reported that a significant increase in
the myocardial uptake of '®F-FDG was an early marker of
CTX in patients who received doses higher than 250 mg/
m?, Bauckneht et al. [34] assessed 69 patients with Hodg-
kin’s lymphoma and demonstrated a progressive increase
in the cardiac uptake of '*F-FDG during treatment. This
increase persisted in the 6-month follow-up after the
completion of chemotherapy. Interestingly, they hypoth-
esized that a low myocardial uptake of '*F-FDG before
treatment with doxorubicin predicts CTX development.

In 2018, a study assessing patients with Hodgkin’s lym-
phoma and a primary chemotherapy regimen containing
doxorubicin showed that the LV standard uptake value
(SUV) of F-FDG gradually increased from the basal
PET compared with the interim PET and when compar-
ing the latter to the post chemotherapy PET [36]. In the
subgroup of patients who had undergone both pre- and
post-chemotherapy echocardiography, no significant dif-
ference was noted in the mean LVEF and LV end-diastolic
diameter between those two evaluations. However, when
patients were categorized as having higher or lower LV
SUV than the mean LV SUV, the LVEF was significantly
lower in those with high LV SUV. Likewise, the LVEF was
also significantly lower on post-chemotherapy echocardi-
ography in patients showing high LV SUV on the interim
or final '®F-FDG PET/CT [36].

A recent evaluation of 121 patients with breast cancer
who underwent oncological '*F-FDG PET/CT and echo-
cardiography both before and at the end of chemother-
apy showed that the group that developed CTX tended to
show an increased LV uptake of 8F-FDG, with a diffuse
pattern of hyper uptake. The uptake remained high for at
least one year [76]. This recent study also showed a sig-
nificant association between '®F-FDG uptake in the right
ventricle wall and CTX development [76]. A right ventri-
cle wall SUV of >1.8 and a variation in the right ventricle
wall SUV of at least 0.4 during chemotherapy were asso-
ciated with CTX.

Takanami et al. [78] also evaluated myocardial '8F-
FDG uptake patterns in oncological *F-FDG PET/CT,
demonstrating that the pattern of focal myocardial hyper
uptake or focal defect in the diffuse myocardial hyper
uptake of '8F-FDG correlates with subsequent abnormal
findings on myocardial perfusion scintigraphy. Another
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retrospective study with 302 patients who underwent
oncological F-FDG PET/CT and subsequent myocar-
dial perfusion scintigraphy revealed that the pattern of
focal myocardial uptake of "*F-FDG in oncological **F-
FDG PET/CT examinations can predict patients at high
risk of cardiovascular complications who would benefit
from a more careful cardiological follow-up [79].

Dourado et al. [77] retrospectively evaluated 70 patients
with lymphoma submitted to *F-FDG PET/CT. They
observed an increase in LV maximum SUV (SUVmax)
from 3,5+1,9 (baseline) to 5,6 +4,0 (interim), p=0.01,
and from 4,0+2,2 (baseline) to 6,1 +4,2 (post-therapy),
p<0,001. A percentage increase>30% of LV SUVmax
occurred in more than half of the sample [77]. The rise of
cardiac SUV was accompanied by an increase in LV SUV-
max/Aorta SUVmax and LV SUVmax/Liver SUVmean
(mean standard uptake value) ratios. These results show a
clear increase in cardiac ®F-FDG uptake in patients with
lymphoma during and/or after chemotherapy.

Advantages, limitations, and future directions

The applications of 8F-FDG PET/CT can reach beyond
the mere identification and monitoring of CTX, provid-
ing an outline of the mechanisms of CTX pathophysi-
ology. The ability of F-FDG to selectively track the
pentose phosphate pathway response to oxidative stress
in the endoplasmic reticulum can indicate metabolic
abnormalities, identifying early continuous myocardial
damage and avoiding the distressing contractile dysfunc-
tion [80].

Recognizing a possible underlying disease based on the
knowledge of common F-FDG myocardial uptake pat-
terns can help improve patient management by avoid-
ing cardiac complications. An important advantage of
using this biomarker is that it is already routinely used
in oncologic patients to scan cancer in the patient’s body
and monitor treatment responses through the degree of
I8E_FDG uptake by the tumor and/or metastasis [16—19].
The information about CTX can be get from an already
schedule '®F-FDG PET/CT scan, without exposing the
patient to additional radiation.

Because this examination is performed serially in
patients with cancer to monitor the neoplasm, guide-
lines for preparation for the examination should be the
same at different evaluation times. Therefore, patients
should be considered their own controls. This increases
the accuracy of their examination results, including the
myocardial '®F-FDG uptake pattern before and after the
treatment.

However, some challenges need to be overcome before
implementing this test in cardio-oncological clinical
practice.



Page 9 of 13

(2023) 9:17

Becker et al. Cardio-Oncology

anjeA ayeidn piepuels WNWIXe XDWANS ‘@n[eA ayeidn piepuels ANS ‘9]P1IUaA 1ybiy AY ‘Aydeibowol paindwod yiim pajerdosse Aydesbowol Uoissiwa-uoilsod /]34 ‘Uoidely uondsfe
1eNDLIIUSA 137 43/ ‘SPLIUSA Y3 AT ‘UIdIqnIOX0Q XOJ ‘AUDIX0101pIeD X 1) ‘duizegedep pue ‘Sunse|quIA ‘UDAWO3|q ‘(UIDIGNIOXOp) g UIDAWELIPY JO UOIRIDOSSY JAgY ‘9503Nn|6AX03poIony pajagel-gL-aulion|d Dd4-4 4,

Adessyrowaypd Jsye

10/pue buunp ‘ewoydwA| yum syuaied u
2e1dn D444, dLIPIED Ul 35E3IDUl JedD i
S911I[EULIOUG [BIPJEDOAW

a|dinwi 4oy xS paseaidul Ajpuedyiubis

e s91ed|pul Uianed axeldn [edo) v

uolsnyad

[PIPJEDOAW [EULIOUQE YIM PR1B|2410D WNIP
-1eD0AU 9Y1 Ul 123)9p [P0) B 4O Ulaied
|eD0J pa1eA3s Ue Yum oxerdn Dg4-4g,

X1D yim pare
-120S5e 21aM ANS AY Pue axeidn a4 AY

431Ul

UOIIdNPaJ B LYIIM P]RIDOSSE S| 95e2IdUl SIY1
pue ‘9ye1dn 944y, [BIPILDOAW paseaidu]
01 spea| XOJd Yum Adessyrowayd

15/13d uljsseq uo

9yexdn mo| e buimoys siuaired ul Ja1eslb
0s|e S| uoleA3|a iy "ones Aouspuadap
-950p P Sey asealdul Siyl pue ‘sassaibold
XOQd YIM 1U8UIIeaI1 B SR $351I ANS A

Xod
YuM uolielayje axeidn [eipiedokw Adelsyy
-owayd1sod Jo suised 931y JO 2dUSsaUd

o|dwes ay3
JO J[_Y UBY)} SIOW U] Pa1INII0 XBWANS
AT 40 9%0€ < a5ealdul abeuadiad

Bullleds eipiedoAw pue
eluaydsI buiobuo Jo Jo1oipaid buois
e sem axe1dn Oa4-4g, [BIPIRd0AW [e204

uolsnylad |elp

-1eD0AW [eULIOUGER PRY S1D3J3P [BIO) YHM
950U1 JO 968 pue ulaned [pd0) pa1eAd|d
Ue YIM SUOIIRUIWIEXS 31 JO %68

POAISSGO 2I9M ANS AY
pue ‘ANS ||eldA0 Jaybiy ‘oxerdn A7 asnyip
240U WOYM Ul "X 1D Yum suaned G|

eidn a4

[eIPJEDOAW JIMO| YUM S1udiied Ul Jamo|
sem 437 dlydesboipiedoyds Adelsyio
-WaYD-1504 Adeiayiowayd Jaye pue ‘Bul
-INp 210J99 ANS AT Ul 9582.10U] [PNpERID)

sjuaiied 953y} Ul IIMO| SEM ANS SUI|SSeq
9y pue ‘syusned Jo 9| € Ul paseadde
sabueypd deipied) Adesayl xOg no
-ybnoIyYl ANS AT Ul 958310Ul dAISSI00.d

1D/13d duljeseq yum paseduwod
ANS [eIp4e20AW ueaW 3y} Ul ssbueyd
1uedylubls payuasaid syuaned 7|

ewoydwA| yum syuaied g/

1UBWILa) J9dURD BulAldal s1usned 7og

5151 UOISNyIad [BIPJEDOAW YUM pate
-POSSe SUOHeUIWeXS ] 5/13d 9d4-4g, 98

gewnznisely 1o
saulpAdRIYIUR LM paieai stusned | 7|

uIgnioxop bul
-pnjpul JUSWIRSIY BUIFISIY SUY PIAIDIRI
oym siuaied Adesayrowayd-1sod ¢t

Adesayl gagy bulobispun ewoyd
-WA| ubpoH-uou yum syuaned 9

XOd Yum paiean
219M oym ewoydwA| yum syuasned g|

Aydelarowayd Jaye Jo/pue buunp
'210§2q xe1dn D44, Buisn Ag 1ieay
uo 5193442 Aydesayiowayd a1ebisaAul o]

SSU X 1D 91eWils
01 pasn 9 ued ulaned axerdn Hg4--g,
[PIPIBDOAW Y3 J2YIaym $sasse O]

suloned axye1dn 944, [eIPILIOAW
Jo suopedyduwil [ed1uld sy Ajiauspl o

S9SN gqewnz
-n3sel] pue aulpPAdelylue 01 A1epuodas
X1D pue sabueyd 9say) usamiag diys
-uolejal e ysjgeiss pue axexdn 5d4-4q,
[eIpIED0AW Ul S9buUeYD 21eN[EAS O]

weibolpied0yds 1uswieansod e yum
sabueyd asay1 asedwod pue Adesayy
XOQ@ bulobispun syuaned ul ayeidn
D4 [elpied0AW Ul S9bueYD S1en|eAs o]

X0d woly
X1 101paid ued suoneuluexs 1 /13d
[e1I3S YUM dn-mo)||04 JSYIaYM SSISSE O]

sabueyd asay1 Jo aouedylubis

[eD1ul> 3yl 1eH1saAUl pue Adelayy
XOQd buiobiapun syuaied ul axeidn
D@4 [eIP4eD0AW Ul S9BURYD S1BN[RAS O]

[£/] 1Z0T “|e 13 opeinog

[6/1020 “|e 12 JopleH

[8/1 020 | 12 Iueueye|

[9/] 0Z0T "B 32 Wiy

[9€] 810¢ “|2 32 1y2d01ES

[7€] £10T "2 39 1ysuwydneg

[1l Z10T "2 12 9piog

uoisnpuod)

s1nsay £y

9|dwes

saAalqo

Jeaj/loyiny

A121x0101pIeD JO UONI1BP BY1 Ul | J/13d DA4-dg, BUISN S3IPNIS Buipes| Y} Jo Alewwns | ajqey



Becker et al. Cardio-Oncology (2023) 9:17

A recent review of the changes in myocardial uptake
of 8F-FDG in PET/CT performed without preparation
to suppress the physiological uptake of ®F-FDG by the
myocardium stated that various physiological uptake
patterns may be present [81]. Factors such as sex, age,
obesity, the presence of diabetes mellitus, and the use of
medications (i.e., bezafibrate, levothyroxine, thiazolidin-
edione, and benzodiazepine) can also influence cardiac
BE_FDG uptake; these factors should be considered for
the correct interpretation of the changes found in routine
examinations. The cardiac F-FDG uptake is not specific
for CTX, and its increase may be related to inflamma-
tory disease or others cardiomyopathies, which may be a
transient adaptation and not translate to permanent cell
injury [81].

Whether there is a cutoff point for an increase in car-
diac ®F-FDG SUV after chemotherapy that indicates
clinically relevant CTX remains unknown. Another point
that should be clarified is the best SUV assessment site
in the heart walls. Should this be the free right ventricu-
lar wall, interventricular septum, or lateral LV wall, for
example, or should the entire heart area be analyzed?
Several pathological conditions are known to increase
glucose intake by the cardiac muscle, including ischemia
and inflammation [65, 73]. Preparation with low-carbo-
hydrate, high-fat diet 24 h before the exam also helps to
reduce the physiological myocardial ®F-FDG uptake
[49]. Other possibilities that should be discussed are
whether this phenomenon of increased myocardial '8F-
FDG uptake is transient and whether it is only a cardio-
protective mechanism, which would be reversed after cell
damage is resolved. In addition, is there a direct relation-
ship between increased myocardial '*F-FDG uptake and
sustained myocardial loss? If so, what is the nature of this
relationship and how soon can this myocardial loss be
estimated?

Conclusion

The delay in the diagnosis of CTX after chemotherapy
when using only conventional imaging techniques, in
addition of the absence of therapeutic measures dur-
ing this period may result in a loss of myocardial tissue
and, consequently, the worsening of disease prognosis in
these patients, despite the oncological improvement. To
mitigate this delay in diagnosis and initiate therapeutic
measures earlier, metabolic assessment appears to be a
promising technique, however more studies on ®F-FDG
PET/CT should be performed to better clarify its role in
this context.

Abbreviations
" FDG  Fluorodeoxyglucose labeled with fluorine-18
ACE-Is Angiotensin-converting enzyme inhibitors
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ATC Anthracyclines

BNP Brain natriuretic peptide
CMR Cardiac magnetic resonance
CTX Cardiotoxicity

DNA Deoxyribonucleic acid

DPP4 Dipeptidyl peptidase 4
ERNA Equilibrium radionuclide angiocardiography
GLS Global longitudinal strain

GLUT Glucose transporter protein

HER2 Human epidermal growth factor receptor type 2

A% Left ventricular

LVEF Left ventricular ejection fraction

MUGA Multigated acquisition scan

NADH Reduced form of nicotinamide adenine dinucleotide

NADPH Reduced form of nicotinamide adenine dinucleotide phosphatase

NT-proBNP N-terminal brain natriuretic peptide

p53 Phosphoprotein 53

PET/CT Positron-emission tomography associated with computed
tomography

SGLT2 Sodium-glucose co-transporter 2

SUV Standard uptake value

Top23 Topoisomerase 2-beta
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